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Abstract: Here we review different aspects of the protein folding literature. We
present a broad range of observations, showing them to be consistent with a general
hierarchical protein folding model. In such a model, local relatively stable, confor-
mationally fluctuating building blocks bind through population selection, to yield
the native state. The model includes several components: (1) the fluctuating build-
ing blocks that constitute local minima along the polypeptide chain, which even if
unstable still possess higher population times than all alternate conformations; (2)
the landscape around the bottom of the funnels; (3) the consideration that protein
folding involves intramolecular recognition; (4) similar landscapes are observed
for folding and for binding, and that (5) the landscape is dynamic, changing with
the conditions. The model considers protein folding to be guided by native inter-
actions. The reviewed literature includes the effects of changing the conditions,
intermediates and kinetic traps, mutations, similar topologies, fragment comple-
mentation experiments, fragments and pathways, focusing on one specific well-
studied example, that of the dihydrofolate reductase, chaperones, and chaperonines,
in vivo vs. in vitro folding, still using the dihydrofolate example, amyloid forma-
tion, and molecular “disorder”. These are consistent with the view that binding and
folding are similar events, with the differences stemming from different stabilities
and hence population times.

KEY WORDS: dynamic landscapes, conformational ensembles, binding, folding,
funnels, induced conformational change.
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I. INTRODUCTION

In recent decades, considerable ef-
fort has focused on the understanding of
how a polypeptide chain folds into its
native state. The observation that pro-
tein folding can proceed without the aid
of molecular factors has allowed studies
of protein folding both in the test tube,
as well as computationally.

In vitro the conditions differ from
those in vivo. Perhaps the largest differ-
ence is with respect to protein concentra-
tion. However, in addition other factors
such as pH, ion concentration, and tem-
perature may vary as well. The spontane-
ous folding in vitro has enabled studies
of protein structure, its folding pathways,
kinetics, intermediate states, and the ef-
fect of single engineered mutations.

Several models have been proposed
to describe the protein folding process.
The major ones can be classified into (1)
the framework model, (2) the nucleation
and growth mechanism, (3) the diffu-
sion-collision model, (4) the hydropho-
bic collapse, and (5) the hierarchical
model. In the (1) framework model,1-3

secondary structure formation is indepen-
dent of formation of tertiary interactions,
and usually precedes these. If tertiary
interactions occur first, then they are not
necessarily the native ones. In the sec-
ond, (2) nucleation and growth4 or nucle-
ation-condensation mechanism,5,6 folding
initiates by formation of a “nucleus”,
followed by its extension. It has been
proposed that the formation of such a
nucleus is dependent on contacts between
key residues that have been conserved
through evolution. This model has led to
searches for specific residue conserva-
tion in families of related proteins. In the
third (3) model, preformed folded largely
secondary structure elements assemble

into complete folds though random dif-
fusion and collision.7 If their assembly is
favorable, they may lock to yield the
native conformation. In contrast to these
models, the hydrophobic collapse (4)
model highlights the hydrophobic effect,
the driving force of protein folding.8-10

According to the hydrophobic collapse
model, folding initiates by the molecule
collapsing, burying extensive non-polar
surface area. Secondary structure forma-
tion, and specific interactions follow. In
the hierarchical model (5), protein fold-
ing initiates locally, and hierarchically
local, folded elements assemble in a
largely stepwise fashion to yield the na-
tive fold.11,12

Below we illustrate that these mod-
els are not necessarily exclusive of each
other. The hierarchical model may in-
clude elements of hydrophobic collapse
in the assembly of local folded elements,
consistent with the molten globule state.
Such a hydrophobic assembly would
constitute the first stage of the elements
coming together, followed by the opti-
mization of the specific (van der Waals,
electrostatic, disulfide bonds, etc.) in-
teractions. The hierarchical model may
further include elements of the nucle-
ation and growth, or nucleation conden-
sation. The nucleation does not neces-
sarily have to be restricted to specific
residues. We can imagine that the
nucleus can be an element of the
polypeptide chain whose folded struc-
ture forms local minima. Such an ele-
ment may then act as a template for
further folding of the protein. A nice
example of such an event is the proregion
of subtilisin, or of α-lytic protease. Simi-
larly, with respect to the framework
model, we may substitute single sec-
ondary structure element formation by
such chain-linked local building
block minima. Thus, depending on the
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interpretation of these models, each may
be viewed as a specific case of the more
general hierarchical model.

Here we review some of the recent
results from the literature, showing that
they coherently fit into such a simple,
hierarchical protein folding scheme. The
experimental observations that we touch
on here range from protein folding un-
der different conditions (e.g., Refs. 13
to 18); fragment complementation ex-
periments;19-33 studies of the effect of
mutations on protein folding (e.g., Refs.
34 to 38); intermolecular chaperones and
chaperonins (e.g., Refs. 39,40); intra-
molecular chaperones (Refs. 41 to 48);
disorder in protein structures, and stabi-
lization through binding;50-52 similar
pathways in topologically similar pro-
teins,55,56 despite different stabilities, for
example, thermophiles vs. mesophiles;57

intermediates and kinetic traps;58-64 and
in vivo vs. in vitro folding. We also
address theoretical descriptions such as
energy landscapes and folding funnels.65-72

For clarity, we first briefly describe
the model. We proceed to outline the
components on which it is based. Into
these we weave the various experimen-
tal, and theoretical observations. Figure
1 presents a schematic diagram of its
major features. According to the model,
protein folding is a hierarchic event.11,12

At the first step, local transient building
block elements fold. The conformations
they obtain are not necessarily stable,
but they have higher population times
than all other, alternate conformations.
In the next step the building blocks as-
sociate, mutually stabilizing each other.
The association is via selection of the
most favorable conformers for binding.
Hence, the critical point is that the flex-
ible building block fragments do not
induce conformational change in each
other. Rather, via selection, the intramo-

lecular complex of the chain-linked con-
formationally fluctuating building blocks
gradually grows in a manner similar to
that observed in intermolecular oligo-
mers, or any multimolecule complex
formation.

The model is based on a number of
elements:73-81 first, intermolecular bind-
ing and intra-molecular folding are simi-
lar processes, with similar underlying
principles. The sole difference between
them is chain connectivity. Second, both
processes have similar energy landscapes
that can be similarly described by a series
of successive fusion events of
microfunnels. Third, binding mechanisms
are immediately implied from the bottom
of the funnels. If the bottom has a steep
V shape, the molecules are rigid, and can
be expected to be highly specific. On the
other hand, if the funnel bottoms are wide
and rugged, a broad range of binding is
implied. Rugged bottoms imply a range
of conformations, with low barriers be-
tween them. Such a situation straightfor-
wardly illustrates why there is no need to
resort to the age-old (largely mistaken)
belief of the “induced fit” mechanism.
Fourth, the energy landscape is dynamic,
the outcome of changing conditions. This
implies that under different conditions,
whether physical, or binding to other
molecules, we observe population shifts.
Fifth, this principle holds for binding
cascades, enzyme pathways, and allos-
tery. Sixth, the recently devised building
block folding model states that folding
initiates with the formation of the confor-
mationally fluctuating building blocks.
These constitute local minima along the
chain. Through combinatorial assembly,
and mutual stabilization, the building
blocks associate to form the independently
folding, compact, hydrophobic folding
units, with a strong hydrophobic core.
These further associate to form domains,
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FIGURE 1. A flow chart of the algorthm: the procedure is based on the notion that protein
folding is a hierarchical process.11,12 Through a combinatorial process, building blocks
assemble to form the compact, independently folding hydrophobic units.73,74 Unlike the stable
folding units that possess a strong hydrophobic core, the building blocks are contiguous
fragments, with highly populated conformations. Building blocks may be composed of a
single or of several interacting secondary structure elements. If the fragments constituting the
building blocks were to be cut out of the protein structure, the most highly populated
conformations of the resulting peptides would most likely resemble the conformations of the
building blocks seen in native conformations. Nevertheless, not all building block conforma-
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subunits, and finally protein oligomers.
Here we show how, when putting these
together, a broad range of observations,
experimental and theoretical, can be ex-
plained.

Next, we describe these elements,
and follow up with the comprehensive
model. We show how these seemingly
disparate components unite to yield a
coherent picture. In particular, we dis-
cuss a wide range of examples taken
from the current and recent literature
showing their consistency with building
blocks formation and binding via popu-
lation selection. We end with a short
general discussion.

II. THE COMPONENTS THAT
GO INTO THE MODEL

A. The First Component: the
Building Blocks73-77

At the first stage building blocks are
formed. Building blocks are contiguous
sequence fragments with variable sizes.
Their stability derives from local interac-

tions. A building block is a highly popu-
lated conformation. A given fragment may
have several alternate favorable confor-
mations. Some building blocks are highly
stable, whereas others may be only mar-
ginally so. Hence, while in most of the
cases the conformations of the building
blocks that we observe in the native state
are those that the building blocks would
manifest as peptide fragments in solution,
this is not necessarily the case. A building
block may twist and open, changing its
conformation. Nevertheless, for the most
part, the building block conformation that
we see when it is present within the native
protein fold is the one the building block
would have early in the folding process.
Hence, the local, intrabuilding block inter-
actions are native, already in the initial
stages of the folding.

