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ABSTRACT: The rate of stabilization of side chains during protein folding has never been carefully studied.
Recent developments in labeling proteins with19F-labeled amino acids coupled with real-time NMR
measurements have allowed such measurements to be made. This paper describes the application of this
method to the study of several proteins using 6-19F-tryptophan as the reporting group. It is found that
these side chains adopt their final stable state at the last stages of the folding process and that the stabilization
of side chains into their final conformation is a highly cooperative process. It is also possible to show the
presence of intermediates in which the side chains are not correctly packed. The technique should be
applicable to many systems.

It is probably a truism to say that the side chains of a
protein define its final structure. Yet, despite intensive
investigation using a wide variety of methods, the mechanism
by which a protein folds to that final structure remains
elusive. There are multiple reasons for such uncertainty
including the facts that, in general, the concentration of any
intermediate is low, that it has been difficult to measure very
fast processes, that the forces between residues have not been
clearly defined, that the role of water is unclear, that many
experimental methods measure global, rather than residue-
specific, effects, that complex computational calculations,
such as molecular dynamics, only cover short times, and so
on. Considerable progress, both computationally and experi-
mentally, has been made on the basis of the folding of small
proteins or peptides that may be considered as the starting
point for larger proteins which fold by more complex
mechanisms. Current thinking, based on studies with several
proteins (e.g., refs1-3), suggests that small clusters of

residues preexist in the unfolded state and that these serve
as nuclei for the folding process. Daggett and Fersht (4) have
recently discussed the various proposals that have been made
over the years and have proposed a unifying mechanism for
folding involving a nucleation-condensation process.

Left out of much of the discussion about mechanisms of
protein folding is the issue of the time dependence of the
stabilization of side chains. Yet this is critical, especially in
vivo, because it defines not only the process by which the
protein reaches its final stable state but also the rates of
protein-protein interactions, of protein-ligand interactions,
and possibly the rate of any posttranslational modification.

In this review, I examine the role of the later steps in the
folding process, specifically those related to the stabilization
of the side chains. As will be discussed, these processes can
be studied using proteins containing fluorine-labeled amino
acids in conjunction with NMR measurements made in real
time.

Burial, Packing, and Stabilization of Side Chains

Side chain stabilization differs from side chain packing
or burial because stabilization implies that the side chain
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attains the configuration that occurs in the final native form
of the protein. Packing and burial only suggest that the side
chain occupies some, perhaps transient, stable form. For
example, an intermediate in the folding process may have
side chains either buried or packed, but repacking may be
required to reach the final stable form. Indeed, we shall see
an example of that later.

There is, of course, a large literature concerning side chain
packing (5, 6). Matthews and co-workers have extensively
investigated the role of packing and stability for T4 lysozyme
(7-11). Colon et al. have used site-directed mutagenesis to
evaluate the importance of side chain packing in the folding
and stability of cytochromec (12). Studies such as these deal
with the critical issues of side chain packing and thermo-
dynamic stability. In such experimental studies, however, it
may be difficult to distinguish between packing and final
stabilization.

The purpose of this paper is severalfold: first, to examine
the available data on the rates of side chain stabilization;
second, to show that such stabilization is the last, or
essentially the last, step in the folding process; third, to show
that this stabilization occurs coincident with forming the final
stable protein; fourth, to show that such stabilization is
normally a highly cooperative process; and finally, to show
that early side chain stabilization may reflect misfolded
intermediates.

PreVious Studies

There are a variety of techniques used to measure protein
folding. Many, such as changes in absorbance, tryptophan
fluorescence, far- or near-UV, CD, and IR, measure global
changes rather than changes in specific regions of the protein.
Of the techniques to measure protein folding, only a few
measure side chain stabilization and fewer still measure the
rate of that process for specific residues. By far, the most
commonly used technique to measure structural stability in
specific regions of a protein is hydrogen/deuterium exchange,
as pioneered by Englander (13, 14). This important and useful
technique measures the changes in backbone amide protec-
tion. It is likely, however, that amide protection and side
chain stabilization do not reflect the same process since
secondary structure formation, resulting in amide proton
protection, may occur early in the folding process while side
chain stabilization appears to occur late.

