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This report describes NMR-spectroscopic investigations of the
conformational dynamics of disulfide bonds in hen-egg-white ly-
sozyme substitution mutants. The following four systems have
been investigated: 2SS, a lysozyme variant that contains C64A,
C76A, C80A and C94A substitutions, was studied in water at pH 2
and 3.8 and in urea (8 M, pH 2); 25S° lysozyme, which has C6S,
C30A, C115A and C127A substitutions, was studied in water
(pH 2) and urea (8Mm, pH 2). The NMR analysis of heteronuclear
N-relaxation rates shows that the barrier to disulfide-bond

Introduction

The conformation and dynamics of non-native proteins can
have widely different characteristics. These can range from
completely random-coil states, molten globule and partially
folded conformations to those that, although mostly unstruc-
tured, still retain some residual native structure. Over the last
decade, high-resolution NMR spectroscopic studies of isotopi-
cally labelled proteins have allowed a detailed delineation of
the dynamics of non-native states and have also shown that
both local and global residual structures can exist in these
states. Such a description at atomic resolution is of importance
for understanding the properties of the starting point of pro-
tein refolding. They could also be of importance for the under-
standing of the kinetics and probability of misfolding.

The structure of proteins can be stabilized by disulfide
bonds. The dynamics around disulfide bonds can vary substan-
tially in different protein states. Despite the fact that free rota-
tion can occur around the S—S bond in the native state of a
protein, in general it is slow and not detectable in many pro-
teins by NMR spectroscopy. For example, in native wild-type ly-
sozyme all four disulfide bridges are found to be locked into
one predominant conformation on the NMR time scale. How-
ever, there are also reports on slow disulfide dynamics in
native proteins. NMR studies on native bovine pancreatic tryp-
sin inhibitor (BPTI) have revealed? that some of the residues
around the C14—C38 disulfide bridge exist in two identifiable
conformations between 277-293 K, and have elevated T,
values at 309 K. This suggests that there is rotation around the
S-S bond between C14 and C38. Similar changes in relaxation
rates have been reported for interleukin 4.®! Slow chemical ex-
change involving different conformations of the disulfide bond
has also been identified in cyclic peptides.”®
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isomerisation can vary substantially in different lysozyme mu-
tants and depends on the residual structure present in these
states. The investigations reveal cooperativity in the modulation
of micro- to millisecond dynamics that is due to the presence of
multiple disulfide bridges in lysozyme. Mutation of cysteines in
one of the two structural domains substantially diminishes the
barrier to rotational isomerisation in the other domain. However,
the interactions between hydrophobic clusters within and across
the domains remains intact.

Little is known about this phenomenon for non-native states
of proteins. Most NMR investigations thus far have focused
either on proteins that lack disulfide bridges,” on states in
which cysteine bridges have been permanently reduced™®' or
in which some or all cysteine residues have been substituted,
for example, by alanine.">' van Mierlo et al."®' studied an
analogue of the predominate folding intermediate of BPTI in
which only one of the three native disulfide bonds was pres-
ent, between C30 and C51, and the other cysteine residues
were replaced by serine. This mutant was partly folded, which
was thought to be the reason why it predominates, and was in
equilibrium with a completely unfolded form. Backbone-dy-
namics studies showed that the regions that contained the
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other disulfide bridges in the wild-type BPTI were
flexible. The authors interpreted this flexibility as nec-
essary for the rapid formation of the remaining disul-
fide bridging.

In this report, we show that the rotational inter-
conversion of the R/S stereoisomers around disulfide
bonds is one of the key determinants of microsecond
to millisecond dynamics of non-native states of pro-
teins. It influences the conformational heterogeneity
of proteins when unfolded in high concentrations of
denaturants. Furthermore, it affects the rate of disul-
fide-bond formation in oxidative refolding, which
constitutes one rate-limiting step in the folding of
proteins with multiple disulfide bonds. Oxidative
folding has been studied in great detail in vitro, for
example, for ribonuclease A,'52% BPTI®'**! and hen-
egg-white lysozyme.**?" Initial in vivo investigations
into the process have also been performed, for exam-
ple, on the HIV-1 envelope glycoprotein.”® However,
many aspects of the role of disulfide bridges in pro-
tein folding remain poorly understood. Some pro-
teins can attain their native fold prior to the forma-
tion of disulfide bridges. This indicates that in such instances
the disulfide bridges provide a stabilising effect in the final
structure. Other proteins fail to fold in the absence of some di-
sulfide bridges; for example, the absence of two of the disul-
fide bridges in the -domain of hen-egg-white lysozyme (be-
tween cysteines 64-80 and 76-94) destroys its ability to
refold.?%3%

We have studied hen-egg-white lysozyme mutants in which
the disulfide bonds have been removed. Lysozyme contains
two structural domains: the a-domain, which contains residues
1-35 and 85-129, and the -domain, which comprises residues
36-84.F"% |t has eight cysteine residues that form two disul-
fide bridges in the a-domain (C6-C127 and C30-C115) and
two in the B-domain (C64-C80 and C76-C94), as shown in
Figure 1.

