
doi:10.1006/jmbi.2000.3816 available online at http://www.idealibrary.com on J. Mol. Biol. (2000) 299, 1341±1351
NMR Characterization of Residual Structure in the
Denatured State of Protein L

Qian Yi, Michelle L. Scalley-Kim, Eric J. Alm and David Baker*
Department of Biochemistry
University of Washington
Seattle, WA 98195, USA
E-mail address of the correspond
dabaker@u.washington.edu

Abbreviations used: PRE, parama
enhancement; HSQC, heteronuclear
coherence; NOESY, NOE spectrosco
dichroism.

0022-2836/00/051341±11 $35.00/0
Triple-resonance NMR experiments were used to assign the 13Ca, 13Cb,
15N and NH resonances for all the residues in the denatured state of a
destabilized protein L variant in 2 M guanidine. The chemical shifts of
most resonances were very close to their random coil values. Signi®cant
deviations were observed for G22, L38 and K39; increasing the denatur-
ant concentration shifted the chemical shifts of these residues towards
theory random coil values. Medium-range nuclear Overhauser enhance-
ments were detected in segments corresponding to the turn between the
®rst two strands, the end of the second strand through the turn between
the second strand and the helix, and the turn between the helix and the
third strand in 3D H1, N15-HSQC-NOESY-HSQC experiments on perdeut-
erated samples. Longer-range interactions were probed by measuring the
paramagnetic relaxation enhancement produced by nitroxide spin labels
introduced via cysteine residues at ®ve sites around the molecule.
Damped oscillations in the magnitude of the paramagnetic relaxation
enhancement as a function of distance along the sequence suggested
native-like chain reversals in the same three turn regions. The more
extensive interactions within the region corresponding to the ®rst b-turn
than in the region corresponding to the second b-turn suggests that the
asymmetry in the folding reaction evident in previous studies of the pro-
tein L folding transition state is already established in the denatured
state.
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Introduction

How a protein folds into a unique three-dimen-
sional structure is one of the greatest questions of
modern structural biology. An exciting recent
development is the direct structural characteriz-
ation of the starting point of the folding reaction,
the denatured state, using multi-dimensional NMR
methods. It has been found (Neri et al., 1992;
Logan et al., 1994; Shortle 1996a,b; Eliezer et al.,
1998; Fong et al., 1998; Mok et al., 1998) that the
unfolded states of several proteins under both
denaturing and native solution conditions can con-
tain a signi®cant amount of residual structure.
Recent studies under non-denaturing conditions
ing author:

gnetic relaxation
single quantum
py; CD, circular
have demonstrated that the denatured state ensem-
ble of staphylococcal nuclease has a native-like
overall topology (Gillespie & Shortle, 1997), while
the overall topology of the drk SH3 unfolded states
is not native-like, although it has some native-like
features (Mok et al., 1998). The detailed structural
characterization of the denatured states of proteins
whose folding transition has been extensively stu-
died should increase understanding of the early
stages of the folding process.

We have chosen the IgG binding domain of pro-
tein L as a model system for understanding folding
in detail. The folding of protein L has been charac-
terized using a wide range of methods (Yi &
Baker, 1996; Scalley et al., 1997; Yi et al., 1997; Gu
et al., 1997; Plaxco et al., 1999; Kim et al., 1999) and
the folding transition state has been extensively
mapped through the analysis of the effect of 70
point mutants distributed around the protein.
A destabilized mutant (F20W/Y32A) of protein L
has recently been characterized by circular dichro-
ism and stopped-¯ow kinetics (Scalley et al., 1999).
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Figure 1. Chemical shift perturbations of the 13Ca res-
onances of F20W/Y32A in 2 M guanidine from the ran-
dom coil values. The two straight horizontal lines at
2.6 ppm and ÿ1.7 ppm represent the perturbations
expected for regular a-helix and b-sheet conformations
respectively. The random coil values were taken from
Wishart & Sykes, 1994.
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These data suggested the presence of residual
structure in 2 M to 3 M guanidinium chloride. In
this study we use NMR methods to gain more
speci®c structural information on this denatured
state of protein L.