There have been studies that specifically target side chain
accessibility during folding. Loh and co-workers, for ex-
ample, monitored side chain accessibility of apomyoglobin
by following the extent of thiol-disulfide exchange (15, 16).
Ha and Loh (15), using a thiol-disulfide exchange method,
examined several cysteine mutants to discern residues that
became inaccessible as a function of time. Two (at positions
108 and 110) in the AGH helical interface showed 70-80%
protection prior to formation of the native structure while
two others (at positions 65 and 134, reflecting the packing
of helix E) were buried at a slower rate consistent with the
formation of the native structure. For those side chains that
pack early, these experiments might not be able to differenti-
ate between being buried or obtaining the correctly stabilized
structure of the native state.

Lyon et al. used chemically induced dynamic nuclear
polarization (CIDNIP) to probe the accessibility of aromatic

side chains during the folding of bovineR-lactoglobulin and
lysozme (17). An advantage of this method is the time
resolution as shown, for example, by Hore et al. (18), who
utilized stopped-flow photo-CIDNP to observe changes in
aromatic side chain accessibility for times as short as 100
ms. With respect to lysozyme, these authors assumed that
in the denatured state both tyrosine and tryptophan were
largely solvent accessible. In an intermediate state, however,
tryptophan side chains were protected. As folding proceeded
to the native state, there was a rearrangement in which
tyrosines became partially buried while two tryptophans
became solvent exposed. This latter rearrangement appeared
to be coincident with the formation of the active site. This
study clearly showed that side chain burial could not be
equated with the final stabilization of the side chain.

Udgaonkar and co-workers examined side chain behavior
for both folding and unfolding of the small (89 aa) protein,
barstar. For folding, they used a combination of steady-state
and time-resolved fluorescent methods, particularly lifetime
measurements (19), while in the unfolding direction they used
time-dependent changes in FRET efficiency (20). They
concluded that during folding tight packing of side chains
in the hydrophobic core occurs before substantial secondary
and tertiary structure formation. In agreement with these
results, they found that in the unfolding direction structural
changes occur faster at the surface than in the protein core
(20). Again, since they used fluorescence and absorbance
methods, they could not distinguish between side chain
packing and final stabilization.

In experiments similar to those using19F-labeled amino
acids, as discussed later, van Nuland et al. (21) examined
the folding of muscle acylphosphatase, monitoring the 1D
1H NMR spectrum in real time. By selecting a small region
of the spectrum, they could plot changes in peak intensity
as a function of time, showing that the majority of the NMR
peak intensity was obtained within about 20 s after dilution
from 7 M urea. Interestingly, recovery of activity under the
same conditions was much slower. The authors attributed
the slow activity recovery to proline isomerization (22).
Nevertheless, from the time dependence of the appearance
of methyl and methylene resonances in a 1D NMR experi-
ment, the authors did conclude that side chain stabilization
was an early event relative to activity recovery.

This observation raises the important issue of the relation
of the rate of side chain stabilization during folding to the
rate of recovery of enzymatic activity. That is, can a structure
appear to be folded (by circular dichroism or fluorescence
changes) yet require further adjustment for gain of function?
Unfortunately, few experiments have been able to answer
this question, yet it deals directly with the rate of side chain
stabilization. The acylphosphatase results mentioned earlier,
for example, suggest that activity recovery is slow relative
to structure formation. These are, however, not easy experi-
ments. First, activity and side chain stabilization are per-
formed at very different protein concentrations, and second,
the addition of substrate(s) to measure activity may influence
the folding rate.

Finally, there have been some experiments related to
destabilization of side chains during unfolding. Laurents and
Baldwin, for example, have used 1D1H NMR to examine
the kinetics of the slow unfolding of egg white lysozyme
(23). Lysozyme unfolding is slow, thus allowing these
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measurements. With theEscherichia coli dihydrofolate
reductase (DHFR), Hoelztli and Frieden (24) showed that
the tryptophan side chains became destabilized very early
during unfolding. With lysozyme, however, solvent-exposed
tryptophans become destabilized early while those buried in
the core, along with the histidine, become destabilized very
slowly, simultaneously and concomitant with CD changes.
The authors suggest that the difference between their study
and that of Hoeltzli and Frieden may lie in the greater
sensitivity of19F to detect motional differences.

Why Use Fluorine-Labeled Amino Acids?