B. The Second Component:
the Landscape Around the
Bottom of the Funnels74,78,80

The energy landscape of protein fold-
ing has been depicted frequently as a
funnel, where, via multiple routes, the

tions are preserved in the final, native structures. The mutually stabilizing interactions
between the associating building blocks during the combinatorial assembly may favor
selection of alternate conformations that exist in lower concentration in the solution. Under
such circumstances, the equilibrium will shift in favor of the depleted building block conformer.
In the next stage, the hydrophobic folding units associate to form domains, and subsequently
the entire proteins. The algorithm initiates with the native structure. We iteratively cut it, from
the top down, allowing multiple dissections at each iterative level. This results in a hierarchy
of contiguous fragments. Each node in the descending anatomy tree is a building block
segment. The native structure is the root node of the tree. The locations of the building blocks
correspond to the end nodes of the top-down tree. To be able to carry out the dissection, the
most critical component is a fragment-size independent scoring function. This function
measures the relative stability of all candidate building blocks. There are three ingredients in
this empirical scoring function: measurements of the compactness of the candidate building
block conformation, its degree of isolation, and its hydrophobicity. The multicut dissection is
applied progressively to the most stable fragments. An attractive feature of the anatomy tree
is that at the completion of the dissecting procedure, it yields the most likely folding micro-
pathway. Furthermore, examination of the minima among the fragments straightforwardly
yields the alternate routes.

FIGURE 1. (continued)

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



404

conformations race toward a sharp, rela-
tively pointed bottom. However, in real-
ity proteins are highly flexible molecules,
existing in a range of conformations.
Hence, the bottoms of the funnels are
frequently rugged, manifesting this situ-
ation. The barriers between the confor-
mations are low. This immediately ar-
gues against the longheld view of
“induced fit”. Instead, within this broad
range of conformers, the ones that actu-
ally bind to the ligand are those that are
most favorable and produce the most
stable associations. The equilibrium will
then shift in favor of the binding confor-
mations. This implies conformational
selection, not induced fit. Clearly, this
does not entirely rule out the possibility
that a certain extent of induced fit, opti-
mizing the intermolecular interactions
through side-chain movements, or a
small extent of backbone movement can
still take place.

C. The Third Component:
Binding and Folding Are
Similar Processes73,74

Protein folding involves intra-mo-
lecular recognition. Such recognition im-
plies that a native structure is the out-
come of mutual stabilization between
its more favorable structural units.
Hence, protein folding, and protein-pro-
tein association, are similar processes,
governed by similar principles. All con-
siderations that apply to protein binding
apply equally well to protein folding.
The sole exception is the presence of
chain connectivity in folding, and its
absence in binding. The polypeptide
connectivity limits the degrees of free-
dom in folding, when compared with
binding.

D. The Fourth Component:
Similar Landscapes for
Binding and for Folding74

Folding and binding can be simi-
larly described by a series of sequential
fusions and modifications of micro-fun-
nels. In binding we fuse the correspond-
ing funnels of the two molecules. In
folding, we also sequentially fuse the
micro-funnels, first of the building
blocks to obtain hydrophobic folding
units, followed by fusion of the micro-
funnels of hydrophobic folding units,
and so on, down the hierarchical folding
process. As the number of binding events
increases, the funnels progressively get
more complex. The bottom of the mi-
cro-funnels are inhabited by building
block conformations and, as we go down
the funnel, by their associations. The
conformationally more stable building
blocks have steeper funnel bottoms,
whereas those thatare conformationally
more flexible exist in a broader range of
conformers, and consequently with more
rugged micro-funnel floors.

E. The Fifth Component: The
Landscape is Dynamic,
Changing with the
Conditions75,79

The energy landscape is not static.
Rather, it is dynamic, changing with the
external conditions, or with the binding
state of the molecule. The external con-
ditions can be, for example, pH, tem-
perature, ionic strength, or pressure.
Alternatively, it can be the binding of
the molecules forming the growing com-
plex. The most populated conformer at
the bottom of the folding funnel may
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differ from the most populated con-
former at the bottom of the complexed
form of the molecule. Similarly, as we
go down the cascade of an enzyme path-
way, or an allosterically regulated pro-
tein, or multimolecular complex forma-
tion as in signal processing, the most
populated conformer at the bottom of
the first complex may differ from the
most populated conformer in the higher-
molecular assembly formation. What we
may observe is a sequential enrichment
of conformers, largely through the pro-
cess of selection. The landscape is dy-
namic, implying shifts in populations.

III. THE MODEL: BUILDING
BLOCKS FORMATION AND
BINDING, VIA POPULATION
SELECTION

The components described above
lead to a logical scheme. Protein folding
is a hierarchical process. The building
blocks form. The most highly populated
conformers are those observed in the
native state. Even if the native building
block conformation is marginally stable
and would exist in a relatively low popu-
lation still the native conformer is more
highly populated than all other conform-
ers. Furthermore, it would not constitute
a local minima in our candidate build-
ing-blocks fragment map.77 In the next
hierarchical step, the building blocks
associate via combinatorial assembly.
This association is a binding event. The
only difference between the binding of
building blocks and the binding of larger
stable units, such as domains, or sub-
units, or different molecules in a com-
plex is the shorter population time of the
building block conformer. In this bind-
ing event, among the range of confor-

mations present at the bottom of the
building block micro-funnel, the ones
that bind are the most complementary.
Hence, it is largely a process of selec-
tion of building blocks conformations.
With the binding of the native conform-
ers, the population would shift in their
favor, further driving the folding reac-
tion. Through their binding, they mutu-
ally stabilize each other, leading to the
formation of the compact, stable, hydro-
phobic folding units. In the next step,
again through selection, the most
complementary hydrophobic folding
units within the population at the bot-
toms of their respective micro-funnels
bind to form the domains. In each of the
binding events, the changing conditions
lead to shifts in the populations. Hence,
the population times of given conform-
ers differ at the bottom of consecutive
(micro-)funnels, whether in intramolecu-
lar folding or in intermolecular binding.

Hence, the critical issue is the
population times of the conformation-
ally fluctuating building blocks. If they
are very high, and if these building
blocks are sequentially connected, fast
folding kinetics would be observed.
Conversely, if the population times of
the native building block conformers
whose associations produces the na-
tive state are low, slow kinetics is likely
to be seen. Traps can occur both in
sequential and in nonsequentially fold-
ing protein. For example, Che Y is a
three-state sequentially folding protein.
However, traps may be expected to
occur more frequently in cases of
nonsequential folding, particularly in
those cases where the native building
block conformation is unstable, and
hence has low population time. The
traps largely contain the native con-
formations of the building blocks;
however, their association is nonna-
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tive. Thus, traps serve a purpose,
namely, to increase the concentration
of the native building block confor-
mations. Even though the association
is nonnative, the end result is shifting
the equilibrium in their direction.

This comprehensive model further
implies that conceptually there is no
real difference between two-state and
threestate folding proteins. The distinc-
tion between two-state and three-state
is in the population time of the inter-
mediates. In apparent two-state proteins,
the population time of the intermediate
is very short. On the energy landscape
it would be observed as residing in a
shallow well. On the other hand, in
three-state proteins, the well is deeper,
implying higher population times. How-
ever, by changing the external condi-
tions, such as by adding a reagent like
trifluoroethanol, the intermediates are
stabilized, that is, their wells get deeper,
and their population times increase al-
lowing us to observe them. The reagents
do not change the pathways. Changing
of the external conditions results in
shifts in population times via changing
the relative stabilities.75,79

Further, the model states that the
difference between the Levinthal view
and the “new view” can be reconciled.71

While hypothetically there are multiple
paths going down the funnel toward its
bottom, in reality this is not the case. If
we accept that protein folding is hierar-
chical, and that folding initiates from
local elements, and that these local
(building block) elements have higher
population times than alternate confor-
mations, then the theoretically huge
number of potential pathways reduces
to the combinations between building
blocks conformers. Hence, in practice,
simulations can be enhanced not by re-
stricting the conformational space search.

Rather, enhancement would derive from
increasing the population times of given
conformations. Not all combinations are
equally likely. Moreover, the number of
these decreases as we go toward the
bottom of the funnel.

This model directly implies that
sequential folding is faster and less
prone to errors, because building
blocks adjoing each other on the chain
bind first. Furthermore, the model also
implies that even in nonsequential
folding, folding is likely to proceed
through first trial binding of sequen-
tially connected building blocks, be-
cause such a route is kinetically more
favorable.

It has been suggested that proteins
with similar topologies fold through
similar pathways (e.g., Refs. 55, 82).
This suggestion is consistent with the
model proposed here. Proteins with simi-
lar folds are likely to have similar build-
ing blocks. Similar building blocks are
likely to associate in similar ways, as
they would most favorably similarly
complement each other, producing fa-
vorable, stable associations, that is, simi-
lar, high population time building blocks
would bind to similar partners via a simi-
lar selection process.

Hence, by considering that (1) fold-
ing is similar to binding, and therefore
(2) that mechanisms observed in inter-
molecular binding, that is, selection of
most favorable conformers, with popu-
lation shifts to keep the equilibrium,
are operative in folding, that (3) the
building block elements that we ob-
serve have the highest population
times, and that (4) the landscape is
dynamic, we are able to provide a prac-
tical protein folding — and binding —
model.

