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ABSTRACT. Oxidized and reduced hen lysozyme denature@ M urea at low pH have been studied in
detail by NMR methods.’®N correlated NOESY and TOCSY experiments have provided near complete
sequential assignment for botH and*>N resonances. Over 900 NOEs, including 1B0 - 2) and 23

(i, i + 3) NOEs, could be identified by analysis of the NOESY spectra of the denatured statéXHind

Ha) coupling constants an¥N relaxation rates have been measured. The coupling constant and NOE
data were analyzed by comparisons with theoretical predictions from a random coil polypeptide model
based on amino acid specificy distributions extracted from the protein data bank. There is significant
agreement between predicted and experimental NMR parameters suggesting that local conformations of
the denatured states are largely determined by short-range interactions within the polypeptide chain. This
result is supported by the observation that the chemical shift, coupling constant, and NOE data are little
affected by whether or not the four disulfide bridge cross-links are formed in the denatured protein. The
relaxation data, however, show significant differences between the oxidized and reduced protein. Analysis
of the relaxation data in terms of simple dynamics models provides evidence for weak clustering of
hydrophobic groups near tryptophan residues and increased barriers to motion in the more compact
conformers formed when the polypeptide chain is cross-linked by the disulfide bridges. Using this
information, a structural description of these denatured states is given in terms of an ensemble of conformers,
which have a complex relationship between their local and global characteristics.

It is being increasingly recognized that the denatured statesexamined in detail experimentally, and procedures for the
of proteins can provide significant insight into fundamental study of these non-native states are still being developed
issues such as the relationship between the sequence of @ attman, 1994; Wihrich, 1994; Kataoka & Goto, 1996;
protein and its three-dimensional structure, protein-folding Shortle, 1996). A number of challenging features are
pathways, the stability of proteins and their turnover in the associated with the structural characterization of denatured
cell, and the transport of proteins across membranes (Dill & proteins. In the case of NMR techniques, one of the major
Shortle, 1991; Shortle, 1996; Smith et al., 1996a). In contrast problems, which hampers studies by homonuclear 2D NMR
to native folded protein structures, an extensive variety of techniques, is the limited chemical shift dispersion which
which have been determined by X-ray diffraction or NMR leads to significant spectral overlap. Despite this problem,
techniques (Thornton et al., 1995; Hendrickson &tfich, some successful studies using magnetization transfer tech-
1995), only a limited number of denatured proteins have beenhiques (Dobson et al., 1984; Baum et al., 1989; Evans et
al., 1991; Harding et al., 1991; Alexandrescu et al., 1993)
T Contribution from the Oxford Centre for Molecular Sciences, which and hydroge.n exchange procedurefs (Roder etal,, 1985; Wand
is supported by the U.K. EPSRC, BBSRC, and MRC. ' et al., 1986; Radford .et _aI., 1992; Buck et al., 1994) have
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chemically induced dynamic nuclear polarisation; HMQC, heteronuclear 1995&; Frank et al., 1995, Pan et al., 1995; Zhang & Forman-
multiple-quantum correlation; HSQC, heteronuclear single-quantum Kay, 1995; Wong et al., 1996). These enable in favorable

correlation; NMR, nuclear magnetic resonance; NOE, nuclear Over- ~55es resonance assignment and the measurement of struc-
hauser enhancement; NOESY, nuclear Overhauser enhancement an

exchange spectroscopy; sc, side chain; ppm, parts per mifor: ural data such_as coupll_ng constants, NOEs, and relaxanon
(T)™% R = (T2) ™%, Rup = (T1p) % longitudinal, transverse, and rotating ~ rates to be carried out with a detail comparable to studies of
frame relaxation rates, in inverse seconds; TOCSY, total correlation native folded proteins, although interpretation has proved

spectroscopy?J(HN, Ha), scalar coupling constant between HN and e ;
Ha in Hertz: aN(i, | + 1), NOE cross-peak betweerst-bf residuel difficult. Here, we report a system where such a detailed

and HN of residuei + 1: Ao, chemical shift difference between iNvestigation has been possible and describe the results of
experimental values and those found in short unstructured peptides. heteronuclear 3D NMR studies of the 129 residue protein
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hen lysozyme, denatured B M urea. This work extends (Ching-Li & Atassi, 1973) and verified by electrospray mass
and complements previous studies of hen lysozyme under aspectrometry. Resonances of the S-methyl group between
range of denaturing conditions by NMR techniques (Evans 2.00-2.08 ppm in the 3D NOESY spectra of HEWIMS

et al., 1991; Radford et al., 1992; Buck et al., 1993, 1994, and the characteristic upfield shift of oHin cysteine
1995a,b, 1996) and also a recent X-ray scattering study ofcompared to oxidized cystine were observed.

the urea denatured protein (Chen et al., 1996). NMR samples were prepared to contain approximately 3

With the increase in experimental data now available for MM protein n 8 M urea. The pH was adjusted to 2.0 with
denatured proteins, another complex feature of unfolded hydrochloric acid. Experiments were performed at°20
states becomes significant, namely their conformational Using NMR spectrometers belonging to the Oxford Centre
heterogeneity. In contrast to native-state proteins, which canfor Molecular Sciences withH operating frequencies of
in general be adequately represented by a single conformatiorP00.2 and 600.2 MHz. 3D NOESY-HSQC, HSQC-NOESY-
about which only limited fluctuations occur, a denatured state HSQC, and TOCSY-HSQC experiments (Driscoll et al.,
must be described in terms of an ensemble of interconverting1990; Frenkiel et al., 1990; lkura et al., 1990, Kay et al.,
conformers (Smith et al., 1996a). A range of rates of 1990) using gradient sensitivity enhanced back transfer
interconversion between conformers may be observed for(Schleucher et al., 1994) were recorded with mixing times
different parts of the sequence, and where there is fastof 200 ms in the NOESY and 62 ms in the TOCSY
exchange the structural parameters will be averaged over the€xperiments. The recycle delay was 1.3 s in each case. The
contributing conformers. Under such circumstances, the data set typically comprised 128, 64, and 512 complex points
methods for the interpretation of, for example, NMR data in ti, t2, andts for the NOESY-HSQC and TOCSY-HSQC
developed for native proteins will not be appropriate and experiments, with a dlglta| resolution of 42.2, 17.7, and 6.0
several different approaches have been considered. Ondlz per complex point, respectively, at 600 MHz. The data
strategy is to interpret parameters such as chemical shiftsset for the HSQC-NOESY-HSQC experiment comprised 64,
and coupling constants in terms of their deviations from 32, and 512 complex points i3, t;, andts with a digital
empirical values measured in small unstructured peptidesresolution of 13.0, 25.9, and 13.2 Hz per complex point,
(Bundi et al., 1979; Merutka et al., 1995; Wishart et al., respectively, at 600 MHz. Forward linear prediction, as
1995). Another procedure, which we have developed andimplemented in Felix 2.3 (Hare Research & Biosym Inc.),
also apply in the current study of denatured lysozyme, is to Was used to extend the data in ## dimension from 64 to
use NMR parameters predicted from a model for a random 96 complex points, and all 3D data sets were zero-filled to
coil as a framework for interpreting the experimental data Yield a final matrix size of 256, 128, and 2048 real data
(Fiebig et al., 1996; Smith et al., 1996a,b). In this model, PoInts.
the random coil is assumed to be a state in which there are *J(HN, Ho) coupling constants were measured from
no nonlocal interactions along the polypeptide chain and HMQCJ experiments using line shape simulations (Kay &
descriptions of thep,;» populations of each residue in the Bax, 1990). All the HMQCJ experiments were performed
protein are taken from the distribution ¢fy torsion angles ~ on a 600 MHz spectrometer. The data sets comprised 512
in the protein data base. From these distributions, coupling and 2048 complex points ifi andt,, with resolutions of
constants have been predicted for the different types of amino2.2 and 3.0 Hz per complex point. Shifted {(Squared
acid in a random coil state and ensembles of random coil sine-bell apodization was used tify and the data matrices

conformers were generated, using a Monte Carlo procedure \Were zero filled to 1024 real data points. Coupling constants
from which NOE intensities have been calculated. were fitted to doublets im,, after summing over the cross-