As noted in the two recent reviews (25, 26), there are many
properties of fluorine that make it a useful probe for studies
of protein structure, function, and folding. For example, the
fluorine nucleus is small, only slightly larger than the
hydrogen nucleus. Using a fluorine-labeled amino acid might
be expected to result in minimal perturbation to the structure,
stability, and functionality of the protein even though there
is a large dipole moment for the C-F bond. Because fluorine
is extraordinarily sensitive to its environment and to local
shielding effects, the NMR peaks are typically well resolved
from one another in a 1D NMR spectrum. Even in the
denatured state the peaks are frequently resolved (24, 27,
28). Proteins of high molecular weight can also be examined
since the spectral resolution is large. Fortunately, a number
of fluorine-labeled amino acids are available. In all, data
obtained with fluorine-labeled amino acids are useful because
they measure exactly what we wish to determine, i.e., the
stabilization of the environment around the fluorine nucleus.

Taking advantage of the sensitivity of19F chemical shifts,
fluorine has been used extensively to follow structural
changes (e.g., ref29). Theory relating these chemical shifts
to structure is difficult (30). Pearson et al. (31) suggested
that electric field strength effects were major contributors
to 19F shielding and found reasonably good agreement
between experimental and calculated chemical shifts for the
E. coli galactose binding protein (31). However, in a later
paper, Feeney et al. stated that additional contributions to
shielding were needed for aromatic amino acids labeled with
fluorine (29).

We initially undertook the study of protein folding using
19F-labeled amino acids with the idea that there would be
differential stabilization of the side chains in different regions
of the protein and therefore would allow one to follow the
folding pathway. Indeed, this is the case but since NMR
peaks of the side chains (or at least aromatic side chains)
appeared to occur very late in the folding process, what we
are actually following are the last stages of the folding
process. The results, however, give important insights into
the folding process.

One should not ignore the ability to use 1D1H NMR
spectra in conjunction with the fluorine data for studying
the kinetics of side chain stabilization. While a 1D1H NMR
protein spectrum has a large number of overlapping reso-
nances, some peaks are associated with the side chains of
specific residues. These include histidine and the indole of
tryptophan, as well as methyl and methylene groups which
can be identified and assigned. The increasing availability
of triple resonance cryoprobes and the use of selective15N
or 13C enrichment make this approach attractive. If the NMR

assignments have already been made, identification of these
peaks in the 1D1H NMR spectrum is simple. Alternatively,
resonances could be identified by site-directed mutagenesis,
especially for larger proteins. Van Nuland et al. (21), using
muscle acylphosphatase, as described above, did follow the
refolding using a 1D1H NMR spectrum of the methyl,
methylene region. The spectra were complex, and the
observed peaks were not assigned to specific amino acid
residues, but the assignments should be possible. This appears
to be the only example using 1D1H NMR to follow side
chain stabilization during folding. The method, however, has
great potential. It is not discussed further here because there
is much more data using19F-labeled proteins.

Incorporating Fluorine-Labeled Amino Acids into
Proteins

While there are a number of fluorine-labeled amino acids
that can be incorporated into proteins, the most commonly
used are the aromatic amino acids. Methods used are
described elsewhere (32). Of particular interest is the ability
to incorporate a singlep-19F-phenylalanine into any position
in the protein (33). However, only results with 6-19F-
tryptophan will be discussed here.

Results Using19F-Labeled Tryptophan

Fluorine-labeled amino acids have been used for many
years to examine the effect of ligand addition on protein
structure (34-40). The sensitivity of the chemical shift of
6-19F-typtophan in the folding process was first experimen-
tally described by Ropson and Frieden (27), using the
intestinal fatty acid binding protein that contains two
tryptophan residues. They noted that the chemical shifts of
the 6-19F-tryptophan residues were a function of the urea
concentration. Further, the dependence of one of the two
tryptophans was the same as the denaturation curve (followed
by circular dicroism or fluorescence) while the other was
not. From these data, the authors could calculate the
fractional concentration of species as a function of urea and
could estimate the concentration of an intermediate in the
presence of the folded and unfolded forms (27). They also
showed that the intermediate persisted at high denaturant
concentrations and concluded that it probably reflected a
hydrophobic cluster of amino acids close to one of the two
tryptophans. Obviously, it would be useful to know the time
dependence of the formation of this intermediate. For that
purpose, one needs to collect data as a function of time and
as quickly as possible. To accomplish this, we designed and
built a stopped-flow NMR tube (41).