Below, we illustrate how this model
explains a broad range of observations.
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IV. THE MODEL EXPLAINS A
BROAD RANGE OF
OBSERVATIONS

A. Change in Conditions

Recent refolding experiments of
acylphosphatase (AcP) in the presence of
trifluoroethanol (TFE) have shown that
when the denatured protein is refolded in
increasing concentrations of TFE, the
refolding rate initially increases. The re-
folding rate is maximal when the concen-
tration of TFE reaches about 11%. Then
it decreases. A similar observation has
been made for hexafluoroisopropanol
(HFIP), showing that this behavior is not
specific to only TFE.16 AcP is a 98-
residue protein. Its structure consists of
two parallel α-helices, stacked against a
five-stranded, antiparallel β-sheet. Pre-
viously, NMR and optical spectroscopy
studies have shown that this protein folds
in a highly cooperative manner. No sig-
nificant amount of intermediates have
been observed, leading to its classifica-
tion as a two-state protein. On the other
hand, the study by Dobson and his col-
leagues has illustrated that after increas-
ing the content of these alcohols, the
rate of folding initially increases, and
that partially structured species accu-
mulate as intermediates.13 Dobson and
his colleagues point out that the increase
in TFE or HFIP promote α-helical for-
mation, because alcohols stabilize the
hydrogen bonds. The rate of helix for-
mation is higher than that of β-sheet.
Thus, the rate of folding initially in-
creases with the increase in the concen-
tration of TFE, as first the native helices
would form. Next the nonnative helices
are formed, corresponding to the se-
quences destined to adopt a β-sheet.

These regions change their conforma-
tion subsequently to adopt their native
β-state. Hence, in our terminology the
AcP is a three-state protein. Under physi-
ological conditions, no intermediate
states are identified, because this state is
short lived, with low population time.
By adding the alcohol, the intermediate
state with both the native α-helices, and
with largely nonnative α-helices else-
where is formed. This conformation is
stabilized, and hence detected. Regard-
less of the presence or absence of the
TFE, the pathways are the same. The
helices would form before the sheet
whether the reagent is present or absent.
However, the effect of the alcohol is to
increase the population time of all heli-
ces, including the nonnative ones, en-
abling detection of the intermediate.
Furthermore, this example illustrates the
effect of the change in the conditions on
the landscape. TFE changes the envi-
ronment, and hence what we observe is
a shift in the populations.

More recent results from the same
group14 on a larger set of proteins are
consistent with this interpretation. The
initial acceleration observed after in-
creasing the TFE concentration is higher
for the apparent two-state when com-
pared with the three-state folding pro-
teins. The authors have observed that
for the two-state proteins, the extent of
acceleration of folding correlates with
the number of local hydrogen bonds in
the native structure. For the multistate
proteins, the extent of acceleration is
smaller. Thus, by stabilizing the local
hydrogen bonds, the folding rates in-
crease. The effect is smaller for proteins
whose wells are already populated with
intermediates. These wells largely con-
sist of native conformations of the build-
ing blocks, which are misassociated.
Hence, here a stabilization of the local
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interactions will affect the folding rates
to a significantly lesser extent.

Park et al.18 have observed a similar
phenomenon. They have studied the
folding kinetics of IgG binding domain
of streptococcal protein G, a small, 57-
residue molecule. Although this domain
has been cited previously as an example
of a protein obeying the two-state fold-
ing mechanism, by varying the solvent
conditions, and using sensitive stopped-
flow fluorescence methods, the authors
have observed an early folding interme-
diate. This intermediate was detected
under stabilizing, low denaturant, and
the presence of sodium sulfate condi-
tions. Interestingly, a 66-residue frag-
ment with an N-terminal extension con-
taining five apolar side-chains exhibits
three-state kinetic behavior, practically
identical to that observed for the 57-
residue domain. An additional example
is provided by the E. coli αsubunit of
tryptophan synthase.17 At around 3.2 M
urea, this α/β barrel protein displays a
stable intermediate. However, when
monitored at the 5 to 9 M urea range, an
additional cooperative process is ob-
served. Hence, all the above indicate
that whether two-state or three-state (or
multistate) the pathways are the same,
and intermediates exist. However, de-
pending on the conditions, their popula-
tions differ. We are able to observe these
only when their populations are large
enough, trapped in their wells.

Kiefhaber58 has also investigated fold-
ing, by using interrupted refolding ex-
periments. This method enables monitor-
ing the amount of native molecules during
the folding reaction. This is carried out
by utilizing the high energy barrier be-
tween the native state and folding inter-
mediates. By first completely diluting
unfolded molecules to initiate refolding,

and subsequently interrupting the folding
by altering the conditions of the solution,
one may observe the difference in the
unfolding rates of native lysozymes (on
the order of seconds) vs. partially folded
intermediates (miliseconds). By follow-
ing the unfolding amplitudes after vari-
ous times of refolding, the fraction of
the native molecules can be obtained.
Applying it to hen egg white lysozyme,
the results show that under strongly na-
tive conditions lysozymes can refold in
parallel routes. In particular, Kiefhaber
has observed that 86% fold in a three-
state kinetics. Previously, this molecule
has been classified as folding via a two-
state kinetics, suggesting that the well
on the energy landscape in which the
intermediates reside is not too deep. Plate
1A* illustrates the three levels of build-
ing blocks cutting of this hen enzyme.
At the first level, the enzyme is still one
unit, illustrating its compactness. At the
second level of cutting, three building
blocks are observed, forming two hy-
drophobic folding units. The green forms
an independent unit and is a more stable,
single polypeptide segment. This fold-
ing unit can be classified as an insertion
domain. The second hydrophobic fold-
ing unit is made of two segments, the
red and yellow building blocks, com-
prising the amino- and carboxy-termini,
respectively. The C-terminus building
block is the least stable. In both two-
state and three-state scenarios, as the
green building block is the most stable it
is likely to form first. On the other hand,
the red and yellow building blocks are
unstable. While each has some popula-
tion time, their association leads to higher
stability. The slow route might conceiv-
ably be caused by the nonnative asso-
ciation of the yellow and green building
blocks, in the absence of the mediating

* Plate 1A follows page 426.
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red building block leading to the ob-
served three-state. The situation is dif-
ferent for the T4 lysozyme (Plate 2B*),
as we discuss below. This leads us di-
rectly to the discussion of kinetic traps
and two-state vs. three-state folding, with
respect to the building blocks model. A
two-state is actually a three-state fold-
ing event, where the intermediates are
too transient to be detected. However, if
the conditions are changed, or the ex-
perimental equipment is sensitive
enough, the intermediate state will be
detected.

B. Intermediates, Two-State,
Three-State, and Kinetic Traps

Qualitatively, the building blocks
folding model accounts for three-state
vs. two-state protein folding. It is also in
agreement with the faster vs. slower fold-
ing rates of the two-state proteins. The
size of the building blocks, the way they
associate in the native structure, the
number of ways they can assemble, as
well as their population times explain a
broad range of folding rates. Further-
more, it explains the folding rates of
proteins that fold with two-state when
compared with data for proteins that fold
via three-state kinetics, with observed,
stable intermediates. Above, we touched
on cases that are apparent two-state, but
have been shown to be three-state, con-
sistent with the model. Below, we de-
scribe two-state cases, those of villin
and T4 lysozyme, which owing to the
existence of two hydrophobic cores,
might have been expected to be three-
state, yet have been shown experimen-
tally to be two-state.

Two-state systems have been con-
sidered to constitute the simplest mod-

els of protein folding. In two-state pro-
tein folding, only the unfolded and the
native states are the populated forms of
the protein. Numerous studies have been
devoted to two-state systems (reviewed
in Refs. 55, 83, and references therein).
Unlike the situation in two-state, pro-
teins considered to fold via a three-state
folding pathway, illustrate populated,
stable intermediate state(s).

Among the important determinants
of folding rates, two factors have been
shown to stand out: the relative contact
order (Plaxco et al.56 and the secondary
structure type. The first essentially mea-
sures the weight of sequential, local, vs.
nonlocal interactions in any given pro-
tein molecule. Hence, it is a function of
the topology. Experimentally derived
rates of protein folding for small single
domain proteins have been shown to
nicely correlate with their relative con-
tact order.55,56 However, the relative con-
tact order suffers from four limitations:
first, it does not account for the effect of
mutations on the folding rate; second, it
does not account for the different folding
kinetics seen under different conditions;
third, it applies only to small, two-state
folding proteins; fourth, a residue-based
model cannot put the folding process in
the context of the energy landscape, and
the folding funnels. In principle, a resi-
due-based approach cannot capture the
downhill folding pathway, as it basi-
cally relates to a random search process.
No such limitations exist in the building
block folding model. The concept of the
combinatorial assembly of the confor-
mationally fluctuating set of building
blocks, with their most highly populated
conformations being those observed at
the native state, accounts for these re-
markably well. Mutations and different
solvent conditions will result in chang-
ing the energy landscape, the outcome
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of dynamic shifts in the populations of
the building blocks.76,79 The experimen-
tal observation of an intermediate state
in a previously cited example of a pro-
tein obeying a two-state kinetics after
changing the solvent conditions18 is con-
sistent with the building block folding
model.

Villin (2VIK) is a fast folding two-
state protein, despite its possessing two
hydrophobic cores.61 Plates 2A,B* illus-
trate the second and third levels of build-
ing blocks cutting of this protein. In the
second level of cutting (Plate 2A), the
red and green building blocks constitute
a single building block fragment. The
two observed hydrophobic cores61 are
within the building blocks. In Plate 2B,
one hydrophobic core is within the green,
and the second within the yellow. The
red building block enhances the green
on one side of the hydrophobic core
(which is the reason for the red and
green forming a single building block in
the second level of cutting), and the blue
enhances both, through a continuation
of the green into the yellow on the upper
side of the figure. Villin is a practically
sequentially folding protein, with long
helices and strands also contributing to
its high folding rate.