Results

Assignment of the backbone 13Caaa, 13Cbbb, 15N
and NH resonances of F20W/Y32A

Characterization of denatured states of proteins
using NMR techniques is often challenging, since
the chemical shift dispersion of most resonances is
poor because of conformational averaging. How-
ever, the backbone 15N and 13CO chemical shifts,
which are mainly in¯uenced by residue type and
the local amino acid sequence (Braun et al., 1994;
Yao et al., 1997), remain well dispersed in the
denatured state. Using 13C, 15N-double labeled pro-
tein sample and triple resonance NMR experiments
(see Materials and Methods), we have assigned the
13Ca, 13Cb, 15N and NH resonances for all the resi-
dues of the F20W/Y32A mutant in 2 M guanidine
at pH 5.0.

13Ca and 13Cb chemical shifts are predominantly
determined by backbone conformation, and the
perturbations of the 13Ca and 13Cb chemical shifts
from their random coil values (Spera & Bax, 1991;
Wishart & Skyes, 1994) are reliable indicators of
secondary structure in folded proteins. In general,
13Ca resonances are shifted down®eld by an aver-
age of 2.6 ppm for a-helices, and shifted up®eld by
1.7 ppm for b-sheets. Figure 1 shows that the devi-
ations of the 13Ca chemical shifts of F20W/Y32A in
2 M guanidine at pH 5.0 from the random coil
values are very small, indicating the population of
regular secondary structure is very low under
these conditions. However, small but consistent
up®eld chemical shift perturbations were observed
for every residue of the segment from A31 to D41
(helical in native protein L structure), suggesting
that there is some residual helical content in
F20W/Y32A in 2 M guanidine. Also, small, but
consistent down®eld chemical shift perturbations
were observed for every residue from Y45 to A50
(the third strand in native protein L structure),
suggesting that this segment has some preference
for extended conformations under these con-
ditions.

Previous chemical denaturation studies using
¯uorescence techniques suggested that there may
be some residual structure around W20 in 2-3 M
guanidine that is lost at higher (>3 M) guanidine
concentrations (Scalley et al., 1999). A guanidine
titration ranging from 1.5 M to 5 M guanidine was
carried out to investigate possible conformational
changes in the denatured state ensemble. There is
no dramatic change in the 1H-15N HSQC spectra
from 1.5 M to 5 M guanidine except that small, but
signi®cant chemical shift perturbations (�0.10 ppm
shifting toward the random coil values) were
observed for the amide group protons of G22, L38
and K39 (Figure 2(a)). These shifts are roughly line-
ar functions of the denaturant concentration; there
is little indication of a cooperative transition
between different populations (Figure 2(b)). These
results suggest that there is some residual structure
around G22, L38 and K39 in denatured F20W/
Y32A in 2-3 M guanidine.

Nuclear Overhauser enhancements (NOEs)
between amide protons

NOEs between amide group protons were
obtained using 3D H1, N15-HSQC-NOESY-HSQC
experiments on perdeuterated F20W/Y32A in
2-3 M guanidine. Recent work on the drk SH3
domain demonstrated that deuteration greatly
enhances NOESY-based studies of denatured pro-
teins because of longer relaxation time due to the
reduced spin diffusion (Sattler & Fesik 1996).
Sequential (i, i � 1) and (i, i � 2) HN-HN NOEs
were observed for most residues of F20W/Y32A in
2 M guanidine. Only a few medium-range (i, i � 3)
and (i, i � 4) HN-HN NOEs were detected
(Figure 3). All observed medium-range NOEs are
located in segments close to turn regions in native
protein L. These segments correspond to the ®rst
hairpin turn, the end of the second b-strand before
the helix and the turn following the helix. Thus,
there are some native-like turn structures popu-
lated in the denatured states of F20W/Y32A in 2-
3 M guanidine. This is consistent with the result
from guanidine titration experiments described
above. NOEs in the region corresponding to the
second b-turn in native protein L were conspicu-
ously absent.