Through the detailed experimental characterization of peak inw, and four times zero-filling, by optimization of

denatured lysozyme by NMR techniques and the interpreta- € coupling constant and line widths for each of the doublet
tion of the experimental data using the random coil model COMPonents using home-written software (Redfield et al.,

as a baseline for identifying regions of nonrandom structure, 1991). _Appro>_<imate avera@é(HN_, Ha) coupIing constants
we have been able to build up a description of the for glycine residues were determined as the distance between

conformational properties of the denatured protein which we the two outer lines ,Of the pseudo triplet along in the
present here. One interesting aspect of the current work isHMQ_CJ' N_O correction factors _have been applied to acount
that the denatured protein has been characterized both witH©" differential relaxation (Harbison, 1993).

the four native disulfide bridges present (referred to as the Longitudinal @ = 1/Ty), transverse R, = 1/Tz), and
oxidized form) and in the absence of the disulfide bridges fotting frame Ry, = 1”;10) relaxation rates and hetero-
with the cysteine groups reduced and methylated (referregnuclear NOE effects of*N nuclei were measured using
to as the reduced form). The dynamical properties of the procedures described in the literature (Kay et al., 1989; Boyd

protein are found to differ considerably between the oxidized €t &, 1990; Palmer et al., 1992; Akke & Palmer, 1996) in
and reduced protein, and we describe a model to interpretconjunctlon with gradient sensitivity enhanced back transfer

the relaxation data of both an unbranched polypeptide chain(Schleucher et al., 1994; Farrow et al., 1995). HieR,,
and one which is cross-linked by disulfide bridges. and R, relaxation measurements used a series -o1®

experiments with mixing times ranging from 20 to 1400 ms
MATERIALS AND METHODS and 17.6 to 351 ms, respectively. A relaxation delay of 1.5

s was used for all relaxation experiments except for the NOE

Hen egg white lysozyme was expressedAispergillus experiments in which the relaxation delay was 4 s. A CPMG

niger using™>NH,CI as the sole nitrogen source and purified duty cycle delay of 0.5 ms was used in tReexperiments.
from filtered culture medium (MacKenzie et al., 1996). For theRy, experiment, a power of 1.5 kHz was used for
Preparation of°N-labeled, reduced S-methylated hen egg *N spin locking and a power of 2 kHz for proton decoupling.
white lysozyme (HEWL-8#) from the oxidizedN-labeled Calculations have been performed that show that coherence
protein was carried out using procedures described previouslytransfer due to scalar coupling betweth and >N spins
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can be neglected at these spin locking field strengRs. The relaxation data for reduced denatured lysozyme were
rates were corrected for offset effects using the measuredanalyzed using a simple model. This model assumes that
R, rates. The heteronuclear NOE effect was calculated asthe influence of neighboring residues decays exponentially
the ratio of peak heights in spectra recorded with and without as the distance (in number of peptide bonds) from a given
'H saturation. Relaxation rates were fitted as single expo- residue increases. Experimen®), data were fitted to the
nential decays to peak height data. The errors in the primaryfollowing expression:

intensity data were taken as the standard deviation of spectral N =)l

noise. s\ __ pintrin

The prediction of3J(HN, Ho) coupling constants and Ri,() =Ry, J;EXF( 1 ) )
NOEs for a random coil usegl,y’ distributions taken from o

a data base of 85 high-resolution protein structures (SwindeIIswhereR'l“p”'n is a measure of the intrinsic relaxation rate and
etal., 1995; Fiebig et al., 1996; Smith et al., 1996B)HN, will thus depend on the temperature and viscosity of the
Ho) coupling constants were calculated from these distribu- solution,/ is the persistence length of the polypeptide chain
tions as population weighted averages usinggthestribution (in number of residues), and is the total chain length of
for each amino acid and the Karplus equation with the the denatured protein (number of residues).

parameters of Pardi et al. (1984): For oxidized denatured lysozyme, a relaxation model
similar to the above was used, but two modifications were
3J(HN, Ha) = 6.4 cod(¢ — 60°) — introduced to allow for the presence of the disulfide bridges.

1.4 cos$ — 60°) + 1.9 (1) F_irstly, disulfide bonds.were modeled using a topological
distance matrix, dip which counts the number of covalent

bonds along the shortest path from residue residuej.
Here, peptide bonds and disulfide bridges are treated as being
equivalent, each one being counted as an “effective” covalent
bond. In addition to using the distance matrix as a measure
: S of how far two residues are separated along the polypeptide
tapeptide model (Fiebig et al, 1996). The br_;\c_kbone atomschain, a chemical exchange contribution was introduced into
N, HN, Ca, Ha, C, and O were m0d8|¢d exp_I|C|tIy, aanQ the model. This exchange contribution is assumed to arise
and H/)) atoms were added for all amino aC'P'? but glycine from conformational averaging associated with the disulfide
for which both Hx atoms were modeled explicitly. All H bridges. In the model, we approximate the chemical

at.?r:ntﬁ Wg;i éreztec:j as dumted atogls potsltlotnetcri] C.Ol,!'ne"’.‘rlyexchange contribution by assuming that the chemical shift
Wi e 3 bond and were used to estimate the intensity differences of amide nitrogen resonances in the different

of NOEs involving side chains. Steric overlap between N, . : PR -
: conformers associated with the disulfide bridges decrease
HN, Ca, Ha, C, O, G3, and Hj atoms was disallowed, but exponentially with distance (in residues) from the corre-

|nteract|o|nst|nc\j/oll\émg ottr:ler s?e c?am atyomSy(ﬁnd Q) i ponding cysteine residue while the exchange rate is kept
were negiected. Ensembles of conformations Were generaleq, ,qi5t - The following equation was used toRjtrates

by a Monte Carlo procedure which for each conformation - .
selects at randorp,y angles from thep,y distributions in of oxidized denatured lysozyme:

This assumes that there is rapid interconversion between
conformers in the random coil ensemble so NMR parameters
will be averaged.

NOE intensities were predicted using a simplified pen-

the protein data base. N dmj

Distributions of interproton distances were extracted from Ry(i) = Rp"™" Zex ——+
the conformational ensembles, and NOE intensities calculated = 1
assuming a two spin approximation and® raveraging Neys [(i — Cys)l
(Abragam, 1961). Predicted values of NOE intensities RExeh Zlex -
converged with ensemble sizes of51€onformers. For k= 2

comparison with the experimental data, NOEs with predicted .

intensities greater than those expected for fixed interproton WhereR;"™" is a measure of the intrinsic relaxation rate as
distances of 2.5, 3.5, and 4.3 A were classified as strong,defined in eq 2,R" is the amplitude of the exchange
medium, and weak, respectively. These values were chosercontribution from the disulfides, Cyss the kth cysteine

by comparing the experimental intensities of intraresidue residue, andNeysis the total number of cysteine residues that
NOEs between glycine ¢ and HN protons in the 3D  are involved in disulfide bridgesd; andA, are persistence
NOESY-HSQC spectra with predicted intensities assuming lengths of the polypeptide chain with regard to the effects
complete conformational averaging around theorsion of the intrinsic stiffness of the polypeptide chain and
angle. For the NOEs between side chain protons and amideexchange contribution from the disulfides; in fitting the
protons (scN), the intensities predicted for the united atom equation to the experimental data, it was assumed that the
Hp in the model were used with standard intensity catego- value of1, was equal to that ot;.