Llinas and Marqusee84 have investi-
gated the role of subdomain interactions
in the folding and stability of T4 lysozyme.
They found that thermodynamically this
enzyme behaves as a cooperative unit, with
the unfolding transition fitting into a two-
state model. Yet, visual (and computa-
tional) inspection of the T4 lysozyme il-
lustrates two subdomains: an N-terminal
subdomain (residues 13 to 75) and a
C-terminal subdomain (residues 76 to 164
and 1 to 12). Permutation of the termini of
the enzyme has shown that their location
has an important effect on protein stabil-

ity, although not on its fold. In particular,
the experiments have shown that when the
two subdomain fragments were isolated,
the C-terminal subdomain folds into a
marginally stable structure, whereas the
N-terminal subdomain is predominantly
unfolded. Plate 1B illustrates the building
blocks cutting at the second level. The
more compact C-terminal subdomain folds
on itself, dragging the N-terminal
subdomain along with it. Hence, while
visually and computationally the N-termi-
nus forms a stable subdomain, because the
C-terminus subdomain is more stable, no
intermediate state is detected. There is an
intermediate state, because there are two
hydrophobic cores, reflected in two hy-
drophobic folding units. However, as the
barrier is low, the intermediate state is not
observed.

Both villin and T4 lysozyme ex-
amples demonstrate the consistency of
the building block folding model with
experimental results illustrating that pro-
teins with two hydrophobic cores still
fold via a two-state kinetic. An additional
example is the E. coli dihydrofolate re-
ductase. There, too, two stable hydro-
phobic folding units are observed, both
by eye and computationally. Yet, experi-
mentally it is a two-state protein.20 The
building blocks cuttings, and assembly,
demonstrate a similar picture.85

C. Mutations

Rothwarf and Scheraga36 have stud-
ied the folding kinetics of the wild type
and two mutants of hen egg white
lysozyme. The mutants involved Trp-62
and Trp-108 individually replaced by
tyrosines. They have observed that both
mutants fold significantly faster than the

* Plate 2A and 2B follow page 426.
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wild-type structure (13- and 7-fold, re-
spectively). The authors have suggested
that these results point out to the rate-
limiting step in the folding of lysozyme
arising not from an inherent slowness in
the formation of the native structure.
Rather, the difference in rates is a con-
sequence of the formation of a highly
stable nonnative intermediate. Inspec-
tion of Plate 1A reveals that Trp 62 is on
the surface of the yellow building block
in the β-domain in the third level of the
cutting. On the other hand, Trp-108 is
buried in the α-domain. The hydropho-
bic core of the α-domain is stronger
than that of the β-domain. Thus, the
β-domain is less stable, and its forma-
tion is likely to depend on the formation
of the α-domain.

While both mutations increase the
folding rates significantly, the enhance-
ment is more dramatic for the Trp-62
mutant. In the third level of cutting, the
yellow building block is still stable
enough to have a higher population time
than all alternate conformations. In the
wild type, the yellow building block may
then associate with other building blocks
to produce non-native conformations. In
substituting the surface Trp, the chance
for nonnative association of the yellow
building block is significantly reduced.
A similar argument applies to the Trp-
108 mutation. There, the mutated resi-
due is on the surface of the blue building
block in the third level of cutting. Thus,
both mutations lower the likelihood of
the nonnative associations of the build-
ing blocks, which conceivably create the
trap in the wild-type enzyme.

Shao and Matthews38 have studied
single Trp mutants in a monomeric form
of the tryptophan repressor. Previously,
they have shown that the dimeric wild-
type tryptophan repressor (WT TR)

forms a stable highly populated nonna-
tive monomeric intermediate. This mo-
nomeric intermediate was proposed to
collapse into a compact, nonnative con-
formation, with the hydrophobic core
formed within the monomer, rather than
at the interface of the two monomers
that are associated into a functional, in-
tertwined dimer conformation. By cre-
ating a L39E TR mutation, they have
further stabilized the nonnative mono-
meric form and proceeded to study the
roles of two Trp residues, Trp-19 and
Trp-99, replacing each with Phe. Their
spectroscopic analysis has illustrated that
the monomeric repressor can adopt a
well-folded conformation with the Trp
side-chains distinctly different when
compared with the situation in the dimer.
The authors take this result to suggest
that the hierarchical protein folding
model does not apply to the formation
of the functional dimer.

Plate 3* illustrates the building blocks
cutting of the wild-type trp repressor
monomer. As the figure shows, the
monomer is cut into two building blocks.
In the functional dimer, the α-helical
building blocks of the two monomers
are swapped. Thus, we propose that the
nonnative form of the monomer involves
misassociated building blocks, where the
two building blocks from the same
monomer bind to each other. This situ-
ation is reminiscent of domain swap-
ping.86

Shortle37 has described an unusual
mutant of staphylococcal nuclease
(Gly88Val) that reduces the stability of
the native state by stabilizing the dena-
tured state. A high-resolution analysis
of this mutant in a shorter fragment has
revealed a significant alteration in the
packing of the hydrophobic core of the
β-barrel, and a concomitant large in-

* Plate 3 appears following page 426.
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crease in the mobility of several loops
that connect the β-strands. These illus-
trate that this substitution has altered the
conditions, and hence the landscape, with
the equilibrium shifting toward the al-
tered conformer.

D. Similar Topologies

Recently, a number of experimental
and theoretical results have illustrated
that protein folding rates and mecha-
nisms are largely determined by the
native protein topology (e.g., Refs. 55–
57; 87-89).

Consistently, the approach illustrated
here is based on the notion that the na-
tive state is a critical determinant of the
folding mechanism, and of its rate.
Rather than imagining that in the search
for an optimal fold, all potential con-
tacts are tried, leading to a vast number
of intermediates formed in parallel in
the transition state, here we suggest that
the native contacts predominate as the
chain undergoes its folding process. Fur-
thermore, these native contacts are
largely those existing relatively near each
other on the linear chain. Hence, such
native contacts are kinetically favored.
Even if eventually longer range contacts
prevail, the chain would still go through
the trial formation of nearby contacts
first, because they are kinetically more
favorable than the ones that are further
away. Furthermore, the native contacts
that are made early in the folding pro-
cess are those involving intrabuilding
blocks folding. Most building blocks
have high population times, as evident
from their observation in solution when
in a peptide-fragment form. This sug-
gests that similar folds will manifest

similar folding mechanisms, regardless
of the variability in their sequences, and
in their stabilities.55

Plate 4* illustrates an example of
the application of the building blocks
folding model to two topologically
similar proteins, with different stabili-
ties. In this plate, we present side by
side the glutamate dehydrogenases
from a mesophile (1 hrd) and from a
thermophile (1 gtm), sharing similar
native state topology. As these are
complex proteins, for simplicity only
the first two levels of cutting are pre-
sented in the plate. Despite the 60°C
difference in their melting tempera-
tures, the similar folds reveal similar
anatomical features. While the two en-
zymes differ in sequence and stability,
their folding pathways are similar.
Plate 4A presents the anatomy trees
for the mesophilic (from Clostridium
symbiosum) glutamate dehydrogena-
ses, and Plate 4B depicts the situation
for the thermophilic (from Pyrococcus
furiosus) glutamate dehydrogenases.
The Pyrococcus furiosus glutamate de-
hydrogenase is extremely thermo-
stable, with a half-life of 12 h at 100°C.
Its melting temperature (Tm) has been
reported to be 113°C. The mesophilic
Clostridium symbiosum glutamate de-
hydrogenase has a half-life of only 20
min at 52°C, and its melting tempera-
ture (Tm) is 55°C. It shares only 34%
sequence identity with its thermophilic
homologue. Despite the large differ-
ence in melting temperatures, inspec-
tion of the anatomy trees shows a re-
markable similarity in their anatomies,
that is, in their folding pathways.

Nevertheless, as noted above, while
the folding pathways in topologically
similar proteins are similar, the folding
rates are affected by additional factors

* Plate 4 appears following page 426.
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as well, such as the secondary structure
type, with α-helices forming faster than
β-strands; external conditions that
change the environment alter the fold-
ing rates.13,16 Similarly, rates may be
changed by mutations, without a change
in the native topologies.16,83

E. Fragment
Complementation

Over the last few years, fragment
complementation experiments have be-
come increasingly popular in investiga-
tions of protein folding.21,22,91,92 The pro-
tein is cut to produce fragments of
various sizes, and these are examined to
see if they are capable of folding, and
what are their higher population time
native/non-native conformations. While
peptides which represent individual ele-
ments of secondary structures may not
fold to any large extent, larger fragments,
or domains, may mutually stabilize each
other. Thus, for example, Oas and Kim93

have linked pairs of peptides that indi-
vidually were unstructured in the bo-
vine pancreatic trypsin inhibitor. The re-
sulting structure was native-like. Studies
carried out on fragments from the tryp-
tophan repressor and the cytochrome c
have illustrated that some of these folded
spontaneously into autonomous folding
domains.94,95 More recent examples in-
clude the numerous studies carried out
by Matthews and his colleagues. Among
the cases they have investigated are the
dihydrofolate reductase and the α sub-
unit of tryptophan synthase.17,20

The fact that for most cases cutting
a protein and mixing its fragments re-
sults in the same conformation is con-
sistent with binding and folding being
similar processes. Similarly, the fact that

ligating separate subunits usually results
in a structure similar to that where the
subunits are separate again illustrates
the same principle. The building block
folding model is also consistent with the
experiments cutting and spectroscopic
measurements.