Figure 2. Guanidine-dependence of amide proton
chemical shifts. (a) Deviation of chemical shifts in 1.5 M
from values in 5.0 M guanidine for all the amide group
protons of F20W/Y32A/C63. (b) Guanidine dependence
of the amide group proton chemical shifts of G22, L38
and K39.
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Measurement of paramagnetic relaxation
enhancement (PRE) by nitroxide spin label

To probe longer-range interactions, we examined
the paramagnetic relaxation enhancement of the
amide group protons due to introduced nitroxide
spin labels. This technique has been used success-
fully to characterize the denatured state of staphy-
lococcal nuclease under native conditions
(Gillespie & Shortle, 1997). The advantage of PRE
is that the free electron from the nitroxide label
increases the relaxation rate of protons over a dis-
tance of up to 20 to 25 AÊ . In contrast, the NOE
between two protons only extends up to 10 AÊ even
at very long mixing times (Mok et al., 1998). Thus,
PRE can be useful for studying weak long-range
molecular interactions in relatively disordered
denatured states.
Paramagnetic relaxation enhancement increases
relaxation rates in a distance-dependent manner.
The enhancement effect is described by the
Solomon-Bloembergen equations (Solomon &
Bloembergen, 1956; Kosen 1989):

��1=T1� � �R1 � 2K�3tc=�1� o2
Ht

2
c��=r6 �1�

��1=T2� � �R2 � K�4tc � 3tc=�1� o2
Ht

2
c��=r6 �2�

where K is 1.23 � 10ÿ32 cm6 sÿ2 for a nitroxide rad-
ical, r is the distance between the electron and the
proton, tc is the correlation time for the electron-
proton vector, and oH is the Larmour frequency of
the proton. Equations (1) and (2) are based on the
assumptions that the vector between the electron
and the proton is free to undergo isotropic
rotational diffusion, and that its length is ®xed.
Both equations are valid only for relaxation due to
the magnetic interaction between a single unpaired
electron and a proton of a macromolecule when tc

is greater than 10ÿ9 second and oH is between 400
and 600 MHz.

To provide attachment sites for the spin labels,
cysteine residues were introduced one at a time at
strategic locations on the surface of protein L. To
minimize perturbations to the structure accompa-
nying the cysteine substitutions, the residues at the
chosen positions were highly solvent-accessible
and make few interactions with other residues. To
obtain information on all parts of the protein, one
probe was introduced into each of the ®ve second-
ary structural elements in the protein. The sites at
which cysteine residues were introduced are
shown in Figure 4; E1C is at the N terminus, T17C
in the middle of the second strand, S29C in the
middle of the helix, T46C in the middle of the third
strand and C63 was added at the C terminus.
Nitroxide spin labels were attached to the intro-
duced cysteine residues as described in Materials
and Methods.

Direct measurement of the effect of the paramag-
netic relaxation enhancement on T1 and T2 can be
carried out using standard NMR techniques, such
as the inversion-recovery sequence and CPMG
spin echo sequence, but these techniques can be
quite time-consuming. Instead, it is more ef®cient
to measure the decrease of 1H-15N peak intensity in
HSQC spectra. The peak linewidth in the HSQC
spectrum is increased due to faster transverse
relaxation (R2) of 1H, and ultimately the peak
intensity is decreased. Figure 5 shows the PRE
effect on peak intensity by comparing 1H-15N
HSQC spectra of T17C* with and without the
unpaired free electron present (oxidized and
reduced forms respectively). The magnitude of the
PRE for each residue in each protein was deter-
mined using the simulation method described by
Gillespie and co-workers (Gillespie & Shortle,
1997) (see Materials and Methods) and is shown in
Figure 6. The bars indicate the magnitude of the
PRE, the arrows indicate the position of the label,



