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Characterizing protein folding intermediates 
Exchange rates of individual amide protons in the polypeptide 
backbone of a protein can be measured by two-dimensional 
NMR. They serve to locate structure in folding intermediates. 

To determine the pathway by which a protein folds up, 
it is necessary to characterize the structures of folding in- 
termediates and also to place these intermediates in the 
correct order on the kinetic pathway of folding. Nonco- 
valent folding reactions are fast: typically they occur in 
seconds or less for small single-domain proteins. On the 
other hand, hours are required to obtain detailed struc- 
tural information about a protein in solution by two-di- 
mensional NMR spectroscopy. For proteins whose struc- 
tures are stabilized by disullide bonds formed during the 
folding process, this dilemma can be sidestepped by co- 
valently blocking unreacted thiol groups after partial oxi- 
dation of the cysteine residues to form disulfides, and 
then isolating and characterizing individual disutide in- 
termediates [ 1 ] . In doing this, it is necessary toI relate the 
covalent chemistry of disulfide formation, as successive 
disullide bonds are formed, to the noncovalent folding 
process that is stabilized by H-bonds, hydrophobic in- 
teractions, and other weak interactions. 

The pulsed NH exchange, or pulse labeling, method 
[2-6] resolves the dilemma by using fast isotopic ex- 
change (2H-1~) between solvent protons and peptide 
NH (amide) protons to pulse label the accessible amide 
protons of a noncovalent folding intermediate. Exchange 
of a solvent-exposed amide proton takes only 10-3 sec- 
onds at pH 9 and 10°C. Isotopic exchange need not in 
terfere with the folding process, and the results of an 
exchange pulse are measured after folding is complete, 
by recording a’two-dimensional rH-NMR spectrum of the 
protein, in which % is silent. In its simplest form, the 
pulse labeling method can be used to locate the pro- 
tected amide protons, which fail to exchange when the 
amide protons that are exposed to solvent do exchange. 

As Creighton has recently pointed out in this journal [7], 
this application of the pulse labeling method. encoun- 
ters the following problem. Only a fraction of the pep- 
tide NH protons of a protein can be studied because the 
1H-NMR spectrum which is used to determine the results 
of pulse exchange must be taken in 2H20. Thus, only 
amide protons that are resistant to exchange with 2H20 
in the native protein during the NMR experiment (usually 
a third to a half of all the amide protons) can be mom- 
tored in the process of folding. Often these stable amide 
protons are found in a-helices and jMrands of the na- 
tive protein, because the peptide H-bonds of these coop- 
eratively formed structures must be broken to effect ex- 
change. If the available probes happen to be located only 
in the a-helices and /3structures of the native protein, and 
if they are all protected in a folding intermediate, then 
knowledge of their locations in the amino-acid sequence 
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does not distinguish between different mechanisms of 
protection: the formation of native-like secondary struc- 
ture, the formation of a non-native structure that breaks 
down again later in folding, or protection by a nonspe- 
cific mechanism such as a hydrophobic collapse. 
The problem is not insoluble. A simple solution is not 
just to observe the locations of protected amide pro- 
tons but also to measure the@ exchange rates, or pro- 
tection factors, in the folding intermediate. Then the plot 
of protection factor versus residue position for the fold- 
ing intermediate can be compared with that of the na- 
tive protein, to find out if there is evidence for native-like 
secondary structure in the intermediate. This has been 
done recently for two equilibrium folding intermediates, 
as discussed below. The protection factor A of proton 
i gives the retardation of its exchange rate in the fold- 
ing intermediate, expressed as the ratio of two rates: 
A = (kc/&&, where k;: is the ‘chemical’ exchange rate 
of the solvent-exposed proton i, computed from model 
compound data, and & is the experimentally observed 
rate of exchange in the folding intermediate. 