rization unless the amino acid side chain concerned contained

a methyl group. In these cases, the weak intensity categoryRESUl-TS AND DISCUSSION

was increased to include NOEs with an intensity greater than
that expected for a fixed interproton separation of 4.7 A.
This was to account for the increased NOE intensity arising Resonance Assignmentéssignment of théH and 5N

from multiple protons and the specific relaxation properties resonances of both reduced and oxidized lysozyme denatured
of methyl groups (Wthrich, 1986). A similar increase in in 8 M urea at pH 2 and 20C was carried out using a
the weak intensity category was used for NOEs involving combination of 3D TOCSY-HSQC, HSQC-NOESY-HSQC,
the Ho of glycine due to the increased intensity expected and NOESY-HSQC experiments. Despite the restricted
with two degenerate protons. resolution of the spectra compared to those of the native state,

Experimental Measurements
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Ficure 1: 1N-1H HSQC spectrum of the reduced denatured state
of lysozyme h 8 M urea at 20C and a'H frequency of 500 MHz
showing the backbone amide cross-peaks. Minor peaks from trace
impurities are marked with two asterisks (**).

a number of features facilitated their assignment. First,
although the'H chemical shift dispersion is smat-(L ppm

for NH), the dispersion of th&N chemical shifts {20 ppm)

is large enough to yield spectra with well-resolved resonances
for the majority of residues in the protein; this can be seen
in Figure 1, which shows thé&H-15N HSQC spectrum of
reduced denatured lysozyme. The resonances cluster in three

regions in the spectra, largely reflecting the characteristic 0 » 0 Residue 1 20

>N chemical shifts of the different types of amino acids when Figure2: (a,b) HN and (c,d) b chemical shift perturbations from

in unfolded conformations (Wishart et al., 1995). Second, chemical shifts measured in short unstructured peptilés< 6=

the chemical shifts of side chain protons (e.g5 &hd Hy) — oemeinca) (Merutka et al., 1995) plotted as a function of protein
resonate at the chemical shifts found for short unstructured isneg”&”&eefao;fx'g'Zze‘I’?(:‘S’ig)uggdoﬁgt‘frggt(g’rg)lgsgghu[)edslgsﬂzeﬂgg
peptides (Merutka et al., 1995), allowing direct assignment ., mber. pH & y sed

of peaks in the 3D TOCSY-HSQC to a specific type of

residue. This leads to particularly straightforward identifica-  chemical Shifts an@J(HN, Ho) Coupling ConstantsThe
tion of glycine, alanine, valine, leucine, serine, threonine, chemical shifts measured for the oxidized and the reduced
tryptophan, histidine, and arginine residues. Spectra of nativegtates of denatured lysozyme are very close to empirically
proteins do not usually display this feature because of the measured values for unstructured peptides (Merutka et al.,
chemical shift perturbations induced by longer range specific 1995).  Also, the pattern of chemical shift perturbation is
contacts. Third, cross-peaks in the 3D TOCSY-HSQC are extremely similar in the reduced and oxidized proteins
in general intense due tJ(HN, Ha) coupling constant  (Figure 2): [AdT= 0.19+ 0.18 ppm for the HN chemical
values of 5.6-8.0 Hz which are large compared to the line ghift and 0.12- 0.10 ppm for the i chemical shift in both
widths typical of unfolded conformations. A particularly  the oxidized and reduced states. Large upfield shifts of the
important result in this present study is that sequential NN- HN resonances are observed for the two N- and C-terminal
(i, i + 1) aN(, i+ 1), and scN( i + 1) NOEs have been  yesidues, which can be attributed to electrostatic effects
found between all residues and\(i, i + 2) and scN i + arising from the termini, the same effects giving a large
2) NOEs between the majority of residues of the protein.  gownfield shift for the Hx resonance of Lys 1. In addition
The 'H-15N HSQC spectrum of the oxidized state of the to these effects at the termini, large downfield shifts of the
protein, however, contains several signals with line broaden- HN resonances are found for Gly 22, Trp 62, Trp 63, and
ing, indicating the presence of motions on an intermediate Cys 64 and marked deviations ofaHchemical shifts are
NMR time scale. For some residues the line broadening is seen in the regions of residues-1%2 ((Adn,d= —0.10/
sufficiently severe that no resonances could be observed.—0.11 ppm for the reduced and oxidized form, respectively),
Such residues are all located near the disulfide bridges Cysresidues 5863 (—0.22/-0.17 ppm), residues 166112
30—Cys 115 (residues 29 and 11215), Cys 64-Cys 80 (—0.23/-0.19 ppm) and residues 12025 (—0.13+0.15
(residues 6466 and 86-83), and Cys 76 Cys 94 (residues  ppm).
76—79 and 94-100). Residues close to the fourth disulfide  3J(HN, Hoa) coupling constants for 57 residues in the
bridge Cys 6-Cys 127 do not show any increased line width. oxidized and 104 residues in the reduced form of the protein
Overall, a total of 120 residues could be assigned in the were measured using the HMQCJ experiment (Kay & Bax,
reduced state and 103 in the oxidized state of denatured1990). For those residues with line widths larger than the
lysozyme. coupling constant, fitting is not reliable; the coupling constant

AdHa (ppm)
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o cross-peak density is uniformly high except in the region
S toward the middle of the polypeptide sequence, between
Z residues 68 and 97, where a much smaller total number of
§ 77 N\/\}\’ . . medium range cross peaks has been identified. The distribu-
g 67 . tion of (i, i + 3) cross peaks is, in contrast, highly
s nonuniform; {, i + 3) cross peaks are only observed in the
a - ] regions 6-13, 16-22, 28-38, 51-61, 95-101, 104-111,
0 20 40 60 80 100 120 and 119-123. It is interesting to compare the pattern of
b) NOEs seen in the reduced and oxidized protein. Most of

the NOEs are observed in the oxidized as well as in the
reduced protein (indicated by black boxes in Figure 5).
However, major differences are apparent for some residues
located in the vicinity of three of the four disulfide bonds,
particularly residues in the regions-280, 63-65, 75-84,
: , ‘ 94—-100, and 10+115. A larger number of NOE cross
0 20 40 60 80 100 120 peaks is also observed in the oxidized state in the N and C
Ficure 3: 3J(HN, Ha) coupling constants measured in HMQCJ t.em.“”"’!' regions (reqdues—ﬁ and 123-129). Th? lattter .
(Kay & Bax, 1990) experiments for oxidized (a) and reduced (b) finding is consistent with the heteronuclear relaxation studies
denatured lysozyme. Values 83(HN, Ha) coupling constants ~ discussed below, which show increased flexibility and
indicative for fully populatedx helical org strand conformations smaller effective correlation times for residues at the N- and
are shown by horizontal broken lines (Smith et al., 1996b). C-termini of the reduced protein.
] ) o Heteronuclear Relaxation DataRelaxation dataRy, Ry,
data are therefore incomplete, especially for the oxidized gnq Ry, and the heteronuclear NOE could be extracted for
protein. For both states, the coupling constants can be seemq and 97 of the 129 main chain nitrogen nuclei for oxidized
to vary substantially along the sequence ranging be- 5nq reduced denatured lysozyme, respectively (Figure 6). The
tween 4.8 and 8.2 Hz (Figure 3), and at first sight the values g, and heteronuclear NOE data are very similar for the two
appear to be randomly distributed without detectable cluster- siates, but there are considerable differences in the transverse
Ing. relaxation rate®, andRy,. In the following, we concentrate
NOE Data. Figure 4a showa1, ws strips at the respective  on these transverse relaxation rates and their differences in
3N frequency,w,, from the 3D NOESY-HSQC spectrum  the oxidized and reduced protein. In the reduced state, the
for residues 107116 of reduced denatured lysozyme. The R, andR,, relaxation rates are very similar; the relaxation
full data set of identified NOEs for both the reduced and rates follow a bell-shaped curve along the sequence with an
oxidized states is summarized in Figure 5. In this figure, average relaxation rate of 4.2 dor residues in the middle
all NOEs arising from side chain protons have been grouped of the chain. Smaller rates are observed at both ends of the
together (scN NOEs). From these two figures, it is im- sequence, and there are a few clusters with laRyeand
mediately apparent that many NOEs are observed in theRr,, relaxation rates, located in the vicinity of five of the six
spectra of denatured lysozyme. Virtually all sequential NN- tryptophan residues (Trp 62, Trp 63, Trp 108, Trp 111, and
(i, +1),0H(i, i + 1), and scN( i + 1) NOEs are observed  Trp 123). For oxidized denatured lysozyme, however, the
together with a large number ofN(i, i + 2) and scNi i + transverse relaxation rates vary considerably along the
2) NOEs (shown with dashed arrows in Figure 4a) and some sequence. ThB; values range from 53 (near Ser 50) to
NN, i + 2), NN(, i + 3), aN(, i + 3), and scN( i + 3) 17 st (near Cys 64 and Arg 115), with even larger values
NOEs. Many of the medium rangg { + 2) and (, i + 3) being probable for residues which could not be observed or
NOEs are, however, close to the noise level. This is assigned in the HSQC spectrum of the oxidized state because
demonstrated in Figure 4b where the, ws strip for Trp of considerable broadening of the resonances.
111 is plotted at different contour levels. At the highest )
contour level (I3), only the NH,N autocorrelation peak and Structural Analysis