Figure 3. Schematic of the medium-range HN-HN NOEs observed in HSQC-NOESY-HSQC experiments with a
600 ms mixing time along with the protein sequence and the secondary structural elements of the native protein L.
The ®lled bars represent b-strands and the zigzag line represents a-helix. The dNscN NOEs refer to the NOEs observed
between the side-chain NeH of W20 and the backbone amide group protons.
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and the boxes at the top indicate the positions of
the secondary structure elements. For a number of
residues (indicated by the hatched bars) close to
the introduced labels, the relaxation enhancement
was too great to be measured.

To facilitate interpretation of the PRE results, we
have compared the experimental PRE pro®les with
pro®les generated by computer simulation for: (i)
the native state; (ii) a model of the denatured state
of protein L in which local sequence-structure
relationships are preserved; and (iii) a random
chain model of the protein L denatured state (see
Materials and Methods). The PRE pro®le expected
for an ensemble of con®gurations without any per-
sistent structure should smoothly decrease with
increasing sequence distance from the introduced
probe. Such a smooth decrease is clearly evident in
the random chain simulations (Figure 7, row D).
The experimental PRE pro®les in all ®ve cysteine
mutants (Figure 7, row B) show the expected
decrease in relaxation enhancement with distance
from the spin label (indicated by the arrows in
Figure 6). Superimposed on the gradual decay of
relaxation enhancement effect are oscillations not
seen in the random chain model that suggest the
presence of chain reversals. The differences
Figure 4. Ribbon diagram of the protein L structure.
The positions where the spin labels were introduced are
highlighted in black.
between the pro®les in rows B and D in Figure 7
are likely to be due to residual structure in the pro-
tein L denatured state. For example, for the E1C*
mutant, residues from N12 to T15, which are closer
to the nitroxide probe in the sequence, experienced
less broadening than residues from A18 to F24,
which are further in sequence from the labeled site.
In the S29C* sample, residues from N12 to T15 dis-
played less broadening than residues from K5 to
A11. The PRE effect for residues from T25 to D41
in the pro®les of T17C and S29C displays an oscil-
lating pattern, suggesting that helix or turn-like
residual structures may be present in the region
from T25 to D41, which is helical in the native
state of protein L. This is consistent with the
chemical shift perturbation in the region noted
above. Comparison of the peaks in the experimen-
tal pro®le in Figure 7 row B to the pro®le expected
for the native structure (Figure 7, row A) provides
an indication of the extent to which the residual
structure in the denatured state is native-like. The
peaks in the region corresponding to the ®rst b-
hairpin (near residue 21 in E1C, residue 7 in S29
and T46) in the experimental pro®les mirror peaks
in similar locations in the pro®les derived from the
native structure (row A). In contrast, the peak in
the region corresponding to the second b-hairpin
in the C63 derivative (near residue 51) has no
counterpart in the native pro®le. These results
suggest that native-like chain reversals are sampled
in the region corresponding to the ®rst b-hairpin in
the denatured state, but in the region correspond-
ing to the second b-hairpin there is a chain rever-
sal, not in the b-turn, but near the middle of the
last strand. Comparison of the experimental pro-
®les in row B to those for the simulated denatured
state model with the local sequence-structure pro-
pensities of the protein L sequence (Figure 7, row
C) provides some insight into the origin of the
residual structure in the protein L denatured state.
A peak observed in the experimental PRE pro®le
in the vicinity of the ®rst hairpin in the E1C deriva-
tive is also observed in the sequence-speci®c



Figure 5. 1H, 15N-HSQC spectra
of nitroxide-labeled T17C/F20W/
Y32A mutant in 50 mM sodium
phosphate and 2.2 M guanidine at
pH 5.0 and 22 �C. (a) Oxidized
form; (b) reduced form.
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denatured state model simulations (row C),
suggesting that the chain reversal in the vicinity of
the ®rst b-turn is due, at least in part, to local
sequence propensities. Interestingly, the non-native
peak observed around residue 51 in the experimen-
tal pro®le for the C63 derivative is also observed in
the sequence-speci®c denatured state model,
suggesting that this non-native feature is also due,
in part, to local sequence propensities. However,
much of the residual structure suggested by the
experimental PRE pro®les is likely to result from
interactions longer in range than those captured by
the denatured state model, as the oscillations more
distant from the site of labeling in the experimental
pro®les in row B are mostly absent from the simu-
lated pro®les in row C.