In native proteins, a-helices and S-sheets give rise to char- 
acteristic patterns of exchange rates. As .the locations of 
a-helices and j%strands in the amino-acid sequence are 
also highly spectic for each protein, the plot of protec- 
tion factor versus residue position serves as a fingerprint 
that can be used to determine if the structure of a fold- 
ing intermediate is closely related to that of the native 
protein. Not all amide protons form peptide H-bonds 
in cl-helices and P-strands. The NH protons of the four 
residues at the amino-terminal end of a regular a-helix 
do not participate in intra-helix H-bonds and others are 
involved in irregular tertiary interactions. The j3-strands of 
a protein form a highly specilic pattern of H-bonds: for 
example, the amide protons in the outside strands alter- 
nate between being and not being H-bonded within the 
j3-strand structure. 

The distinctive relation between H-bonded secondary 
structure and protection against exchange measured at 
36°C is shown in Fig. 1 for bovine pancreatic tiypsin in- 
hibitor (BPTI) [8]. Because the exchange rates of BPTI 
were measured without using a quench, it was possible 
to measure them for all amide protons that exchange at 
measurable rates. BPTI is a small 5%residue protein that 
contains an a-helix with peptide H-bonds from residues 
47-57 and a hairpin loop of antiparallel j3-structure from 
residues 16-36 with a short third strand near residue 45. 
There is a block of six protected amide protons in the 
a-helix, another block of five very strongly protected pro- 
tons in the center strand of the P-sheet, and a striking pat- 
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tern of alternating strong and weak brotection for amide 
protons in the e&o&-part of the *p-hairpin loop. 
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Fig. 1. Exchange rates of backbone amide protons in BPTI plotted 
against residue number. Amide protons that H-bond are coloured 
black and the locations of b-strands (green) and an a-helix for- 
ange) are shown. Exchange rates that are too iarge or too small 
to measure are shown by red arrows pointing up or down, re- 
spectively. (Adapted from ISI.) 

Now consider the plot of protection factor versus residue 
position for two equilibrium folding intermediates, cy 
tochrome c at pH 2.2 [9] and apomyoglobin at pH 4.2 
[lo]. The term equilibrium folding intermediate is used 
here in the sense of a partly folded structure, interme- 
diate between the structures of the native and unfolded 
protein, and does not imply that the equilibrium interme- 
diate is populated in the kinetic process of folding. Both 
cytochrome c and myoglobin contain u-helices but no 
f&strand structures. In cytochrome c, 27 of the 44 avail- 
able protons are found within three major a-helices. In 
native (pH 7) cytochrome c (N), the protons within the 
three helices are strongly protected (P > 1000) at 2O”C, 
as are several protons in loop regions (Fig. 2a). In the 
equilibrium folding intermediate of cytochrome call pro- 
tons are much less protected than in N, but now there 
are boundaries between clusters of protons that show 
marked protection and others that do not; taking P > 10 
as the criterion for marked protection, one Iinds a cluster 
of protected protons corresponding to each of the three 
u-helices of N. The results suggest that helical structure 
provides the marked protection and that the boundaries 
of helices in I are nearly the same as those in N. 