3J(HN,Ho)) [Hz]

the sequentiadN(i, i + 1) and intraresidugN cross-peaks Coupling Constant and NOE DataThe nonuniform
are observed. At a lower level {), the aN intraresidue  distribution of2J(HN, Ha) coupling constants and the large
cross-peak and the sequential BMN(+ 1) andSN(, i + 1) number of NOEs observed for the urea denatured states of

Cross peaks from Ala 110 are also observed. At the next |ysozyme prompted us to use a model for a random coil as
level (Ls), one of the two intraresidue cross peaks from the a framework for interpreting the experimental data. In this
aromatic protons of Trp 111 is visible, and at the lowest model, the random coil state of a po|ypept|de chain is
level (Ls), a second cross-peak from aromatic protons as well presumed to be one in which there are no specific nonlocal

as sequentiakN(i, i +2) andpN(i, i + 2) cross-peaks from interactions between residues (Fiebig et al., 1996; Smith et
Val 109 are also seen. The data summarized in Figure 53|, 1996a,b). In such a state, individual residues will

were extracted from peaks visible at the lowest contour level, however have local conformational preferences and will
La. sample the low energy,y conformations in Ramachandran
Despite limitations in the experimental signal-to-noise space (Ramachandran, 1963). In the modelgtigepopula-
ratios and severe cross-peak overlap, even in the 3D NOESY-+ions for residues in a random coil are derived from the
HSQC experiments, which hampered the analysis of medium-protein data bank. The distribution ¢fy torsion angles in
range NOEs, a total of 21 NN + 2), 59aN(i, i + 2), 50 the protein data bank has been found to resemble the
SscN(, i +2), 1 NNG, i + 3), 9aN(i, i + 3), and 13 scN( experimentaly,y energy surface (Swindells et al., 1995;
i + 3) NOEs have been identified in the spectra of the Serrano et al., 1995; Smith et al., 1996a), the effects of
oxidized and/or reduced denatured protein. Thé € 2) specific nonlocal interactions present in individual proteins
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Ficure 5: Summary of short- and medium-range NOEs fa &M urea denatured states of lysozyme at pH 2 observed in 3D NOESY-

HSQC spectra recorded with a mixing time of 200 ms. The data are the sum of the NOEs seen for the reduced and the oxidized protein.
Black bars represent NOEs observed in both states, whereas NOEs only observed for the oxidized protein are represented by dashed bars
and NOEs only observed in the reduced form by open bars. Relative intensities as determined by counting contour lines in the 2D plots are
indicated as strong, medium, and weak by the height of the bars. All NOEs identified involving side chain protons are grouped together as
scN NOEs.

being averaged out over the set of structures. From the¢,y distributions in the protein data base, the values are
protein data base,y distributions, coupling constants and found to vary significantly among the different amino acids.
NOEs have been predicted for a random coil using the These differences reflect the variations in the torsion angle
procedures described in the Materials and Methods section.preferences of the different amino acids (Serrano, 1995;
The mean experiment&(HN, Ha) value for residues in ~ Smith et al., 1996b), small coupling constants being predicted
denatured lysozyme where measurements could be made ifor residues with high populations of space, e.g., alanine
6.9 Hz. This is close to the value predicted from the (5.8 Hz) and glutamate (6.2 Hz) and large values for residues
distribution of all residues in the protein data base (6.6 Hz), which favors or extended conformations such as amino acids
where there is overall 45 and 40% population of thand with S-branched side chains, e.g., valine (7.3 Hz) and
S regions of¢,p space, respectively (Smith et al., 1996b). threonine (7.5 Hz) (Figure 7). A good correlation is seen
If, however, coupling constants are predicted for different between these predicted values and the experimental data
residue types in a random coil from the amino acid specific for both denatured states of lysozyme (Figure 8 shows data
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a) protein. For example, there is a clustering of coupling
13 constant values for residues-%2 and 107110 in the
oxidized protein that deviate by up to 1.1 Hz. In these

regions, it seems likely that the intrinspgy preferences are
being modulated by interactions with residues that are either
neighboring or more distant in the amino acid sequence. In
particular, we note that, in the first region, there are three
adjacent alanine residues—®1) and that in the second
region, increased heteronuclear relaxation rates are also
observed (see below).

Using a Monte Carlo procedure and the simplified pen-
tapeptide model shown in Figure 7c, ensembles of random
coil conformers were calculated using the protein data base
¢,y distributions as described in the Materials and Methods
section (Fiebig et al., 1996). We first consider the ensemble
generated using the protein data basg distributions of
all the amino acids. From this, interproton distance distribu-
tions have been extracted, the statistics of which are
summarized in Table 1. Comparing the effective interproton
distances for a random coilf~57%6, with the interproton
distance in regions of regular secondary structure, two
features are immediately apparent. Firstly, in contrast with
o helical orp strand secondary structure, both ti€(i, i +
1) and the NN, i + 1) effective interproton distances are
short in a random coil, reflecting the population of both
and 3 conformers. Secondly, the effectiveN(i, i + 2)
interproton distance (4.2 A) is shorter than that in either
helical (4.5 A) orj strand ¢5.5 A) secondary structure.
This reflects the significant population of mix@d. confor-
mations in a random coil; in these conformers (i, i +
2) interproton distance is approximately 3.7 A. Comparison

T T
0 20 40 60 80 100 120 . ! .
Residue of these two features of the effective interproton distances