Figure 6. Paramagnetic relaxation enhancement of amide group proton resonances by the introduced nitroxide spin
labels. The sites of labeling are indicated by the open triangles on the horizontal axes, and also labeled in the upper
right corner of each pro®le. The hatched bars represent relaxation enhancement effects beyond the experimentally
measurable limit. The secondary structure of native protein L is schematically represented on the top of the Figure.
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Discussion

The NMR data presented here provide a picture
of the conformations sampled in the denatured
state of the F20W/Y32A mutant in 2 M guanidine.
Almost all residues have chemical shifts close to
their random coil values, and no long-range NOEs
were observed even on perdeuterated samples,
indicating considerable conformational averaging
and little long-range order. The chemical shift data,



Figure 7. Comparison of experimental and simulated PRE pro®les. Row A, simulated PRE pro®les for the native protein L structure. Row B, experimental PRE pro®les.
Row C, simulated PRE pro®les for denatured state model with protein L speci®c local sequence-structure biases. Row D, simulated PRE pro®les for generic denatured state
model without local sequence-structure biases. The simulation methods used in rows A, C, and D are described in Materials and Methods.
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the observed medium-range NOEs, and the oscil-
lations in the PRE pro®les suggest that the greatest
deviations from random chain behavior are in the
N-terminal portion of the protein, and that these
involve primarily native-like turns and chain rever-
sals. The residues whose chemical shifts change the
most with increasing guanidine concentration are
just before and just after the central helix (G22, L38
and K39). The observed medium-range NOEs were
in regions corresponding to the turn between the
®rst two b-strands (I9 to G13), the turn between
the second strand and the helix (A18 to E25), and
the turn following the helix (L38 to G43). The most
pronounced minima in the PRE pro®les were
observed near the location of these turns in the
native state, with the largest effect in the ®rst
b-turn (the dip between N12 and T15 is clearly evi-
dent in both the E1C and the S29 labeled proteins
(Figure 6)). The absence of medium-range NOEs
suggests that the second b-turn is signi®cantly less
populated than the other turns in the denatured
state. The second b-turn containing three consecu-
tive residues with positive f angles, only one of
which is a glycine residue (Wikstrom et al., 1994).
The turn is thus likely to be under considerable
strain in the native state and, perhaps as a conse-
quence of this, the turn appears to be largely dis-
rupted in the rate-limiting step in the unfolding of
protein L (Gu et al., 1997). The absence of detect-
able NOEs in the second b-turn in the denatured
state could also be due to such strain, and for-
mation of the turn during folding may be driven
by long-range interactions not present in the
denatured state.

The NMR studies described here are consistent
with the suggestion from earlier circular dichron-
ism (CD) and ¯uorescence studies of non-random
residual structure in the denatured state in the
region corresponding to the ®rst hairpin and the
helix (Scalley et al., 1999). The denaturant depen-
dence of the ¯uorescence of W20 was found to be
quite different in a ten-residue peptide derived
from the protein L sequence (centered on W20)
from that in the denatured protein, suggesting
some residual structure around W20 in the
denatured protein. Consistent with this, we ®nd
that the highest density of medium-range NOEs in
the denatured protein is around W20 (Figure 4).
The earlier CD studies suggested some residual
helix content in the denatured protein, and this is
not inconsistent with the oscillations in the PRE
pro®les between T25 and D41 (this region is helical
in the native state). Dead-time labeling HD
exchange experiments on the denatured state
immediately after initiation of refolding in the
absence of denaturant suggest that the asymmetry
observed in 2 M guanidine is also present in the
absence of denaturant: the greatest protection from
exchange was in the ®rst b-hairpin.