F. Fragments and Pathways:
The E. coli Dihydrofolate
Reductase Example

During the last few years, Matthews
and his colleagues have been carrying out
a series of experiments,19,20,96 with the goal
of identifying folding pathways and inter-
mediate states.91,92 Their approach has been
to produce a set of fragments of various
sizes, and to determine whether these in-
dependent fragments are able to fold.
Building on previous successful applica-
tions of this approach (reviewed in Fontana
et al., Ref. 92), Matthews and his col-
leagues have applied it to the Escherichia
coli dihydrofolate reductase.20 Specifically,
they have cut the dihydrofolate reductase
enzyme into eight overlapping fragments.
CD and fluorescence spectroscopy results
have demonstrated that six out of these,
including the adenine binding domain
(ABD, residues 37 to 86), were largely
disordered. A stoichiometric mixture of
fragments 1–36 and 87–159 also did not
show evidence of folding beyond that
observed for the isolated fragments. Frag-
ment 1–107 showed some apparent sec-
ondary and tertiary structure; however, it
spontaneously self-associates. On the other
hand, fragments 37–159 have shown con-
siderable secondary and tertiary structure,
with a well-defined two-state unfolding
behavior. This result was surprising, be-
cause inspection of the DHFR structure
illustrates that first the adenine binding
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domain appears to constitute an indepen-
dent domain by visual and functional cri-
teria, and second fragments 1–37 are in-
serted within the structure of 37–159.
Additionally, Matthews et al.19,20,96 have
observed that this fragment may fold co-
operatively also in the absence of ammo-
nium sulfate, raising the possibility that
partially or fully folded forms of this frag-
ment act as a kinetic trap for the folding of
the full-length protein.

Computationally, we draw on our
recently developed and implemented
algorithm, which enables cutting the
protein structure into progressively
smaller units, revealing its anatomy in
terms of folding pathways.77 We apply
this tool to both the E. coli and the hu-
man DHFRs to obtain their folding path-
ways. For the E. coli enzyme, our re-
sults are consistent with those of Gegg
et al.20 While the pathway they have
observed is seen in our hierarchical dis-
section path, an additional alternate route
exists. This route is consistent with the
ABD being an autonomous unit. This
second pathway is in agreement with
the proposition of two populations of
folding intermediates, as suggested by
NMR.96 Moreover, taken together the
results obtained for the E. coli and the
human DHFRs (discussed below) are in
agreement with the in vivo chaperonin-
assisted vs. the in vitro observations.97,98

They further enable making some propo-
sitions as to the nature of the intermedi-
ates.

The E. coli dihydrofolate reductase
is a 159-residue protein. It catalyzes the
reduction of 7,8-dihydrofolate to 5,6,7,8-
tetrahydrofolate.99,100 The enzyme uses
NADPH as the reducing factor. The ter-
tiary structure is a doubly wound, paral-
lel α/β-sheet, with 4 α-helices and 8
β-strands. The crystal structure (Plate

5A, PDB code: 7dfr, 101) shows that
residues 38 to 88 (green in Plate 5A)
form the adenine binding domain. These
residues are flanked by the amino termi-
nus fragment (1–37, red in Plate 5A)
and the carboxy terminal segment (89–
159, yellow in Figure 1). Neither of these
three fragments, nor a mixture of the
first and last fragments, have been ob-
served to possess secondary and/or ter-
tiary structure to an appreciable extent
in the CD and fluorescence studies. Fur-
ther, fragments containing the ABD at-
tached to the amino terminus (1–86) did
not show significant folding either. Gegg
et al.20 have also probed fragments 37–
107 and 1–107. Although the signals
vary, in all cases the fragments have
illustrated largely, although not entirely,
disordered structures. The only fragment
that demonstrated the presence of sub-
stantial secondary and tertiary structure
is 37–159. While fragments 1–36, 37–
107 and 108–159 displayed little or no
dependence of the signals on the urea
concentration, fragment 37–159 has
shown a cooperative unfolding transi-
tion. Gegg et al.20 conclude that the
chemical cleavage of DHFR into frag-
ments that visually reflect its domain
structure do not yield the result, which
might have been expected. Comparison
of these results with the visual picture
illustrates why they were unexpected:
the functional, (Rossman fold) adenine
binding domain appears compact, and
similarly a stoichiometric mixture of the
amino and carboxy fragments.

Applying our recursive dissection
algorithm to the DHFR, all fragment
candidates are generated, and a stability
score is assigned to each. We proceed to
locate local minima on the fragment map
of the protein. A local minimum is the
highest value in a defined local region.

* Plate 5A follows page 426.
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All highest scoring candidates within
their respective local region are regis-
tered. The next step is a recursive, top-
down cutting process. Starting with the
native structure that constitutes the root-
node of the protein and the set of regis-
tered building block candidates, we scan
the list for a set of fragments whose
combination yields the entire node frag-
ment. We allow a small overlap between
them. If the fragment is short it is left
unassigned. If it is long but has a low
score, it is considered a linker fragment,
or a fragment whose conformation has
changed during the assembly process.
There is no limit on the number of
branches that can sprout from a node.
The recursive node-splitting procedure
continues until no two nodes whose scor-
ing sum exceeds a threshold value can
be located. The entire tree growth stops
when no new children nodes can be
generated. Further details are given in
the legend of Figure 1. The detailed al-
gorithm will be given elsewhere.77 A
listing of the building blocks that are
local minima for the E. coli DHFR is
given in Table 1. Furthermore, at each
sprouting level of the tree, we identify
the hydrophobic folding units through a
combinatorial assembly of the collec-
tion of building blocks.

Plate 5B* represents the most likely
folding pathway depicted on the frag-
ment map of DHFR. The blue horizon-
tal lines are the local minima, and the
building blocks participated in the most
likely pathway are drawn in red. Inspec-
tion of the figure illustrates that the build-
ing blocks assemble in multiple routes
to finally yield the native fold at the top.
The anatomy tree, with its detailed step-
by-step micro-paths for the folding of
the enzyme is shown in Plate 5C. The
branches sprouting from a node form

the respective node. Each branch is a
building block. It is labeled with its
position and score. Additionally, for level
one and two the assignments into HFUs
are noted. These are also given at the top
right-hand side of the figure.

Plate 5D depicts the step by step
dissection (top row) and assembly into
HFUs (bottom row) graphically. By
going through the last two plates, we
can reconstruct the most likely folding
pathways of the DHFR, based on our
algorithm and scoring function. By in-
specting the fragment map of Plate 6B
and the listing of the building blocks
and their scores in Table 1, we can iden-
tify the alternate routes.

Several findings are clearly ob-
served:

1. Starting with the native conforma-
tion, no dissection was observed at
the first level (labeled L1 in Plate
5D). This indicates the association
between building blocks is critical
for the overall folding stability. At
the next level the molecule is dis-
sected into three fragments (labeled
L2). At the further level, the green
building block (35–103) is now
split into three building blocks (la-
beled L3), green (31–63), yellow
(59–84) and blue (85–103). The
red (5–35) and yellow (104–159)
building blocks of the second level
(labeled L2) are not dissected fur-
ther at the next stage. The yellow
building block of the second level
is now colored cyan in level three
(labeled L3). Plates 5B,C show that
the native fold is obtained through
multiple routes.

2. Plate 5B illustrates how the build-
ing blocks assemble via a stepwise
hierarchical procedure. However, it
does not reveal whether DHFR is a

* Plate 5B follows page 426.
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sequential or a nonsequentially fold-
ing protein. In general, while a con-
sistent pattern of binary branches at
each node in the tree will always
yield a sequentially folding protein,
a tree where some nodes sprout into
three or more branches might or
might not be a sequential folder. On
the other hand, this information is
straightforwardly given by Plate 5C.
A comparison of the building block
cuttings with the hydrophobic fold-
ing units assignment illustrates that
DHFR has a complex fold. The fig-
ure illustrates that the most likely
pathway involves parallel assembly
of the three central building blocks,
and assembly of the first and last

building blocks. This is also ob-
served by a comparison of the top
and bottom rows in Plate 5D.

3. As the bottom row of Plate 5D
shows, the two hydrophobic fold-
ing units roughly correspond to the
visual inspection. At the second
level (labeled H2 in Plate 5D) the
first HFU includes the fragment 35–
103, whereas the second HFU cor-
responds to fragments 5–35 and
104–159. The adenine binding do-
main spans residues 37–87. On the
other hand, Plate 5C illustrates that
the second HFU consists of three
building blocks: 31–63, 59–84, and
85–103. A combination of the first
two building blocks corresponds

TABLE 1
The Local Minima Found in the Fragment
Map (Plate 1) of Dihydrofolate Reductase
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nicely to the ABD. However, the
addition of the third 19-residue-
long building block improves the
HFU score.