FiGURE 6: Relaxation data of main cha#iN sites from reduced in the ensemble of random coil conformers with the
and oxidized denatured lysozyme (a) heteronuclear NOENat  experimental data for denatured lysozyme provides an
spectrometer frequency of 60.8 MHz; (b) longitudinal relaxation explanation for the observation of both strong sequential
ratesR, = 1/Ty; () transverseR, =~ 1/T; relaxation rates; (d) - o, i + 1) and NN, i + 1) NOEs for almost all residues

relaxation rates in the rotating frankg, = 1/T;, measured at 60.8 . . R ..
MHz. Values are plotted as a function of Sequence using filled I the protein and for the significant numberaif(i, i + 2)

symbols for the reduced protein and open symbols for the oxidized NOEs identified throughout the protein sequence.
protein. A more detailed NOE prediction takes into account the
amino acid sequence and uses the residue spegific
for the reduced protein; correlation coefficient0.89, slope  distributions from the protein data base discussed above. The
= 1.03,y? = 0.85). Much of the observed variation in the resulting predicted relative NOE intensities for the lysozyme
experimental coupling constant data (Figure 3) therefore sequence, calculated from interproton distance distributions
reflects the different,yy preferences of the various amino in the random coil ensembles using the two spin approxima-
acids, rather than the presence of any persistent nonlocation, are shown in Figure 9. Variations are predicted in the
interactions along the polypeptide chain. intensities of all the types of NOE, the ratio of sequential
The experimentaPJ(HN, Ha) coupling constants are, oN to NN NOE intensity, for example, being predicted to
however, on average 0.3 Hz larger than the predicted randonmvary by a factor of 3 (Fiebig et al., 1996). Many of the
coil values. This suggests that the populatiomapace in greatest variations observed occur when glycine residues are
denatured lysozyme is slightly lower overall than in the involved; this arises from the different conformational
distributions used in the predictions. In these calculations, properties of glycine reflecting the reduced steric constraints
all residues in the set of proteins were used to predict the in the absence of a side chain. For example, theiNNf
¢,y populations (ALL parameter set). An alternative ap- 2) NOEs are predicted to be intense when glycine is in
proach is to use in the random coil predictions only residues position { + 1) as this interproton separation can be short
that are not in recognized regions of secondary structure (~3.8 A) when residuei (+ 1) adopts a conformation in the
within the structures in the protein data base (COIL parameterleft-hand region ofp,iy space. A similar situation occurs
set) (Smith et al., 1996b). This gives rise ¥fHN, Ha) when asparagine is in position { + 1) as this residue can
values that are in general larger by 80L5 Hz than those  also populate significantlg, conformations (Swindells et
predicted with all residues; as more experimental data for al., 1995).
denatured proteins become available, it should become In order to compare in detail the NOE predictions, taking
apparent whichp,y distribution is most appropriate to use. into account the amino acid sequence, with the experimental
Some larger deviations in experiment3{HN, Ho) coupling data various factors must be considered. Firstly, the ap-
constants from the predicted values are seen, however, inproximate intensity below which NOEs will not be observ-
specific parts of the sequence, particularly for the oxidized able in the spectrum must be chosen (the “cutoff”). This is
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Ficure 7: Distribution of,y torsion angles for alanine (a) and valine (b) residues in a data base of 85 high-resolution protein structures.
Histograms show the percentage populations ofath8, anda, regions ofg,iy space, the definitions of these regions being taken from
Morris et al. (1992). (c) The simplified pentapeptide model used to generate an ensemble of random coil conformergfiopoidations

in the protein data base using a Monte Carlo procedure.

Table 1: Comparison of the Effective Interproton Distances in the
Ensemble of Random Coil Conformers with Interproton Distances
v in Regions of Regular Secondary Structure

distance random céi(A)  ahelix (A) B strand (A)

aN (i,i + 1) 25 35 2.2

L Y NN (i, i + 1) 2.7 2.8 43
R PKgC aN (i,i + 2) 4.2 4.4 6.1
NN (i, i +2) 46 42 6.9
aN (i,i + 3) 4.6 3.4 8.9
NN (i, i + 3) 55 48 10.7

a Effective interproton distance& %71/, are given for an ensemble
A of random coil conformers generated using thg torsion angle
populations of all residues in the protein data base.
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55 60 65 . 70 75 80 protons, we consider NOEs between all side chain protons
Predicted coupling constant (Hz) and the amide protons (scN) rather than j8iStNOEs. The

FiGURe8: Predicted coupling constants from the random coil model scN NOE intensities were estimated from intensities pre-

versus mean experimental coupling constants for reduced denature@jicted for the 8 pseudoatoms of the simplified peptide

lysozyme. The points are labeled with the one letter amino acid . . .
codes and error bars shatv1 standard deviation. The values for model as described in the Materials and Methods. For

aspartic acid and glutamic acid are not included in this comparison; residues where the side chain involves a methyl group, the
the side chains of these residues will be protonated at the low pH lower limit for the NOE intensity cutoff of these scN NOEs
(2.0) used in the experimental study, and predicted coupling was increased from an effective distance of 4.3 A to one of
constants are not available for these conditions. 4.7 A to take into account the multiple protons and specific
dependent both on the signal-to-noise ratio in the spectrumrelaxation properties of methyl groups. This increase for
(which may not be uniform due to line broadening caused NOEs from methyl groups is analogous to that used when
by intramolecular exchange or exchange with the solvent) experimental NOE intensities are converted into distance
and the effective correlation time. The latter is likely to vary restraints in protein structure determination procedures for
between different parts of the sequence and for side chainnative proteins (Wihrich, 1986).

compared to main chain protons. We discuss this in more Figure 10d shows a comparison between NOEs predicted
detail later. Here, a single set of intensity cutoffs has been from the random coil model using the chosen cutoffs and
used as an approximation for the whole comparison, chosenthe combined experimental data from both of the urea
by comparing in an overall manner the predictions with the denatured states. We have combined the two data sets,
experimental data (see Materials and Methods). Secondly,despite some differences in the details of their experimental
there is considerable overlap in the experimental spectra; incoupling constants and chemical shifts, since the overall
these comparisons, NOEs that are predicted but could notpatterns are similar. Variations between the NOEs identified
be observed due to chemical shift degeneracy are excludedfor the two states result in general from differences in line
In addition, as the resonances of many methyl groups in thewidths rather than reflecting any differences in conforma-
amino acid side chains are well resolved compared t@the tional preferences. This is particularly apparent in the
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Ficure 9: Variations in NOE intensities predicted, using the amino acid spegifidistributions in the protein data base, for the lysozyme

sequence behaving as a random coil. The intensities expected for NOEs arising from various fixed interproton distances are shown for
comparison (infinite interproton distances for zero intensity). NOE intensities above chosen cutoff values (see text) are drawn in black. For

(i, i + 1) NOEs, the medium intensity cutoff is used (intensity greater or equal to that expected for 3.5 A separatidn). F&) @and

(i, i + 3) NOEs, the weak cutoff is used (intensity greater or equal to that expected for 4.3 A fixed separatlon for scN NOEs where the

residue involved contains a methyl group and for NOEs involving glycinetié cutoff is increased to 4.7 A).

vicinity of the disulfide bridges in the oxidized protein where will therefore be affected by variations in correlation time

the NMR resonances are significantly broadened.

In Figure through the protein sequence. While the agreement between

10d, the observed and predicted NOE cross peaks are showmprediction and experiment is poor for tad(i, i + 3) NOEs

in black.