A study of denatured proteins in urea and gua-
nidine solutions also found little long-range order.
A study of 434-repressor in 6 M urea (Neri et al.,
1992), revealed a native-like local hydrophobic
cluster, with the remainder of the protein largely
disordered. In a study of the urea and guanidine-
denatured FK506 binding protein (Logan et al.,
1994), signi®cant populations of both native-like
and non-native-like residual local structures,
mainly turns and local helical contents, were
detected. More residual structure has been
observed in denatured states of a truncated version
of staphylococcal nuclease (Gillespie & Shortle,
1997) and the drk SH3 domain (Mok et al., 1998) in
the absence of denaturant. In the study of the
unfolded drk SH3 domain, most of the observed
long-range interactions disappeared upon the
addition of 2 M guanidine, but there were still a
few long-range NOEs detected in 2 M guanidine
(Mok et al., 1998). NMR characterization of the
denatured states of drk and staphylococcal nucle-
ase in the absence of denaturant was made poss-
ible by their relatively high level of solubility;
unfortunately, we have not been able to identify
unfolded protein L mutants which are suf®ciently
soluble in the absence of denaturant for NMR stu-
dies. The origins of the differences in solubility of
the denatured states of different proteins are not
entirely clear; the high level of solubility of the sta-
phylococcal nuclease denatured state may, in part,
be due to electrostatic repulsion between mono-
mers resulting from the high net charge on the pro-
tein.

An issue of considerable current interest is how
residual structure in the unfolded state contributes
to the overall folding reaction. On the one hand,
native-like interactions in the denatured states can
limit the conformational search space during fold-
ing and, on the other, non-native like interactions
could create energy barriers that hamper protein
folding. For example, in the case of the drk SH3
domain, non-native interactions in the unfolded
state destabilize the native state and may slow the
folding process. Extensive characterization of the
effects of mutations on protein L folding (Kim et al.,
1999) has suggested that the ®rst b-turn is largely
formed, and the second b-turn, largely disrupted
in the folding transition state ensemble. Here, we
observe medium-range NOEs and a signi®cant dip
in the PRE pro®le in the region corresponding to
the ®rst b-turn, but not the second, consistent with
the asymmetry of structure in the folding transition
state. Thus, the interactions formed in the protein
L denatured state do not appear to disfavor sub-
sequent folding events, and the asymmetry in pro-
tein L folding appears quite early in the folding
process. The rate-limiting step in folding may
involve the entropically costly consolidation and/
or association of parts of the protein which are par-
tially ordered in the denatured state.

Materials and Methods

Sample preparation

15N-labeled and 15N, 13C-labeled protein samples were
made by growing the transformed Escherichia coli cells in
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Mops minimal medium. For the labeling, 99.9 % (w/w)
15NH4Cl was used as the nitrogen source and 99.9 %
(w/w) 13C-glucose as the carbon source in our media.
For 15N, 2H-labeled F20W/Y32A, a single colony of
E. coli of BL21 (DE3/plysS) carrying the F20W/Y32A
plasmid was inoculated into 100 ml of M9 H2O media
with 50 mg/ml carbenicillin, and grown at 37 �C until the
absorbance at 600 nm was approximately 0.6. The cells
were harvested by centrifuging the culture with an ss-34
rotor at 4000 rpm for ten minutes. The harvested cells
were resuspended with 10 ml of M9 2H2O medium and
then transferred into 2 l of M9 2H2O medium with
50 mg/ml carbenicillin. The cells were grown at 37 �C to
an absorbance at 600 nm of approximately 0.6, then
induced with 1 mM IPTG for ten hours before harvest-
ing. All labeled F20W/Y32A proteins were puri®ed by
His-tag af®nity column as described (Gu et al., 1995). For
the 15N, 2H-labeled F20W/Y32A, the level of deuteration
was estimated to greater than 95 % based on the result
from mass spectrometry.

