In Pursuit of Protein Folding

S. Walter Englander

Exploring the “Anfinsen trail,” the path-
way by which unstructured proteins sponta-
neously fold to their native functional
form, has become a central goal of the pro-
tein chemists. In order to understand a bio-
chemical pathway, one wants to isolate and
describe the intermediate structures that
lead from precursor to product. Unfortu-
nately the intermediate forms that define
protein folding pathways cannot be isolated
or studied by the usual methodologies,
however powerful, because folding interme-

bonuclease A that exist transiently at in-
finitesimal levels in equilibrium with the
native state (3).

The folding experiments depend on a
recently developed method (4) to obtain
kinetic and structural information on par-
tially folded protein forms that fly by on a
millisecond time scale. The intermediates
were labeled in-flight in a structurally sen-
sitive way, in essence by writing on them
with a brief pulse of chemical spray paint
at any given point of time during folding.

fold. At some time during the folding pro-
cess, between 3 ms and several seconds, the
refolding chains are labeled so that the
parts of the protein that are already folded
can be distinguished from the parts that are
not (middle of figure). This is accom-
plished in a second mixing step simply by
raising the pH of the refolding protein solu-
tion. High pH promotes the D-to-H ex-
change reaction. For example, at pH 10
and 10°C, amide NDs in parts of the pro-
tein backbone that are still unfolded will
exchange to NH in about 1 ms. Other
amides at positions that have already
formed a hydrogen-bonded structure are
protected from exchange and persist as ND.
The high pH labeling pulse is maintained
for some milliseconds and is then neutral-
ized by a third mix, which drops pH to per-
haps 5, effectively halting all further ex-

Stalking a folding protein. The HX pulse labeling experiment. Folding proceeds from the random coil (left) through intermediate forms (middle) to the
native state (right). Pulsed H-D exchange is used to label the protein in a time-resolved and structurally sensitive way while it refolds. Analysis of the
refolded native protein by two-dimensional NMR or mass spectrometry (or both) can then provide kinetic and structural information on transient interme-
diates in the folding process.

diates are by definition unstable. Neverthe-
less, two reports in this issue, one by
Miranker et al. on page 896, the other by
Jennings and Wright on page 892, are able
to present fairly detailed structural informa-
tion on some kinetic folding intermediates
in lysozyme and myoglobin, even though
these ephemera only exist for less than 1 s
during the folding process (1, 2). A related
research article by Mayo and Baldwin on
page 873 describes some characteristics of
equilibrium unfolding intermediates in ri-
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The painting technology (see figure) relies
on the naturally occurring exchange of hy-
drogens between water and the peptide
group NH hydrogens distributed uniformly
throughout every protein molecule (5).
The protein in D,O solution is initially
unfolded with a denaturant, such as con-
centrated guanidinium chloride (GdmCl),
so that the exchangeable amide NHs of all
the peptide groups exist as ND (left side of
figure). In a rapid-mixing experiment, the
protein is diluted into H,O. Conditions are
set so that ND-to-NH exchange of the
freely exposed amides is slow (pH 6 and
10°C, for example, where the exchange half-
time is several seconds). With the GdmCl
now quite dilute, the protein begins to re-
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change. The protein molecules complete
their run to the native state (right side of
figure). The H-D exchange -pattern im-
printed on the protein by the labeling pulse
is now locked in place by the native struc-
ture and can be analyzed at leisure, usually
by two-dimensional nuclear magnetic reso-
nance (NMR), to read out the degree of H
labeling at many dozens of identifiable
amides all through the protein. A series of
such experiments with the labeling pulse im-
posed at different times during folding can
reveal the time course for the formation of
the various hydrogen bonds in the protein.
From these data, the time course for form-
ing each of the protein’s structural elements
might be ascertained and thus the pathway
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for formation of the native structure.

Miranker et al. (1) used these methods
to study the folding of hen egg lysozyme.
Earlier hydrogen exchange (HX) labeling
experiments showed that lysozyme shares
a surprising and particularly frustrating as-
pect of most folding behavior so far ob-
served. Folding is heterogeneous. The rigor-
ously purified protein preparation in the
chemist’s test tube splits into different sub-
fractions that fold at different rates. This
heterogeneity in folding leads to special
problems of interpretation, which Miranker
et al. solve by an ingenious applicaton of
mass spectrometry. Mass spectrometry can
separate the refolded proteins according to
mass so that, unlike NMR analysis, the mo-
lecular distribution of H-D labeling ob-
tained in an HX labeling experiment can
be resolved.