4. An examination of Table 1 and of
Plate 5B illustrates additional local
minima. Among these, there is a
building block spanning residues
30–159. This building block may
associate with the 5–35 building
block to produce the native pro-
tein. Fragment 87–159 could arise
via an alternate micro-path, assem-
bling the red building blocks 85–
103 and 104–159 in Plate 5B. To-
gether with building blocks 5-35,
31–63 and 59–84, the native fold
could be formed. Fragment 2–103
in Plate 5B also constitutes a local
minima close to 1–107. Through
an alternate route, via assembly
with 104–159, it too could lead to
the native fold. These routes in-
volve the native conformation of
each of the blocks. We shall come
back to this point below.

A comparison with the results of
Gegg et al. yields a good correspon-
dence. First, all fragments observed by
CD and fluorescence to show some sec-
ondary or tertiary structure are in the
basket of our building blocks. By way
of alternate pathways, they could lead to
a complete protein fold.

Second, fragment 37–159 was ob-
served by Gegg et al. to possess signifi-
cant secondary and tertiary structure. In
our case, this fragment would arise in the
assembly of fragments 35–103 and 104–
159. However, our most favorable path-
way suggests that 35–103 would form an
independent HFU, whereas 104–159
would most favorably associate with 5–35
to yield a second HFU (labeled B in Plate
5C). Hence, at first sight there appears to
be a discrepancy between the CD and

fluorescence results when compared with
those obtained computationally. This, how-
ever, is not the case. There are several
points to consider: (1) the results of Gegg
et al. illustrate that the transition state of
this fragment is broad, suggesting that
37–159 exists in a nonnative conforma-
tion, which is not very stable. This ap-
parently facilitates the insertion of the
red (1–37) building block. Furthermore,
(2) visual inspection of DHFR immedi-
ately indicates that in the absence of the
1–35 fragment (red in Plate 5A), the
association between the ABD (green)
and the carboxy-fragment (yellow), the
37–159 fragment cannot exist in the na-
tive structure. The red fragment medi-
ates the interactions between the green
and yellow fragments. The β-strand in
the amino terminus (unassigned frag-
ment in gray) interacts with the green
β-strand to continue the sheet. The con-
tinuation of the amino terminus strand
into the assigned red building block in-
teracts with the yellow β-strand. (3) Our
algorithm addresses only native confor-
mations, whether of the entire fold, or of
any of its fragments. We do not see the
37–157 building block, since if kept at
its native conformation, it would be
unstable. On the other hand, 35–103 is a
very stable HFU, and 104–159 is also a
relatively stable building block. Taken
together, it suggests that in the 37–159
fragment the conformations of its com-
posite building blocks are the native
ones. However, the tertiary associations
between them are nonnative. Hence, this
fragment is an intermediate conformer
on the folding pathway to the native
state. It will be trapped at a minima
well, which is not too deep, as its stabil-
ity is not high. This trap in on-pathway,
rather than off-pathway, because the trap
actually contributes to achieving the
native fold through its acting as a trap
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for the native conformers of the build-
ing block fragments. By transiently hold-
ing these, it shifts the population of the
building blocks conformers in the direc-
tion of the native ones. This is further
consistent (4) with the NMR results, sug-
gesting the existence of two populations
of intermediates.

This rationale is consistent with the
observation that the other fragments
observed in the spectroscopic experi-
ments of Gegg et al. are largely, al-
though not completely, disordered, pos-
sessing some secondary structure. This
is in agreement with the results of
Goldberg et al.97 for the human DHFR.
All of these are building blocks present
in our fragment map (Plate 5B, and Table
1), and constituting alternate, less heavily
traveled pathways. Hence, their associa-
tions can also be trapped in some minima
wells, again contributing to achieving
the native fold via shifting the conformer-
equilibrium in their favor. Like previ-
ously, subsequently these nonnative as-
sociations between the native building
block conformers will climb up from
their wells to reassemble through a com-
binatorial assembly process to yield the
stable hydrophobic folding units. Hence,
here we argue that the traps down the
slopes of the landscape contain nonna-
tive associations of native building block
conformations. As such, they actually
aid in the folding process. Traps are
largely on- rather than off-pathway.

It is also noteworthy that while the
conformation of the 37–159 fragment is
relatively unstable, its barriers might be
high, as indicated by its existence both
in the presence, but also in the absence
of the ammonium sulfate.

The agreement between the experi-
mental and the computational results is
gratifying, validating the building blocks
model, and illustrating its usefulness.

Furthermore, the dissection into an
anatomy tree, and the combinatorial as-
sembly yielding hydrophobic folding
units, provides information about the
complexity of the folding pathway(s). We
note, however, that the algorithm can
consider only native conformations. Fur-
thermore, while the scoring function it
utilizes appears adequate throughout our
extensive testing, nevertheless, there is
no assurance that this is the case. De-
tailed analysis of the E. coli dihydrofolate
reductase fragments has been presented
elswhere.85

G. Chaperonins and
Chaperones: Inter- and
Intramolecular-Assisted
Folding

Chaperones assist proteins to fold.
There are two types of chaperones: The
first, inter-molecular case I, such as in
the case of GroEL and the heat shock
proteins (Hsp), the chaperones lead to
macroscopic changes in the energy land-
scape, by lowering the barrier heights
for the unfolding. On the other hand, in
the second case as in the proregion48 and
in the uncleaved intramolecular chaper-
ones (reviewed in Ma et al. Ref. 81), the
change is both macroscopic and micro-
scopic, because they not only lower the
barriers to open nonnative interactions,
but additionally directly assist in the
folding by providing a template. In in-
tramolecular chaperones, the chaperone
is a fragment of the molecule. It may be
cleaved and digested after fulfilling its
chaperoning (and inhibitory catalysis)
role, as in subtilisin and in α-lytic pro-
tease. Alternatively, it may also remain
part of the structure if its presence is
essential for protein function (as in
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E. coli DHFR (Ma et al. Ref. 81 and in
adenylate kinase 102). Regardless of
whether it is cleaved or remains intact,
intramolecular chaperones are building
block fragments, essential for attaining
correctly folded molecules. In both in-
ter- and intramolecular chaperone cases,
the folding energy landscapes are simi-
lar, as macroscopically both lower the
barriers. However, the microscopics dif-
fers. Given their different mechanisms,
in the second case the more stable the
intramolecular fragment that serves as a
chaperone (whether a proregion or an
uncleaved building block sequence-frag-
ment), and the higher the population
time, the faster the folding rate.

In type I, the association of the chap-
erones with the target proteins is weak,
characterized by unstable, transient bind-
ing. Consistent with their general role,
their binding is nonselective, carried out
via a diffusion-collision mechanism.
This nonselective binding is in contrast
to intramolecular chaperones, which are
highly specific. In the type II case, the
association of intramolecular chaperones
(particularly the uncleaved) with their
parent protein molecule may be very
tight, buried in its core, and serving as a
critical building block fragment.81,102

Hence, here too the same building block
folding and binding principle applies:
the mechanism of lowering the barriers
is via building block conformational
selection. The conformationally fluctu-
ating building block intramolecular chap-
erone template selects the most favor-
able conformation of another building
block, binds to it, and thereby stabilizes
it. This “complex” further selects the
most favorable conformation of addi-
tional building block(s). By stabilizing
the building block(s) next to it, the in-
tramolecular chaperone (or critical build-

ing block) lowers the barrier. Through
such binding, the building block mini-
mizes the chance of nonnative associa-
tion.

Chaperonins like the GroEL have
two roles: first to unfold misfolded
molecules, and second to prevent aggre-
gation. If the protein can fold spontane-
ously, like the E. coli DHFR (and at low
concentration the eukaryotic DHFR), the
chaperonin is likely to help strictly via
the second mechanism (preventing ag-
gregation). If, however, it does not fold
spontaneously in in vitro, then chances
are the chaperonin fulfills both roles.
The misfolded conformation can be of
mis-associated building blocks, in which
case the trap is not very deep, with the
chaperonin assisting through the second
mechanism. However, if the misfolded
conformation consists of misfolded
building blocks, then the chaperonin may
function through both mechanisms.

Hence, there is a difference between
a chaperonin and a proregion. For
α-lytic protease whose proregion has been
removed from the nascent chain prior to
folding, a chaperonin will be of little use.
Thus, had the α-lytic protease been syn-
thesized without the proregion, and a
chaperonin were to be present instead,
the native state would not be reached.

H. Back to the Dihydrofolate
Reductase Example: In Vivo
vs. In Vitro Folding

Plate 6A* presents the fragment map
of the eukaryotic human DHFR enzyme;
Plate 6B presents the anatomy tree; and
Plate 6C presents the cutting levels (in
the top row) and the combinatorially
assembled hydrophobic folding units (in

* Plate 6A follows page 426.
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the bottom row). The results illustrate
that the folding pathways of the E. coli
and of the eukaryotic enzyme are prac-
tically identical. The sole difference is
that in the cutting, a helix that belongs to
the green building block in the E. coli
enzyme (Plates 6A,B), is now assigned
into the yellow building block in the
human enzyme (Plate 6C). This illus-
trates a slight shift in the position of the
helix between the two structures. The
similarity in the folding pathways ob-
served in the anatomy trees is consistent
with the experimental data: that data
show that the folding of both the E. coli
and the murine DHFRs are better mod-
eled with three intermediate states,103

when compared with modeling the
E. coli with three intermediate states,
and the murine with two.104 The anatomy
tree further provides some clues to these
intermediate states. The first intermedi-
ate state may involve the more stable
green building block of the ABD; the
second intermediate state may relate to
the red and yellow building blocks, and
the third to the association of both hy-
drophobic folding units (the green build-
ing block with the yellow + red).