In white, cross peaks that are observed but not (2 out of 8 predicted NOEs are observed, and 7 NOEs are

predicted are indicated, while dashed boxes show thoseobserved but not predicted), the agreement with predictions
NOEs that are predicted but not observed. Overall, the is remarkable for the scN(i + 3) NOEs; 10 out of 13
agreement between the prediction and the experimental dataredicted and potentially observable sgN+ 3) NOEs are

is remarkably good. BotlwN(i, i + 1) and NN(, i + 1)

seen in the spectra and only three experimental iS¢N¢

NOEs are predicted and observed throughout the sequence3) NOEs are not predicted. Many, but not all, of these NOEs

aN(, i + 1) cross peaks are found to be uniformly stronger
than intraresidueaN cross peaks, consistent with the
prediction of the model. Throughout the sequerds(i, i

+ 2) and scNi i + 2) NOEs are also predicted and observed;
56 out of 82 predicted and potentially observathd(i, i +

2) and 45 out of 72 predicted and potentially observable
scN(, i + 2) NOEs are seen. Twelve (44%) of the predicted
but not observedN(i, i + 2) NOEs and 16 (22%) of the
predicted but not observed sdN( + 2) NOEs are within
the region of residues 66100, which displays only a sparse
number of NOEs in total; this region is considered in more
detail later. Few of theN or scN(, i + 2) NOEs [2aN(i,

i + 2) and 6 scN( i + 2)] are observed but not predicted.
For the NN(, i + 2) NOEs, 11 of 27 predicted and potentially
observable cross peaks are observed, but another 10 iINN(

involve the side chains of residues with methyl groups and
so indicate the importance of the intensity enhancement of
these NOEs due to the multiple protons and relaxation
properties of methyl groups which, as discussed above, were
included in the predictions by decreasing the intensity cutoff
for residues with methyl groups. The successful prediction
of scN(, i + 3) on the basis of this random coil model shows
the power of such an approach in providing a framework
for the interpretation of experimental data for denatured
proteins. It is important to note, however, that these ¢
3) NOEs are weak in the spectra of urea denatured lysozyme
and would not have been observed if the signal-to-noise
levels in the experimental spectra were not so high.
Analysis of NMR Relaxation DataHeteronuclear relax-
ation measurements are sensitive both to motions on a

+ 2) cross peaks are observed but not predicted by the modelsubnanosecond time scale and to slow conformational

In summary, therefore, the occurrenceo(i, i + 2) and
scN(, i + 2) cross peaks are broadly consistent with the
proposed random coil model, although the prediction of
NN(, i + 2) NOEs is less successful.

In the spectra, only 23i(i + 3) NOEs are observed at
the signal-to-noise ratios of our experiments. All the medium
range {, i + 3) NOEs are close to the cutoff of the
experimental signal-to-noise (and similarly close to the cutoff

exchange in the millisecond time scale (Wagner, 1993). The
relaxation data for reduced denatured lysozyme have,
however, a very simple pattern. In the central region of the
protein sequence, thig, relaxation rates of most residues
approach plateau values (3.8swhile in the terminal parts

of the sequence the relaxation rates are significantly smaller.
This implies that the relaxation properties of a given amide
are in general not markedly influenced by the specific nature

used in the predictions), and their observation in the spectraof its neighbors but just reflect that it is part of a polypeptide
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Ficure 10: Summary of the NMR parameters defining the conformational properties of the urea denatured states of lysozyme. Regions of
significant deviations from random coil behavior are labeledM. Panels a and b show coupling constant and chemical shift data for
oxidized and reduced lysozyme, respectivélgHN, Ha)) coupling constants with marked deviations (larger than 1 or 2 standard deviations)

from random coil predictions are shown with circles, significant HM (> —0.2 ppm by 1 unitAé > —0.4 ppm by 2 units, ando >

—0.6 ppm by 3 units) and ¢ (A > —0.1 ppm by 1 unitAd > —0.2 ppm by 2 units, andé > —0.3 ppm by 3 units) chemical shift
perturbations from empirical values for unstructured peptides are indicated by vertical bars. In panel c, deviations of hetdRgneclear

1/Ty, relaxation rates for the reduced protein from random coil predictions are shown. (d) Comparison between the combined experimental
NOE data set and the predictions for a random coil are shown. NOEs observed and predicted by the random coil model are indicated by
black horizontal bars, predicted but not observed NOEs by dashed horizontal bars, and observed but not predicted NOEs by open horizontal
bars.

chain. Further experimental data have been reported recenthincreases. Figure 11a shows the transverse relaxation rates,
for reduced FK506 binding proteimi8 M urea and for Ry, of reduced denatured lysozyme. Since Ragexperi-
cysteine free protein G in 7.4 M urea (Logan et al., 1994, ment reduces chemical exchange contributions to the relax-
Frank et al., 1995). For both proteins, relaxation measure- ation rate (Szyperski et al., 1993), we have fitted these data
ments follow the general pattern observed here vifth  to a minimalistic model. We note, however, that fReand
relaxation rates, which vary between 3.0 and-6® s in Ry, values are very similar for reduced denatured lysozyme
protein G and FK506 binding protein, respectively; again, (Figure 6¢,d), indicating the absence of significant chemical
lower rates are found at the terminal parts of the protein. exchange contributions . ExperimentaR,, data for the

All these results suggest that a simple model of segmentaljt, residue were fitted to a sum of exponential functions over

motion can to a first approximation explain the experimental 5 residuesj of the chain with two variable parameters,
ol i corlusion s cualtately imiar o AL 1O namey & measure o th nnsi relsxaton r@E”,and
u . u : IC polysty the persistence length (eq 2 in Materials and Methods).
(Allerhand et al., 1972). Here the relaxation rates were found ;
; : . The best two-parameter fit of the,, data for the reduced
to increase by 40% on increasing the molecular mass from

. . intrin _
2 to 10 kDa and then to remain constant for homopolymers denatulred _protem was found for= 7 residues anﬂz'lp -
as large as 860 kDa. This implies that for longer polymer 0.25 s'. Figure 11a demonstrates that for most parts of the

chains, individual segments of the polymer move independ- Séguence this simple model reproduces well the pattern of
ently in solution, i.e., the correlation time is largely inde- €XPperimental transverse relaxation rates. There are, however,

pendent of the overall tumbling rate and affected only by three regions where significantly larger relaxation rates are
segmental motions. observed experimentally. Their location correlates with the
In this work, we introduce two simple models to charac- Positions of several of the tryptophan residues in the
terize the relaxation behavior of reduced and oxidized sequence. The largest relaxation rates are observed around
denatured lysozyme (see Materials and Methods). As their Trp 62 and Trp 63, but elevatd?l, values are also observed
central hypothesis, these models both assume that relaxatiomear Trp 108 and Trp 111 as well as Trp 123 (and its
contributions due to neighboring residues in the peptide chainneighbor lle 124). Clearly, in these regions the simple
decay exponentially as the distance from a given residue approximation of uniform interactions between neighboring
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a) the reduced form, buR, values near the disulfide bridges
are elevated by 258, A similar observation of significant
chemical exchange contributions R rates has been made
previously for residues in the vicinity of disulfide bridges
in native interleukin 4 (Redfield et al., 1992) and BPTI
(Szyperski et al., 1993). In both these studies, increased line
widths suggest that interconversion rates are in the milli-
second time range. Thus, one contribution to the elevated
R, rates observed here for oxidized denatured lysozyme could
be slow conformational averaging around gagorsion angle

of cysteine residues associated with changes in chirality of
the disulfide bridges. Another contribution could come from
the increased chain stiffness due to the additional confor-
mational constraints arising from disulfide cross-linking and
T ' ' ' ' ' ' the complicated network of loops present in the oxidized

Ry (sh)

T form of the protein. We note that correlations have been
observed previously between relaxation data for lysozyme

64 80 . . e . .
b) 6 30 [Fob—9 s 127 denatured in trifluoroethanol and the positions of the disulfide

I I — T 1| bridges in the protein sequence (Buck et al., 1996).

To analyze the above mentioned chemical exchange and
intrinsic relaxation contributions, the three parameter model
introduced in the Material and Methods was used (eq 3).
The model is similar to the one used to analyze the transverse
relaxation rates for reduced lysozyme but has been modified
to include extra terms which account for the disulfide cross-
links and chemical exchange contributions. The intrinsic
cross-linking effects of the disulfide bridges are modeled by
using the topological distance between residues instead of
simply the number of intervening residues along the primary
sequence. Consequently, the chain is considered as a
network of interconnecting loops rather than a linear array
/ of residues. Chemical exchange is modeled as exponentially
T T 7 T ' ' T decreasing contributions arising from each of the cysteine
o o 0 & 8010 120 residues involved in a disulfide bridge.