A different situation is found in apomyoglobin at 5°C. In 
N (pH 6.0) only two of the 39 available protons occur 
outside helices. This is the situation that was feared [ 71: 
if all these protons are protected in I, then a meaning- 
less correlation might be drawn between the locations 
of helices in N and clusters of protected protons in I. 
The results, however, show that not all probes in I are 
protected. Instead, clusters of probes are found, some of 
which show marked protection whereas others do not 
(Fig. 2b). Again, using P > 10 as the dividing line, one 
hnds clusters of protons that show only borderline pro- 
tection at the locations of the B and E helices of N. The 
results for the E helix are particularly striking: the largest 
value of P is 2. On the other hand, for most protons in the 
A G and H helices P > 10. Two probes within the G he- 
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lix with P < 10 are among the four residues at the ammo 
terminus that are not H-bonded if the a-helix is regular. 
Consequently, in apomyglobin, as in cytochrome c, the 
pattern of protection factors in I provides a lingetprint 
resembling that of N in the sense that zones of marked 
protection in I correspond to the locations of helices in 
N. Although the boundaries of the protected zones in I 
correspond to the helices of N, there are clear differences 
in the protection patterns within helices between N and 
I - see, for example, the G and H helices of myoglobin 
(Fig. 2b). These differences probably arise from different 
tertiary interactions in N and I. 
The question then arises: do isolated peptides whose se- 
quences correspond to these helices also show strong 
enough helix formation to provide marked protection 
against exchange? This question has very recently been 
answered with synthetic peptides corresponding to the G 
and H helices of myoglobin [lo] and the N and C helices 
of cytochrome c (S Marqusee, D Barrick and R Baldwin, 
unpublished data; see also [ 111). In each case the answer 
is no. Thus, the structure of the folding intermediate sta- 
bilizes the three helices of cytochrome c and the A, G 
and H helices of myoglobin. The mechanism by which 
the folding intermediate stabilizes specIIic a-helices is not 
yet known. 
Additional support for the hypothesis of native-like sec- 
ondary structures in folding intermediates comes from a 
study of an equilibrium folding intermediate of a-lactal- 
bumin [ 121 and from peptide models of intermediates in 
disullide bond formation of BETI [13,14], whose struc- 
tures are being analysed by direct NMR methods. One 
should be cautious, however, about generalizing the hy- 
pothesis of native-like structure in folding intermediates. 
A kinetic circular dichroism study of a l%lactoglobulin 
folding intermediate indicates that it has non-native sec- 
ondary structure [15], a conclusion which is supported 
by the folding kinetics of another f&sandwich protein, 
fatty acid binding protein [I6]. 
What are the prospects for characterizing the structures 
of kinetic folding intermediates? These cannot be studied 
by direct NMR methods, and exchange rates in kinetic in- 
termediates cannot be measured in ambient folding con- 
ditions, as they can for equilibrium folding intermediates. 
Moreover, unfolded proteins are typically heterogenous 
as regards their refolding behavior because of slow pro- 
cesses that occur in the unfolded protein, such as the 
slow cistrun.$ isomerization of prolyl peptide bonds or, 
in the case of cytochrome c, slow ligand exchange reac- 
tions with the heme iron. 
Nevertheless, the kinetic folding experiment provides a 
simple test for structural folding intermediates: there is 
clear evidence of their presence if the folding kinet- 
ics measured by individual amide protons yield different 
curves. By this test, cytochrome c, ribonuclease A, and 
bamase all have structural intermediates. A recent study 
of the kinetics of folding of hen lysozyme by a compe- 
tition method is also consistent with the presence of a 
partly folded intermediate [ 171. Moreover, information 
about the protection factors of amide protons in kinetic 
folding intermediates has been obtained by pulse label 
experiments in which the pH of the pulse is varied [5,6]. 
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Fig. 2. The logarithm of the protection factor for amide proton 
exchange plotted against residue number (a) N (red) and I (blue) 
forms of horse cytochrome c and (b) N (red) and I (blue) forms 
of sperm whale apomyoglobin. Solid lines connect the residues 
that are a-helices in the N forms. Arrows mark residues whose 
exchange rates are too small to measure.((a) Adapted from f91.) 

When amide proton exchange is base-catalysed, as is typi- 
cally the case, increasing the pH by one unit produces a 
lo-fold increase in the driving force for exchange. Not 
only are the N and C helices of cytochrome c formed 
with similar kinetics in an early folding intermediate [3], 
but the protection factors of amide protons in these two 
helices are similar in the folding intermediate [6]. 

The problem of obtaining clear-cut structural informa- 
tion about kinetic, rather than equilibrium, folding in- 
termediates is more daunting. Two factors seem likely 
to help. First, the structures of equilibrium folding in 
termediates, which can be analysed both more directly 
and more readily, as discussed here, provide valuable 
guides of what to expect in kinetic experiments. Second, 
present information suggests that noncovalent folding re- 
actions are hierarchical, in the sense that units of struc- 
ture formed early in folding are retained throughout the 
folding process and are incorporated into the structure 
of the native protein. As already noted, it may prove nec- 

essary to develop tests for abortive structure formation 
in order to make use of this principle. If the postulate 
of hierarchical folding proves to be correct, then pulsed 
amide proton exchange provides detailed structural in- 
formation about the folding pathway. Comparison of the 
patterns of protection for a folding intermediate and the 
native protein can serve as a guide as to whether or not 
the folding process is hierarchical. 
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