Neither of the enzymes is very stable:
Clark and Frieden103 report that native
E. coli and murine DHFRs contain late-
folding intermediates in addition to the
native states. The binding to the ligands
stabilizes the native conformations. As
the native conformers bind, the popula-
tion is shifted in their favor, further driv-
ing the folding-binding reaction.75,79 Nev-
ertheless, the E. coli DHFR is more stable
(with a Tm of 56.3°C) than the eukaryotic
one (a Tm of 49°C for the bovine enzyme).
This difference is likely to reflect the
effect of the loops on the structure. in
both cases, the stabilization by the bind-
ing of the ligands is substantial: In the
E. coli DHFR, binding of the NADP(H)

raises the Tm to 59.4°C. Binding of the
inhibitor (methotrexate) raises it to
70.5°C, and with both bound to the en-
zyme the Tm climbs to 78.2°C. For the
bovine case, we see the same trend: bind-
ing of the NADP(H) raises the Tm to
57.3°C, the methotrexate to 62.2, and
together to 78.1°C.105 The larger stabili-
zation exerted by the binding of the meth-
otrexate inhibitor when compared with
the NADP(H) is consistent with the build-
ing block cuttings of both enzymes: the
yellow building block (Plates 5A,D for
the E. coli and Plate 6C for the eukary-
otic enzyme) is not involved to a consid-
erable extent with the binding of neither
of the ligands (only 4 out of 29 residues
are in contact with either dihydrofolate
or NADP(H)). The NADP(H) binds to an
already stable ABD building block. How-
ever, the dihydrofolate substrate (or the
methotrexate inhibitor) binds largely to
the unstable red building block, and
thereby confers a larger stabilization to
the structure.

Superimposing the two structures
(Plate 7) shows their high similarity. The
difference between them is apparent at
three locations: a loop at the junction of
the red and green building blocks (at
position 36 in the E. coli enzyme); a
loop in the green ABD building block,
at position 86; and a loop in the yellow
building block, at position 136. As the
native bacterial enzyme does not bind to
the GroEL, and the human and murine
enzymes do, it appeared that the origin
of the different behavior may reside in
the loops. By grafting the loops into the
bacterial DHFR, Clark et al.106 have
shown that the first and third loops are
responsible for the binding to the GroEL.
The finding that the eukaryotic DHFR
binds to the chaperonin through its loops
is consistent with recent structural data.
Crystal107,108 structures clearly show that

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



421

the GroES and the peptides bind to
GroEL through a mobile loop, with an
extended β conformation, or via a
β-strand. The first and third loops of the
eukaryotic DHFR resemble the mobile
loop of GroES. Hence, it is conceivable
that the enzyme would bind to the GroEL
(and to the hsp60) through these loops.
Binding would be strongest if both loops
bind simultaneously to two binding sites
in the chaperonin subunits. While such
simultaneous binding is likely to be steri-
cally infeasible in the native state of the
enzyme, it may take place in an interme-
diate state, suggesting why a misfolded
conformation binds to the chaperonin,
whereas the native state does not. Fur-
ther, the tighter binding of the late inter-
mediates is consistent with the building
blocks, and hence the loops, already in
their native conformations, however,
with nonnative contacts between the
building block elements. The formation
of such an intermediate state may repre-
sent the slow step in the folding of the
enzyme.

Interestingly, Clark and Frieden98

have shown that while the native E. coli
enzyme does not bind to GroEL, a late
intermediate does. The fact that an in-
termediate state of the bacterial DHFR
also binds to the GroEL can be under-
stood through the low stability of the
red, amino-terminus building block
(Plate 5A). As Plate 5C and Table 1
show, the score of this building block is
-4.6, pointing to a very low population
time. Therefore, it is conceivable that
during folding this building may adopt
an extended, mobile loop-like confor-
mation, enabling its binding to the
GroEL. In such a scenario, when the red
building block is flipped out, the green
and yellow building blocks collapse onto
each other, forming the stable native-
like intermediate, with a significant num-

ber of native interactions, consistent with
the proposition of Goldberg et al.97 The
general lower stability of the eukaryotic
enzyme, coupled with the location of
the loops in the building blocks cutting,
is consistent with the experimental ob-
servation of Clark and Frieden, namely,
that when complexed with the DHFR
enzymes the GroEL stabilizes the E. coli
enzyme only above 30°C, whereas the
murine enzyme is stabilized already in
the 8 to 42°C range.

Nevertheless, despite the fact that in
vivo the folding of the eukaryotic en-
zyme is assisted by the chaperonin, there
is evidence that both enzymes are able to
fold spontaneously in vitro.111 Hence, if
the concentration is low, the slow-fold-
ing DHFR will eventually get out of the
well on its energy landscape where the
misfolded conformations reside to con-
tinue on the folding route. If, however,
the concentration is high, the misfolded
conformations will aggregate. Once an
aggregate forms, it remains in this most
stable form. Consistently, in vivo, in the
absence of the hsp60 chaperonin, the
eukaryotic DHFR aggregates.112 This
suggests that there is a higher affinity
between the chaperonin and the misfolded
DHFR when compared with the affinity
between misfolded conformations. The
competitive GroEL vs. aggregate bind-
ing suggests that the loops play a role in
the formation of the aggregate as well.
Shtilerman et al.113 have presented ample
data to support the view that the
chaperonin acts via unfolding misfolded
molecules. Here, however, as the eu-
karyotic enzyme is able to fold without
the assistance of the chaperonin under
proper dilute buffer conditions, it ap-
pears that the chaperonin acts primarily
by preventing aggregation through com-
petition. The tight binding of the DHFR
loops to the GroEL is indicated by the
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need for ATP to release the enzyme.
The hydrolysis of ATP coupled with the
allosteric movement of the GroEL ren-
ders the binding of the DHFR loop
weaker, losing the competition to the
mobile GroES loop. This scenario, where
the misfolded DHFR conformations are
able to climb out of the well without
assistance, indicates that the well is most
likely not too deep.

I. Amyloid Formation

At least for several proteins, it has
been shown that a conformational change
may take place leading to formation of
a regular amyloid fibril structure. Amy-
loids are typically composed of propa-
gating twisted β-sheets, which are ex-
tremely stable to heat, as well as to
protease digestion. Analysis of X-ray
fiber diffraction has yielded an average
of twist between consecutive β-strands.
Detailed studies for some of these pro-
teins, such as from A β and prion, have
shown that certain peptides derived from
these, can already form the characteris-
tic amyloid fibrils observed for their full-
length parent proteins. Further, particles
originating from these have been ob-
served to be toxic to human and rat cells.

The fact that these proteins, and their
corresponding derived short peptides, are
amyloidogenic and toxic raises several
interesting questions: (1) How is the ini-
tial amyloid seed stabilized? (2) What is
the smallest size that a seed can be? (3)
What is the mechanism of seed growth?
Our recent simulations of an 8-residue
peptide (AGAAAAGA), derived from
Syrian hamster prion protein (Ma and
Nussinov, unpublished), have suggested
that an octamer of such of a peptide (and
of A) is stable enough to serve as a seed.

Further, they have shown that the driv-
ing force is the hydrophobic effect, and
that fibril growth is via conformational
selection, rather than being induced by
the preformed seed/oligomer through
binding. The slow step is seed forma-
tion, rather than its growth. These re-
sults are in remarkable agreement with
the experimental observations of Serio
et al.,53 and provide a detailed molecular
model of seed formation and growth.
They have further led to the proposition
of the “lamellar model”, where peptide
oligomers assemble as relatively dy-
namic and twisted sheets to yield the
average experimentally derived 15 twist
angle.

The peptide may be considered a
conformationally fluctuating, unstable
building block. Because it lacks a hy-
drophobic core, its population time is
very low. Hence, it cannot be detected
experimentally, but may be observed in
simulations. By way of conformational
selection, it binds to the amyloid seed,
with a redistribution of the populaion,
further driving the binding reaction. Plate
8 provides an illustration from our simu-
lation.

J. Disorder

Molecular disorder has long been
viewed as local, or as global instability.
Molecules (or regions) that display dis-
order were considered unstructured.
Molecules (or their portions) have been
considered disordered if no atomic co-
ordinates could be assigned. It has been
suggested that for such molecules, the
structured state is induced through bind-
ing to their cognate ligands. A compre-
hensive review of such molecules, with
numerous examples has been published
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recently.50 Nevertheless, even in appar-
ently “disordered” molecules, prevail-
ing conformations exist, with higher
population times than for all other po-
tential conformations. Hence, these
molecules, or regions, are structured,
with preformed conformers binding via
conformational selection. Even if the
population times of these conformations
are low, after their binding there is a
redistribution of the populations, further
driving the binding reaction.