Residue

FiGURe 11: (a) Experimental transverBg, = 1/Ty, relaxation rates Experimental and predicteB, data using the approach

for reduced denatured lysozyme fitted to the model for the dynamics are compared in Figure 11b. The figure shows that there is
of an unbranched polymer chain (eq 2 in the Materials and good agreement for much of the polypeptide chain suggesting
Methods). (b) Experimental transverBg = 1/T, relaxation rates 4t the presence of the disulfide bridges is indeed a major

for oxidized denatured lysozyme fitted to the three parameter - .
dynamics model (eq 3), which takes into account both the cross- contributor to the experimentally observBd pattern. We

linking of the chain by the disulfide bridges and the chemical concentrate first on the residues far from the disulfide
exchange contributions (solid line). The predictions from the model bridges, particularly in the long loops between residues 30
if the chemical exchange contributions are removed is included for gnd 64 and between residues 94 and 115. Here, similar

comparison (dashed line). dynamical behavior is predicted to that for an unbranched

residues breaks down. We therefore conclude that interac-chain in agreement with the experimentally obserigeind
tions among bulky hydrophobic side chains introduces an Ry, rates in these regions which are about™s, similar in
additional degree of stiffness into the chain. The local Magnitude to those of the reduced protein. In the vicinity
hydrophobic clusters affect the relaxation behavior of a ©Of the disulfide bridges, however, the dynamic behavior is
number of neighboring residues, the effects decaying rapidly Very different and exchange contributions need to be included
with distance but in an asymmetric manner. Itis interesting in the model before the experimental data can be fitted
that not all the tryptophan residues in the sequence aresuccessfully (solid line Figure 11b). The best fit is found
involved in hydrophobic clusters that significantly alter the with RS*"=10.9 s, R;"™" = 0.29 s and = 7 residues.
relaxation behavior of the polypeptide chain; two closely Chemical exchange effects therefore contribute significantly
space tryptophan side chains or a tryptophan with an adjacento the R, relaxation data of oxidized denatured lysozyme.
hydrophobic residue seem to be required. We note that, if the model is fitted to tHe,, data for the
Experimental transverse relaxation ratd®, for the oxidized form, rather than th, data, theR®**" values are
oxidized form are shown in Figure 11b. These rates differ found to be reduced by a factor of 3. In the central part of
significantly from those of the reduced denatured protein. the sequence, where there is a complex network of disulfide
From a comparison of thB;, andR; rates of the oxidized  cross-links, the fit of the model to the experimerfaldata
protein (see Figure 6c,d), it is clear that, in contrast to the is less good, even with the inclusion of the exchange
reduced protein, chemical exchange contributes significantly contributions, than at the termini of the polypeptide chain.
to theR; rates of amide groups near the disulfide bridges of This may in part be because the experimental line widths
the oxidized protein. In particular, the smallest values of are so broad tha®, values cannot be measured accurately;
R; for the oxidized protein (Figure 6d) are close to those of indeed in many cases they could not be measured at all.
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Moreover, the dynamics around the branched disulfide
bridges 64-80 and 76-94 will be very complicated and the
simple models used here may not be sufficient to describe 5 |
fully the relaxation behavior. One interesting observation
from the current analysis is that both the predicted and the
experimentalR; values are larger at the C- than at the
N-terminus. This reflects both the increased disulfide bridge
density (Cys 115 and Cys 127) at the C-terminus and also
the closer proximity of the C-terminus (Leu 129) to a
disulfide bridge (Cys 127) than the N-terminus (Cys 6).

e

=

=)
|

Probability

Overall Description of the Denatured State N
0.05

The analysis of the experimental data for reduced and
oxidized lysozymern 8 M urea, presented in the previous
sections, has used various models to describe a denatured
protein. If we concentrate first on the global properties of it
the polypeptide chain, the analysis of the experimental 007 . [ \
relaxation data for the reduced protein demonstrates that in (', 2'0 4'0 60 80 100
the absence of disulfide bridges the chain can be ap-

proximately described, from a dynamic point of view, as a Ficure 12: Model derived distribution of the radius of gyration
homopolymgr W'th few residue specific effects. An excep- (Ry) in the ensemble of random coil conformers for oxidized (filled
tion to this is in regions of the sequence where there are pars) and reduced (dashed bars) lysozyme. Distributions were
hydrophobic clusters involving some tryptophan residues calculated from molecular dynamics simulations using a simple ball-
which we consider in more detail later. The persistence and-stick model where each residue is representexiA sphere.
length, a measure of the chain stiffness, which gives the besﬁ/esmuereadue interactions were modeled as repulsive van der

) . . . aals forces with a cutoff at 7 A. Peptide and disulfide bond
fit of the experimental data to the model is about 7 residues, ., ciraints were simulated using the RATTLE algorithm, as

a value comparable to the persistence length of 10 residuesjescribed by Allen and Tildesley (1987), in conjunction with
determined by X-ray scattering techniques for various velocity Verlet molecular dynamics and coupling to a stochastic
denatured proteins, including apocytochromand phos- heat bath. Initial conformations of the oxidized form were generated
phoglycerate kinase (Gast et al., 1995). It is particularly by distance geometry projection. DistributionsRgfwere extracted

. h letely diff h . © from ensembles of random coil conformations, which were gener-
encouraging that two completely different approaches give 4aq at high temperaturks > Eyaw). Subsequently, the distribu-

rather similar values for the persistence lengths of denaturedion of R, for the oxidized form was scaled such that the average
polypeptide chains. Ry, matched the experimental value of 22 A reported by Chen et al.

For the oxidized protein, the experiment relaxation (1996). The same scaling factor was used for the reduced form.

data can be explained if the presence of disulfide bridges enon has been characterized in detail, including the changes
cross-linking the chain and undergoing conformational in jine width with increasing concentrations of the denaturant
exchange processes is taken into account. Such disulfideyrea, is theA131A fragment of staphylococcal nuclease
bridges will clearly restrict the conformational space acces- where the resonances of many of the amide groups that are
sible to a denatured polypeptide chain and reduce thejn the sheet in the native protein are broadened to such an
effective radius of gyration. In order to visualize this, the extent that they cannot be observed (Wang et al., 1995; Wang
distribution of the values of the radius of gyration within a g Shortle, 1995). Similar effects, but involving much more
conformational ensemble has been modeled for a randomof the po|ypept|de sequence, are seen in molten g|0bu|es such
coil polypeptide chain with and without the disulfide cross- a5 those ofa-lactalbumins (Baum et al., 1989; Dobson,
links present in oxidized lysozyme (Figure 12). The 1992). Inthese states, the conformational ensemble is biased
pl’edicted distributions are scaled to be consistent with the toward more Compact conformers and the presence of regions
experimental radius of gyration for oxidized denatured of secondary structure will increase the persistence length
lysozyme determined by X-ray scattering (22 A) (Chen et compared to a denatured polypeptide chain. This is likely
al., 1996). With this scaling, the average radius of gyration tg give rise to large energy barriers and hence slower rates
predicted for the reduced protein-80 A) is considerably  for interconversion between structures within the conforma-
larger than that reported from the experimental X-ray tional ensemble, resulting in extensive broadening of many
scattering studies (24 A). The reduced radius of gyration of the NMR resonances (Dobson 1992; Ptitsyn, 1995). A
relative to the random coil prediction is fully consistent with comparable situation has been observed in NMR studies of
the picture of the reduced denatured state of lysozyme g number of designed proteins where the interior side chains
provided by this work in which the hydrophobic clusters are |ess specifically packed than in native proteins, again
identified involving several of the tryptophan residues would resulting in slow conformational interconversion within a
be expected to lead to a higher proportion of compact compact ensemble of states (Betz et al., 1993, 1995). Such
conformers within the ensemble than expected for a completestates as these therefore lie in between the two extremes of
random coil. fully denatured proteins, where fast interconversion between