Nitroxide labeling

Nitroxide groups can be introduced into proteins
through alkylation of the thiolate group of cysteine resi-
due. Since protein L does not contain any cysteine resi-
dues, site-directed mutagenesis was used to substitute
selected amino acid residues with cysteine. Five charged
or polar residues with highly solvent-exposed side-
chains were selected for cysteine mutation to minimize
possible conformational perturbations of mutagenesis.
All the mutants, E1C, T17C, S29C, T46C and �63C
(addition of a Cys residue to the C terminus), were spin
labeled as described (Mchaourab et al., 1996). The extent
of labeling was examined by MALDI and in all cases it
was greater than 95 %.

NMR experiments and data processing

Both HNCACB (Wittekind & Mueller, 1993) and
CBCACONH (Grzesiek & Bax, 1992, 1993) triple reson-
ance experiments were carried out on a Bruker DMX500
instrument with 1.5 mM 15N, 13C-labeled F20W/Y32A in
10 % 2H2O/90 % H2O 50 mM sodium phosphate and
2.2 M guanidine at pH 5.0 and 22 �C. Matrices of
40 � 40 � 512 complex points were acquired with spec-
tral widths of 7002.8, 2000.0, and 4496.4 Hz (F1, F2, F3)
for both HNCACB and CBCACONH. For both 13C and
15N dimensions (F1, F2) of these spectra, the sizes of the
time domain were doubled via forward-back linear pre-
diction (Zhu & Bax, 1992). The data were zero-®lled and
extracted (only 4.70 ppm-9.00 ppm of the acquisition
dimension was retained) to give ®nal 3D data sets of
1024 � 80 � 80 real points. The guanidine titration was
carried out using 15N-labeled F20W/Y32A/C63 protein;
the HSQC spectrum of this protein, which was readily
puri®ed in large amounts, is nearly identical with that of
F20W/Y32A. HSQC experiments were carried out on
samples equilibrated with 50 mM sodium phosphate
and guanidine concentrations of 1.5 M, 2.0 M, 2.5 M,
3.0 M, 3.5 M, 4.0 M and 5.0 M at pH 5.0 and 22 �C.

The 1H, 15N-HSQC-NOESY-HSQC (Zhang et al., 1997)
experiment was performed on a three-channel Varian
Inova 500 MHz spectrometer with a 1.2 mM perdeuter-
ated 2H, 15N-labeled F20W/Y32A in 10 % 2H2O/90 %
H2O 50 mM sodium phosphate and 2.2 M guanidine at
pH 5.0 and 5 �C. The HSQC spectrum of F20W/Y32A
under 2.2 M guanidine at pH 5.0 and 5 �C was almost
identical with that under the same solvent conditions at
22 �C, suggesting that the population of unfolded F20W/
Y32A was not changed signi®cantly by varying the tem-
perature between 22 �C and 5 �C. A matrix of
64 � 32 � 512 complex points was acquired with spectral
widths of 1500.0, 1500.0 and 9000.9 Hz (F1, F2 and F3)
using a mixing time of 600 ms and a recycle delay of
1.9 s. Some 24 scans were acquired for each FID. For
both 15N dimensions (F1 and F2), the sizes of the time
domain were doubled via forward-backward linear pre-
diction. The data were apodized with a 65 �-shifted
squared sine-bell in all three dimensions, zero-®lled and
extracted (only 4.70 ppm to 11.0 ppm was retained) to
give a ®nal 3D data set of 512 � 256 � 128 real points.
All the NMR spectra were processed using the NMRPipe
software system (Delaglio et al., 1995).