The conformational times are a func-
tion of the presence of hydrophobic
cores. If the molecule possesses a hy-
drophobic core, the conformational time
may be high enough to be detected. In
its absence, the time a molecule spends
in this conformation is likely to be too
low to enable such a detection. In addi-
tion, the presence of a net charge and
thus electrostatic repulsion has also been
shown to lead to natively disordered
state52 such as observed in the case of
α-lactalbumin114 or in the adenine bind-
ing domain of E. coli dihydrofolate re-
ductase.85 In α-lactalbumin the disor-
dered molten globule state is observed
either after lowering of the pH or when
removing the Cα

++ ion. Whereas in these
two examples after binding (correspond-
ingly to calcium, or to NADPH) the net
charge is nullified and “order” is
achieved, resulting in well-defined crys-
tal coordinates, this is not necessarily
always the case. In the case of the H-Ras
protein, the opposite is observed. H-Ras
is a G-protein of 189 residues that serves
as a molecular switch coupling cell-sur-
face receptors to intracellular signalling
pathways.115 Here, when H-Ras is bound
to both GTP and the GAP (GTPase ac-
tivating transmembrane protein), Ras
presents a well-defined, ordered struc-
ture. However, after the hydrolysis of
GTP to GDP, a (charged) phosphate

group dissociates from the complex. This
leads to the Ras helix α2 and loop L4 at
the binding site of GAP to become dis-
ordered, with the outcome of GAP dis-
sociating next, and Ras again displaying
an ordered conformation.

“Disordered” molecules are the out-
come of rugged energy landscape away
from the native state, around the bottom
of the funnels. Such ruggedness creates
a range of conformations, and as such
has biological function, either in regula-
tion and/or in multimolecular complex
formation in complex cellular pathways.

K. Hydrogen Exchange Data
and Limitations of the Cutting
Algorithm

A recent review by Englander and
his colleagues116 summarized the data
on folding intermediates as studied by
hydrogen exchange (HX) methods. The
model presented by Rumbley et al. has
many features of similarity to the one
outlined here. HX data indicate that the
amino acid sequences in proteins stabi-
lize not only the native state, but also a
small set of native-like intermediates.
The intermediates form from coopera-
tive secondary structure elements of the
native protein. Rumbley et al. suggest a
process of ‘sequential stabilization’,
where early intermediates guide in a
stepwise manner sequential addition of
these structural elements, constructing a
folding pathway. Most importantly, HX
data indicate that the native structure
guides the folding, with the sequence
determining the intermediates, and their
kinetic accessibility. The data are con-
sistent with a model where the interme-
diates are on-pathway (e.g., Laurents et
al.117 have shown it for ribonuclease A;
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Bai118,119 for Cyt c and hen lysozyme
and additional workers [reviewed in
Rumbley et al., Ref. 116], for additional
cases as well). In cases where the inter-
mediates are off-pathway, it is unclear if
these less frequent off-pathway cases
reach the native state.

HX-based methods are able to detect
conformations of infinitesimally populated
intermediates at equilibrium, as well as ki-
netic intermediates with subsecond life-
times. HX exchange has enabled explora-
tion of the free energy landscape between
the native and the unfolded state.120–123

Chamberlain et al.124 have listed cases where
where parts of proteins have been prepared
and shown to have native-like structure.

Plates 9A to C* depict the fragment
map, the anatomy tree and the building
blocks cutting of Cyt c (1ycc), and the
corresponding hydrophobic folding units
(HFU) association, so we can compare
it with the HX data as presented by
Rumbley et al.116 The HX data relate to
the unfolding pathway. Four distinct
cooperative unfolding units can be seen
in the HX results (Figure 3D in Rumbley
et al.). The least stable is the loop con-
necting the C-terminal helix to the pre-
vious helix, termed the 60s helix by
Rumbley et al. The second loop con-
necting the 60s helix to the N-terminus
helix is slightly more stable. According
to the HX data, folding initiates by the
N and C termini helices coming together,
forming a concerted folding unit. Cut-
ting the Cyt c structure (Plate 9C, top
row) has also generated four building
blocks at the last cutting level. While we
observe the termini as separate building
blocks, as the anatomy tree (Plate 9B)
shows, each is unstable, possibly ex-
plaining why they are not seen by the
HX. By way of association they get sta-
bilized and observed. This can be seen

in the HFU (bottom row, Plate 9C),
where the termini form one HFU (green
in the figure). We note, however, that
while the threshold to obtain this HFU
(1.39) is lower than the one set for an
HFU (1.65), this latter value has not
been determined systematically to re-
flect experimental results. The building
blocks cutting follows the folding path-
way. During unfolding, the green and
yellow building blocks in the top row of
Plate 9C may unfold first, followed by
the associated termini. In folding, two
terms need to be considered: the stabil-
ity of the associated helices and the en-
tropy of their coming together. This is
not the situation in the unfolding, with
the sole term being that of the stability.

This example serves to illustrate a
limitation of the cutting algorithm. Since
the N and the C termini are not sequen-
tially linked, they cannot be a single
building block. This suggests a modifi-
cation to the algorithm, where the edges
be artificially linked, and a recutting of
this linked region will be executed. Nev-
ertheless, a favorable association is re-
flected in the HFU. An additional, criti-
cal limitation relates to the scoring
function. The criteria in the scoring func-
tion are the buried nonpolar surface area,
compactness, and the ‘isolatedness’, that
is, the area originally buried and ex-
posed after cutting. However, electro-
statics are not accounted for. Because
electrostatics has been increasing shown
to play a critical role in protein stability,
this is a major drawback of the function.

CONCLUSIONS

Here we have described a hierar-
chical protein folding model. We have

* Plate 9Afollows page 426.
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outlined the elements that go into the
model, namely, (1) the fluctuating
building block fragments that consti-
tute local minima along the protein se-
quence, (2) consideration of the land-
scape around the bottom of the funnel,
(3) the postulate that folding and bind-
ing are similar processes conforming
to the same principles with similar land-
scapes describing both, and (4) that the
lanscape is dynamic, changing with the
conditions. (5) Furthermore, the con-
formationally fluctuating building
blocks bind via conformational selec-
tion. Thus, even if the population time
of the native structure of the building
block is low, through conformational
selection, the equilibruim will shift in
its favor. These are then the two critical
elements: fluctuating building blocks
binding through selection.

We illustrate that such a model is
consistent with a broad range of experi-
mental (and computational) results.
Hence, in principle such a model may
be applied to eventually aid in predic-
tion of folded structures. Here, one may
envision cutting the sequence into build-
ing block fragments, simulating these
and (iteratively) combinatorially assem-
bling them. The most difficult step in
such a venture would no doubt be the
combinatorial assembly.

Currently, the algorithm cuts the
structure into such local building block
elements, estimating their stability. The
underlying assumption on which the
procedure is based is that the structures
of the building blocks that we see in the
native fold are the ones with the highest
population time. Thus, had the structure
been experimentally cut into these pep-
tide fragments, their conformations
would resemble those that we see in the
entire protein. This implies that native
contacts guide the protein folding.

Consistently, current knowledge in-
dicates that while there are multiple
pathways, not all are equally probable.
Pathways are a function of fragment
population times, reflected in the stabil-
ity of building block protein fragments.
Current knowledge further indicates that
intermediate states consist largely of
native contacts. These mostly derive
from intrabuilding block interactions.
Further, while sequentially folding pro-
teins are likely to further illustrate ap-
preciable native interbuilding block con-
tacts, intermediate states in nonsequential
protein folders (such as the DHFR), may
involve nonnative contacts between
misassociating building blocks. Because
native contacts guide the folding path-
ways, the breadth of the transition states
is limited, consistent with the view that
in reality the difference between the “old
view” and the “new view” is not large.71

The building block folding model fur-
ther provides a link between two-state
“hydrophobic collapse” and the hierar-
chical model, which is three-state. In
two-state protein folding intermediates
are not observed, as the process is too
fast, the well too shallow, and thus the
population times too low. Nevertheless,
two- and three-state follow similar
events.

Here we have shown detailed analy-
sis for one case, the dihydrofolate re-
ductase. The consistency of the theoreti-
cal results with the spectroscopic
observations for the E. coli DHFR fur-
ther validates the building block folding
model and the hierarchical folding of
proteins. The application of the dissect-
ing algorithm to the human enzyme
yielded similar pathways. This is not
surprising, as the enzymes are highly
similar, with the exception of three loops,
present only in the eukaryotic DHFR.
Two of these have been shown to be the
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means through which the eukaryotic
DHFR binds to the chaperonin. Hence,
in particular, the building blocks folding
model has enabled us to address the dif-
ference between the in vivo eukaryotic
chaperonin-assisted, and E. coli unas-
sisted folding, and the likely intermedi-
ate states. It has further enabled address-
ing the binding modes of the late
intermediate states to the GroEL
chaperonin.

An advantage of the building block
folding model over residue-based mod-
els such as the contact order is that
unlike contact order it provides for
population times. Topology by itself is
static. For this reason, contact order
cannot provide for changes in condi-
tions, or for mutations. Because it does
not divide the sequence/structure into
components, the relative contact order
is unable to address the hierarchy in
folding pathways. As such, the relative
contact order is unable to account for
the redistribution of conformational
substates.79,125

To conclude, here we argue that the
combination of the fluctuating building
blocks in their native conformations
binding via selection in folding, re-
sembles stable molecules binding via
selection in intermolecular binding. The
differences stem from the difference in
stabilities, and hence in population times.
Additionally, because in intermolecular
binding there is no chain connectivity
between the molecules, the question of
sequential vs. nonsequential binding
events does not arise. Thus, the model
provides a realistic view of binding and
folding events.

The results of the anatomy for each
chain in PDB can be viewed at the web
site http://protein3d.ncifcrf.gov/tsai/
anatomy.html.
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