One disadvantage of using 6-19F-labeled amino acids is
that the relaxation time of the fluorine nucleus is sufficiently
slow (∼0.5 s) that the fastest time at which data can be
collected after starting the folding or unfolding process is
about 1 s. Unfortunately, the intestinal fatty acid binding
protein folds so rapidly (<5 s) that stopped-flow NMR
experiments were not feasible. Thus, to determine the kinetics
of side chain stability, experiments have to be performed
with proteins that fold more slowly. Several examples are
given here.

E. coli Dihydrofolate Reductase.The folding properties
of theE. coli dihydrofolate reductase have been extensively
studied. It is a relatively small protein (18 kDa) consisting
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of eightâ-strands and fourR-helices (42, 43). The C-terminal
region comprising about a third of the protein consists
primarily of â-strands. Our studies have always been
consistent with a mechanism in which there is a sequential
series of events (44-46) while Matthews and co-workers
have proposed a channel mechanism of at least four different
paths to form the native protein (47-50). Both groups agree
that there are at least four phases observed by fluorescence
changes on refolding from denaturant. A typical renaturation
curve, in the presence and absence of substrates, is shown

in Figure 1 (44). Refolding is a reasonably slow process,
taking several minutes with an initial increase in fluorescence
followed by a decrease which can be deconvoluted into three
phases. Of interest is that quenching of the fluorescence by
NADP appears only at later stages of folding while that by
dihydrofolate occurs earlier. These results suggest that the
NADP binding site is formed later in the folding process
than the dihydrofolate binding site. Figure 2 shows an NMR
refolding experiment under similar conditions using 6-19F-
tryptophan as the reporting group in which the unfolded
protein is diluted into buffer containing NADP. The numbers
at the top and bottom in this figure show the assignments of
the resonance peaks to the specific residues as determined
by site-directed mutagenesis (51). There is a considerable
amount of information that can be obtained from these data.
First, there is a loss of intensity from the denatured peaks
with no equivalent appearance of intensity in the native
peaks. Not shown is the observation that in this experiment
about 20% of the intensity of the denatured peaks disappears
before the first time point is obtained (1.5 s). Second, when
nondenatured peaks appear, they always appear at chemical
shifts of the native protein. Interestingly, peaks associated
with the apoprotein appear before those of the NADP-bound
protein, suggesting, again, that the NADP binding site forms
late and reinforces the view that the gain of structure and
that of function may have very different time scales. Third,
the appearance of the native peaks is slow and correlates
with the last phases of folding as shown in Figure 1, and
fourth, their appearance is essentially highly cooperative.
These observations will be discussed below.

PapD.PapD is a chaperone essential for the formation of
P pili in pathogenic bacteria (52). A two-domain protein of
molecular mass 25 kDa, it is composed primarily ofâ-strands

FIGURE 1: Stopped-flow fluorescence changes (arbitrary units)
observed on the refolding ofE. coli dihydrofolate reductase from
4.5 M urea to 1.29 M urea. For the curves labeled NADP and DHF,
the ligands (NADP and dihydrofolate) were added at the start of
the refolding process. No ligand was added in the top curve. The
experiments were performed at 10°C in 0.02 M phosphate buffer,
pH 7.2, containing 1 mM dithiothreitol and 0.1 mM EDTA. The
initial enzyme concentration was 8.5µM. Data were taken from
Frieden (44).

FIGURE 2: Stopped-flow19F NMR spectra for the refolding ofE. coli dihydrofolate reductase, labeled with 6-19F-tryptophan, from 5.5 M
urea to 2.75 M urea in the presence of NADP. The numbers at the top and bottom of the figure identify the five native and unfolded
tryptophan residues in the protein. The peak labeled 47i is associated with the apoenzyme. The disappearance of this peak correlates with
the formation of the NADP binding site. Experiments were performed using a Varian superconducting fluorine probe. Forty-one separate
injections were summed for each time point. The experiment was performed at 5°C in 0.05 M phosphate buffer, pH 7.2, containing 15 mM
dithiothreitol and 0.1 mM EDTA. The final protein concentration was 0.61 mM. Data were taken from Hoeltzli and Frieden (46).
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with each domain having a immunoglobulin-like fold (53).
There is a single tryptophan in each domain, and therefore
one can follow the folding of each domain by following the
NMR spectrum of the protein labeled with 6-19F-tryptophan.
An NMR refolding experiment is shown in Figure 3, and it
is immediately apparent that there are some similarities and
some differences between the data for this protein compared
with dihydrofolate reductase. The most obvious similarity
is that the native peaks appear slowly and cooperatively with
the same rate constants. The obvious difference is that a non-
native peak appears early and disappears as the native peaks
appear. We have interpreted this result to mean that the
C-terminal domain, represented by Trp128, collapses early
to a structure with the side chain stabilized in a non-native
environment. Then as the N-terminal domain folds, the
C-terminal domain readjusts to its correct configuration as
a consequence of the domain-domain interaction (28). The
slow folding of the N-terminal domain is almost certainly
controlled by proline isomerization since the folding process
is enhanced in the presence of proline isomerase (Bann and
Frieden, unpublished results).