The broadening of some NMR resonances due to confor- conformers gives rise to sharp NMR resonances, and native
mational exchange, as seen in oxidized denatured lysozymefolded proteins, where there is in general one unique
is a common feature of the NMR spectra of many non-native conformation, with only rapid vibrations and librations about
protein conformations whether or not disulfide bridges are the average coordinates, and sharp NMR resonances are once
present (Shortle, 1996). One example where the phenom-again observed.
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Considering now the local conformational properties of  There is also some evidence from the chemical shift and
denatured lysozyme, comparisons of predictions of coupling coupling constant perturbations for the denatured states of
constants and NOEs using thiey population of all residues  lysozyme (Figure 10) for the presence of specific interactions
in the protein data base with the experimental data showsinvolving residues in the region of Asn 1®he 34. We
that to a first approximation these can again be describedpostulate an interaction between the aromatic ring of Tyr
without considering the details of the amino acid sequence. 20 and the amide group of Gly 22 at the start of this region.
The considerable number of NOEs identified experimentally, This type of interaction has been identified and shown to be
particularly both sequentiatN(i, i + 1) and NN(, i + 1) preserved in urea, in short peptide fragments corresponding
NOEs andaN(i, i + 2) NOEs, and the mean experimental to this region of the lysozyme sequence (Yang et al., 1996;
coupling constant value are in agreement with this simple Smith, D. K., Pitkeathly, M., Smith, L. J., & Dobson, C.
model. However, extension to take into account the amino M., unpublished results). Such Tyr-X-Gly interactions have
acid sequence of the polypeptide chain leads to a significantlyalso been characterized in detail in peptides based on part
improved correlation and can explain at least to a good of the BPTI sequence (Kemmink & Creighton, 1993, 1995;
approximation many experimentally observed features, suchLumb & Kim, 1994). It is interesting that this interaction,
as the variation o#J(HN, Ho) coupling constants along the and whatever others are present in this region, do not give
sequence and the nonuniform distribution of SgN@E- 3) rise to considerable deviations in the relaxation rates of the
NOEs. Overall, therefore, we have a picture of denatured reduced protein from the predictions of the simple dynamic
lysozyme in which each amino acid in the polypeptide chain model in contrast to the hydrophobic clusters involving the
appears to sample conformational space largely independ-ryptophan residues. With regard to all these deviations from
ently of its neighbors, and the main chain torsion angle random behavior, we note that they are most readily
popu|ati0ns reflect predominanﬂy thew preferences of the identified from chemical shift perturbations and the hetero-
individual amino acids involved. This picture assumes that nuclear relaxation rates rather than from deviations in the
interactions in denatured states of proteins are entirely localnumber or location of NOEs from the protein data base

and their properties can therefore be predicted simply from Predictions for a random coil. Indeed, the regions of local
the primary sequence of the protein. structure present in denatured lysozyme do not appear to give

rise to significant numbers of medium range NOEs, ad-

Although the majority of data for denatured lysozyme ditional to those expected for a random coil, that can be

agree rather closely with the predictions from the protein

; N identified in the current experimental spectra.
data base model for a random coil, some significant Althouah the NOEs observed for the urea denatured stat
deviations are observed in specific regions of the sequence. ougn the s observedfor tne urea denatured states

Here, we use the predictions from the model as a framework of lysozyme in general resemble those expected for a random

for investigating these. We note that the presence of act € STRISR P oF [C0 ARABIEAT NS OO 2
considerable number of NOEs, particularly medium-range 9

(i,i+2)and {,i + 3) NOEs, in NMR spectra of denatured even with high signal-to-noise ratios for residues-650
p}oteins has frequently beén interpreted as indicating thecompared to the rest of the protein sequence in both proteins.

; >~ . “This may partly reflect increased line widths for some of
presence of persistent nonrandom structure. The predlctlons[hese regi dpuesy However, another possible explanation takes
of the random coil model indicate that interpretation of such ) '

data is complex but that the data base predictions can be|nt0 account the fact that the random coil ensemble contains

used as a baseline from which deviations from random coil conformers with a range of global characteristics, as il-
i . o lustrated by the radius of gyration distributions shown in
behavior can be identified.

Figure 12. The intensities of any NOEs may not arise
Figure 10 provides an overview of the NMR parameters yniformly from the different conformers within this en-
found in the urea denatured states of lysozyme. In four semble; in particular, the greatest intensity contribution is
regions of the protein, namely residues Asn-Fhe 34, lle  |ikely to come from the most compact states where fast
58-Cys 64, Met 105Arg 112, and Asp 119Arg 125, internal motions will be quenched to some extent, giving
marked deviations from random coil predictions can be |onger effective correlation times. In a denatured protein,
ascertained for a variety of parameters in both the oxidized these compact states may not be randomly collapsed but
and reduced protein. Three of these regions include theinstead certain regions of the sequence could be involved
tryptophan residues Trp 62 and Trp 63, Trp 108 and Trp preferentially in a more compact core. If this was the case,
111, and Trp 123 discussed above. The chemical shiftthe NOE intensity increase arising from the contribution of
perturbations for amide anddtesonances and the increased these compact states, via a mechanism analogous to the
Ry, relaxation rates for residues in these regions are consistentransferred NOE (Albrand et al., 1979; Clore & Gronenborn,
with the presence of hydrophobic clusters involving adjacent 1982), would not be uniform along the sequence but would
aromatic and/or hydrophobic side chains. An aromatic be concentrated around the residues involved in the core even
cluster involving Trp 62 and Trp 63 has been proposed if the population of such compact states was to be a small
previously in thermally denatured oxidized lysozyme to population of the complete ensemble of conformers. It is
explain large deviations in chemical shift values from those particularly interesting in this regard that for urea denatured
seen in short unstructured peptides (Evans et al., 1991); adysozyme the regions with the highest density of observed
similar hydrophobic cluster has also been identified in urea NOEs, namely those corresponding to the A, B, D, and
denatured 434-repressor (Neri et al., 1992). The results forC-terminal 3 helices in the native protein, are those regions
denatured lyszoyme are also in close agreement with photo-that have been found to be involved in persistent structure

CIDNP studies of the denatured protein, which showed thatin the equine lysozyme and homologouaslactalbumin

on average only one of the six tryptophan side chains in the molten globules formed under milder denaturing conditions
sequence is available for reaction with photoexcited flavin (Schulman et al., 1997; Morozova et al., 1995). This
(Broadhurst et al., 1991). correlation suggests that it is possible that the more compact
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conformers within the denatured lysozyme ensemble could together, these techniques are therefore able to provide much
resemble to some extent these molten globules, with a coreinsight into these unfolded states which have considerable
consisting of residues corresponding to the native A, B, D, significance for our understanding of protein stability, folding
and 3o helices while residues corresponding to the native C and structure. Of particular significance from the results
helix andf domain retain a higher degree of mobility. reported here, is the possible coupling of the global and local
A|though further work is C|ear|y required to understand characteristics of the conformational ensemble. Further

the characteristics of the compact states in the conformationalnsight into this may be provided through the analysis of
ensemble of denatured lysozyme in more detail, the proposecthe complex dependence of the NOEs observed for non-
coupling of the collapse of the polypeptide chain to give native protein conformations on both interproton distances
compact conformers with the formation of some native-like and effective correlation times. It is possible that these
characteristics even in the denatured protein is of particular effects may enable the characteristics of the most compact
interest. The fact that the same variation in NOE intensity States in the conformational ensemble to be detected pref-
with sequence is seen in both the oxidized and reducederentially. These states are likely to be of very considerable
denatured protein suggests that any nonrandom collapse ig/alue in our quest to understand the molecular basis of the
an intrinsic property of the sequence and is not directed by formation of the native structures of globular proteins.
the disulfide bridges, although the cross-links are likely to
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