To measure the paramagnetic relaxation enhancement
due to the introduced nitroxide spin labels, 1H, 15N-
HSQC spectra were collected using the pulse sequence
described (Kay et al., 1992) on 0.5 to 1.0 mM protein
samples at pH 5.0, 22 �C before and after reduction by a
threefold molar excess of ascorbic acid in a 5 ml volume.
All the spectra were apodized with a 54 �-shifted squared
sine-bell in both dimensions and zero-®lled. The intensi-
ties of peaks in the HSQC spectra of both the oxidized
and the reduced forms were measured. The effects of
paramagnetic enhancement were determined by spectral
simulation as described below (the details are described
by Gillespie & Shortle, 1997). First, the PRE effects on a
set of Lorentzian peaks were simulated by multiplying
their FIDs with an exponential window function using
varying amounts of line broadening. This simulates the
transverse relaxation of the amide group protons begin-
ning with the ®rst 90 � pulse of HSQC experiment. To
simulate relaxation during the pulse sequence of the
HSQC experiment prior to signal acquisition, the ®rst
18 ms of the FID was discarded because the HSQC pulse
sequence used in this study involves a total of 18 ms of
®xed delay at which the amide group proton magnetiza-
tion resides in the transverse plane prior to signal
acquisition. The remainder of the FID was Fourier-
transformed after apodizing with a 54 �-shifted squared
sine-bell and zero-®lled. Since the decrease in peak inten-
sity depends on both the initial linewidths and the time
constant of the exponential window function, two sets of
simulation curves (basically, a plot of relative intensity
versus broadening in Hz ) were obtained for resonances
with linewidths corresponding to those measured in
F20W/Y32A, namely 15 and 20 Hz. Based on these
simulation curves, the amount of line broadening corre-
sponding to the experimentally measured intensity ratio
of the oxidized versus the reduced forms was considered
to be the paramagnetic relaxation enhancement (y-axis in
Figure 6).

Simulation of the PRE effects

For the native state of protein L, PRE data were simu-
lated directly from the protein structure according to the
Soloman-Bloembergen equations. Interaction distances
were measured between each pair of alpha-carbon and
backbone nitrogen atoms in the wild-type structure,
interaction strengths were taken to be proportional to
the reciprocal of the sixth power of that distance, and
distances closer than 6 AÊ were truncated to 6 AÊ . It
should be noted that the actual position of the free elec-
tron is some distance from the alpha-carbon atom, and
thus the simulated spectra are not expected to match the
experimental spectra at very short sequence separations
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(the lack of oscillation in the helix region in the simu-
lated native spectrum, for example, is because all alpha-
carbon-amide nitrogen pairs separated by less than four
residues in the helix are separated by less than 6 AÊ ). For
simulations of disordered protein L, two different
models were used to create representative ensembles of
disordered structures, and the ensemble average signal
between each pair of residues was calculated. First, an
ensemble of structures built from unrelated protein frag-
ments was used as a generic model of the states accessi-
ble to a disordered protein chain. Each structure was
assembled by ligating three residue fragments picked at
random from a 155,000-residue database of protein struc-
tures in which each entry had less than 40 % sequence
homology to all others. The geometry of each fragment
in the assembled structure was determined by its f, c,
and o angles in the database using a set of ideal bond
angles and lengths (Engh et al., 1991; the torsion angles
were optimized to reproduce the native structures using
the ideal bond lengths and angles (Simons et al., 1997)).
In the buildup procedure, side-chains were approxi-
mated with centroids. Structures with severe steric
clashes were discarded. Second, to model a disordered
chain with local interactions favored by the protein L
sequence, an ensemble of structures was assembled as
for the generic sequence model, but only three residue
fragments (from the same database) with sequence iden-
tity to protein L were used. There were about 30-50
different fragments in the database with the correct
sequence for each position in the protein. Local steric
clashes were reduced by requiring that the four residues
overlapping each junction between two fragments were
represented by a four-residue fragment of similar
sequence and structure in the database. Structures with
severe steric clashes were discarded.
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