Adenosine Deaminase.Murine adenosine deaminase
(mADA) is a 40 kDa protein containing a tightly bound Zn
atom essential for activity (54). In contrast to dihydrofolate
reductase and PapD, the protein is highly helical with a
(â/R)8 topology. The folding kinetics are complicated by the
presence of the tightly bound Zn. The metal, however, can
be removed to form the apoenzyme. Figure 4 shows the19F
NMR spectrum of the holoprotein, apoprotein, and denatured
protein. As with dihydrofolate reductase and PapD, the peaks
for the denatured protein are sharp and close to that of
tryptophan itself. The spectrum of the apoprotein differs from
that of the native and the denatured protein in that it is broad
and unstructured (Shu and Frieden, unpublished results), yet
the total amplitude is quite similar. Thus in this case, the
side chains are not freely rotating and at the same time are

not sensing their native environment. Refolding from this
state is extremely slow (data not shown), suggesting that this
form may be misfolded. Again, however, the appearance of
resonances corresponding to the native resonances occurs
slowly and cooperatively (Shu and Frieden, unpublished
results).

Interpreting the Results

In the experiments using19F-labeled amino acids, we
define side chain stabilization as the appearance of NMR
resonances with the same chemical shift as in the native
protein. The rate of side chain stabilization is measured as
the change in peak intensity as a function of time. There are
several possible scenarios for stabilization of side chains.
Those described here make some assumptions as to the
mechanism of the folding process. Thus, let us assume that
there is transient nativelike residual structure in the unfolded
state (1, 3, 55-58), that there is a collapsed state, and that
the final folding process occurs after that collapsed state.
Under these conditions, side chain stabilization might occur
at any one of these steps: in those nativelike regions of the
unfolded protein, in the collapsed state, or during the final
steps.

Appearance of Stabilized Side Chains.The NMR data
clearly show that no appreciable side chain stabilization
occurs in the denatured state even if that state has regions
that flicker between unfolded and nativelike structures.
Unfolded resonances are sharp and always occur close to or
at the same chemical shift as the isolated amino acid. The
small differences in chemical shift from the isolated amino
acid may simply reflect a dependence on residues nearby in
the sequence.

It is generally agreed that some sort of condensation step
occurs early in the folding process. With respect to the NMR
data, this step may be associated with the partial loss of

FIGURE 3: Real-time19F NMR spectra of PapD labeled with 6-19F-tryptophan on refolding from 4.5 M urea to 2.25 M urea. The numbers
at the top of the figure identify the two tryptophan residues in the protein. Note that there is an peak representing an intermediate in the
folding process that appears early (W128i) and disappears as the native peaks form. The peak labeled Unf corresponds to the unfolded
protein. Experiments were performed on a Varian fluorine Cryo-Q probe with a final protein concentration of 70µM. Only one refolding
experiment was needed to collect the data. The experiment was performed at 20°C in 0.03 M MOPS buffer at pH 7.0. The experiment is
more fully described by Bann et al. (28).
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intensity of the denatured peaks without an equivalent
appearance of nativelike peaks. In this collapsed state, there
may be a considerable amount of secondary structure, but
the side chains have not become stabilized and therefore
appear to be sampling large areas of conformational space.
In the case of PapD, one of the two tryptophans gets packed
early but in a different environment than that of the final
structure. Because there is no good theory relating fluorine
chemical shifts to structure, it is not yet possible to define
what the intermediate structure may be. It disappears,
however, at the same rate as the formation of the final
stabilized form. In all cases that we have examined stabiliza-
tion of side chains occurs late in the folding process.
Furthermore, the data show that side chain stabilization is a
highly cooperative process.