The single chain lysozyme molecule
contains two distinct lobes: an o domain
rich in o helix and a  domain rich in B
sheet. Earlier work (6) showed that protec-
tion against HX labeling develops in a fast
phase (5 to 10 ms) for 40% of every mea-
surable amide in the o domain and for 25%
of every measurable amide in the 3 domain.
The early folding phase might represent
molecules with 40% having only their o
domains folded and 25% only their f do-
mains. In this case, a mass spectrometric
analysis would show the early appearance
of a partially deuterated fraction (40% +
25%) with intermediate mass. At the other
extreme, 25% of the lysozyme molecules
may fold both their & and B domains in the
fast phase. Then, a mass spectrometric
analysis would display an early forming
heavy fraction (25%) with both domains
protected and fully deuterated, an early
forming intermediate mass fraction (15%)
with only the ot domain protected, and an
unprotected light fraction (60%) that does
not fold at all until later in the process.
The mass spectrometry results clearly select
the second case. Furthermore, ot domains
apparently can fold by themselves and then
may or may not entrain the § domain, but
B domains do not fold independently. The
mass spectrometry experiment has general
applicability. When any two structural ele-
ments fold on the same time scale, mass
spectrometry can indicate whether the two
elements fold together in the same mol-
ecule or independently in different mol-
ecules.

Jennings and Wright (2) used the HX
pulse labeling experiment with NMR anal-
ysis to study the folding of apomyoglobin,
the myoglobin molecule with its heme
group removed. The results define a folding
intermediate that forms in less than 5 ms
and strongly resembles a previously known
(7) equilibrium folding intermediate, the
so-called molten globule form of apomyo-

globin. This result will provide comfort and
joy to a growing group of investigators who
have attempted to sidestep the problems of
studying kinetic folding by studying folding
intermediates that can be obtained and ex-
amined directly in an equilibrium form.
Equilibrium molten globule forms, it has
been suggested, provide easily accessible
analogs of true kinetic intermediates.

The molten globule has an interesting
history. After some early skepticism, pro-
tein chemists have now embraced the idea
that proteins can exist not only in their na-
tive and fully unfolded states but also as in-
termediate forms referred to as molten
globules. The molten globule in its early in-
carnation was a strictly defined construct
(8), but a growing zoo of intermediate pro-
tein forms has broadened the definition to
include any protein form that is less than
fully native but not yet fully unfolded. Ex-
amples include the equilibrium molten
globule of apomyoglobin, which has three
of the normal myoglobin helices, helices A,
G, and H, identified by equilibrium HX la-
beling experiments (7). This motif, to-
gether with the early part of helix B, is cop-
ied in the newly found kinetic molten glob-
ule. The lysozyme form discussed before,
with only the o domain folded, may pro-

.vide another example.

In their research article, Mayo and
Baldwin (3) deal with a series of transient,
partially unfolded forms of ribonuclease A
that exist under native protein conditions
only about one-millionth of the time.
These forms represent conformationally ex-
cited states in dynamic equilibrium with
the native state. Having safely traversed
the complex energy landscape that led
them to fold to their lowest energy, native
conformation, protein molecules are fated
to spend their lifetime restlessly reexplor-
ing that same Boltzmann landscape. Just as
the Oxford and Scripps groups used HX-
based methods to learn how proteins de-
scend through this terrain in folding, Mayo
and Baldwin exploited the naturally occur-
ring HX behavior of native protein mol-
ecules to study the equilibrium reexplora-
tion process.

The investigation of these rare forms is
possible because, according to the unfold-
ing model for protein-hydrogen exchange
(5), H-bonded NHs can exchange with sol-
vent only during the small fraction of time
when their protecting H bonds are broken
in transient, high-energy, conformational
unfolding reactions. The unfolding model
relates HX rate to an unfolding equilibrium
constant and therefore quantitatively con-
nects HX rates with the Gibbs energies for
unfolding. In this view, the pattern of ex-
changing hydrogens can reveal the confor-
mation of the partially unfolded form that
mediates their exchange, and their ex-
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change rate reveals the energy level of the
partially unfolded state.

Mayo and Baldwin set out to test the
proposition that the naturally occurring
HX behavior of structurally blocked protein
NHs depends on global and local unfolding
reactions. They measured the response of
the slowest exchanging NHs of ribonu-
clease A to low levels of the denaturant,
GdmCl, reasoning that the energy of each
unfolding reaction, measured by the HX
rates of the appropriate NHs, should corre-
late with the size of the unfolding unit,
measured by the sensitivity of HX rates to
GdmCl concentration. For most of the
NHs, this behavior is found. However,
when the global denaturation energy for ri-
bonuclease is considered, some surprises ap-
pear. Unfolding energies calculated from
the HX rates appear to be displaced upward
from the denaturation energy by several
kilocalories, perhaps implying residual pro-
tecting structure in the globally unfolded
state. The HX pathway for all of the slow-
est NHs appears to involve a common “glo-
bally unlocked” state and, in addition, fur-
ther energy steps that vary from one NH to
another. The unlocked state, seen here as a
transiently populated high-energy form,
may represent the transition state that nor-
mally determines the rate of protein un-
folding reactions. It appears to resemble a
“dry molten globule.” These experiments
begin to show how hydrogen exchange can
be used as a tool for surveying the energy
landscape for protein unfolding.

The three papers on protein folding and
unfolding in this issue illustrate the new
avenues opened by hydrogen exchange,
NMR, mass spectrometry, and other power-
ful techniques now available for studies of
protein structure and behavior. These ap-
proaches provide the bright promise that
we can ultimately understand how the fac-
tors encoded in the amino acid sequences
of proteins lead to the range of protein
forms that govern all the processes of living
organisms.
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