In the native state of a protein the side chains are closely
packed. Stabilization of the side chains appears to be
concomitant with the loss of entropy associated with packing.
The high degree of cooperativity observed for side chain
stabilization suggests that there is a final compaction of the
structure with concomitant loss of internal water. One could
argue, for example, that native peaks do not appear early
because the residues are in a liquid environment sensing
numerous microenvironments. Unfortunately, the results with
fluorine only allow speculation on this issue.

What Is the Role of Proline Isomerization?The proteins
discussed here fold slowly, most likely as a consequence of
slow cis-trans proline isomerization. Most proteins, espe-
cially larger ones, do contain proline so that, in a practical
sense, one cannot ignore the role of the isomerization in
attempting to characterize the mechanism of protein folding.
For proteins that contain multiple proline residues, kinetic
simulations show that the folding rates can become extraor-

dinarily slow if several proline residues isomerize at similar
slow rates. The slow kinetics of side chain stabilization may
also reflect proline isomerization. This suggests the critical
role that proline isomerization can play in the cooperative
stabilization of side chains. The role of proline isomerization
as a molecular switch has recently been thoroughly discussed
by Andreotti (59).

It should be noted, however, that slow folding need
not be a consequence of proline isomerization. The half-
time of folding of the intestinal fatty acid binding pro-
tein (which does not contain proline) can be increased
to about 50 s just by mutating residues in turns (60). In-
deed, a number of proteins contain non-prolylcis bonds
(http://www.imb-jena.de/ImgLibDoc/cispep/non_proline/
IMAGE_CISPEP2.html). Pappenberger et al., for example,
have assigned a slow phase of the folding of tendamistat to
the cis-trans isomerization of a non-prolyl peptide bond
(61). Dihydrofolate reductase contains a Gly-Gly cis bond
(62), and it is not known what role this bond plays in protein
folding. It is of interest that mutating the Gly-Gly to Ala-
Gly leads to loss of enzymatic activity (62).

Why Is There an Initial Loss of Intensity in the Unfolded
Resonances?In 1973, Anfinsen (55) suggested that portions
of a protein chain may serve as nucleation sites and might
“flicker” in and out of the conformation that they occupy in
the final protein. As mentioned above, there is accumulating
evidence for residual structure in the unfolded state and that
this residual structure is nativelike (1, 3, 56-58). The fact
that only denatured peaks are observed at high denaturant
concentrations suggests that if there are nativelike structures,
their concentration must be extremely low. With dihydro-
folate reductase, there is a rapid partial loss of denatured
peaks without appearance of the native peaks observed on

FIGURE 4: NMR spectra of murine adenosine deaminase labeled with 6-19F-tryptophan. Spectra shown are for the native protein, the
denatured protein in 8 M urea, and the apoprotein in which the tightly bound Zn has been removed. The numbers in the figure identify the
four tryptophan residues where possible. Spectra were collected with a Varian fluorine Cryo-Q probe. All spectra were collected at 20°C
in 20 mM Tris-HCl, pH 7.4, 2 mM dithiothreitol, 5% D2O, and 0.2 mMp-19F-phenylalanine as an internal reference. The protein concentration
used for the holo-mADA at 0 or 8 M urea was 85µM, while that for the apoprotein was 100µM. Data are from Shu and Frieden (unpublished
results).
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refolding. This is also seen with PapD whenp-19F-phenyl-
alanine is used as the probe (Bann and Frieden, unpublished
results). While we cannot characterize this early step, it must
represent an intermediate in which the side chains are no
longer in the unfolded state but sense a large number of
microenvironments such that the peak is broadened into the
baseline. This would be the so-called collapsed state about
which the19F NMR data can currently say very little.

Final Comments.The method described here should be
applicable to a wide variety of systems. All too often,
investigators find techniques that they believe will help to
define the mechanism of protein folding. One is tempted to
go down that same path with the type of data obtained in
these experiments. The advantage here is the ability of follow
specific residues. On the other hand, there remain a number
of issues that need to be addressed. The results here say
almost nothing about the early stages of the folding process.
Because there is no good theory for fluorine chemical shifts
and structure, we know little about the nature of any
intermediate forms. At this time, we do not know what the
major determinants that lead to stabilization of the side chains
are. The19F NMR studies discussed here have dealt only
with tryptophan. Examination of the kinetics of side chain
stabilization using other amino acids may lead to different
results and should be a fruitful area of investigation. Finally,
the results from these experiments should be useful in
determining the mechanism of protein folding particularly
for those investigators interested in the computational ap-
proaches to the later stages of the folding process.
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