Using N transverse heteronuclear-relaxation rates (R,), we
have investigated the backbone dynamics of two lysozyme
mutants in which either the disulfide bonds in the a- or f3-

domain have been removed. Previous dynamical studies of ly-
[10,34,35]
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Figure 1. Ribbon diagram of the structure of wild-type hen-egg-white lysozyme derived
from its crystal structure®" (6LYZ) from the Protein Data Bank (http://www.rcsb.org/pdb/
index.html). The eight cysteine residues that form the disulfide bridges are shown in
yellow and their positions in the sequence are indicated. Separate diagrams of the four
disulfide bridges are also shown, viewed along the S-S bond. Angles were measured in
Insight (Biosym/MSI, CA, USA).

that the protein is partially folded in water at pH 3.8 whereas
the 2SSP variant, which has intact disulfide bridges in the -
domain only, was unfolded under the same conditions.”?>33¢

Results

The current investigations have been performed with two lyso-
zyme mutants in two different solvent systems. Mutant 2SS,
which contains the substitutions C64A, C76A, C80A and C94A
and in which only the a-domain disulfides are intact, was stud-
ied in water (pH 3.8) and urea (8 M, pH 2). The second mutant,
2SsP, with the substitutions C6S, C30A, C115A and C127A and
in which only the -domain disulfides are intact, was studied
in water (pH 2) and urea (8 M, pH 2). Table 1 lists the lysozyme
variants that have either been studied here or previously and
summarises their dynamical characteristics. References are in-
cluded for variants that are the subject of previous studies;
those presented here are highlighted in bold.

Table 1. Summary of the behaviour of different lysozyme species under various denaturing and nondenaturing

in water

in urea (8™, pH 2)

random-coil behaviour, nonrandom clusters
random-coil behaviour, no nonrandom clus-

folded, HSQC spectrum is identical to WT

Random-coil behaviour, nonrandom clusters and
us-ms dynamics observed!”

random-coil behaviour, nonrandom clusters
observed!%*%

not studied

random-coil behaviour, us-ms dynamics almost
eliminated®

random-coil behaviour

random-coil behaviour

sozyme that was either

denatured in urea (8m) or dis-

solved in water at pH 2, have in- |

dicated the presence of hydro- conditions.

phobic clusters that are mostly | Lysozyme

centred around the tryptophan species

residues, and of us-ms ex- 4SS-WT folded™?!

change processes that are cen-

tred around the disulfide 05S-WT o

bridges. This study builds on the 0SS-W62G observed

previous report by Noda et al. tersB¥

who studied the doubly disul- 455-W62G

fide-bridged variant of lysozyme, Jsget :’t’?:;’;‘ arty folded

255¢ which has intact disulfide 25sPal at pH 2:0 random-coil behaviour
bridges in the a-domain only.

This group was able to show [a] Hen-egg-white lysozyme mutants studied in this work.
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Resonance assignments of lysozyme 2SS variants

Assignments of the 'H and "N resonances of 255* and 25SP
were carried out by using 3D-NOESY-HSQC and 'H,'’N-HSQC
experiments and are given in the Supporting Information. In
most parts, resonance assignments could be obtained by
using the strategy outlined before for non-native protein
states.%*”

Of the 129 residues, 107 could be assigned for 2SS in water
(pH 3.8); resonance assignments were mainly missing for resi-
dues in the B-domain. The assignments obtained mostly
agreed with those of Noda et al.*® The 'H,"*N-HSQC spectrum
of partly folded 255% in water (pH 3.8) contains more than the
expected 127 backbone NH resonances. Some of the unas-
signed peaks were considerably weaker than the other reso-
nances. This indicates the presence of a minor, less folded con-
former of the lysozyme variant as was also seen for a partially
folded intermediate of BPTL'™ Five of these weaker resonances
with °N chemical shifts of around 108-110 ppm—a region
where only glycine resonances are observed in a random-coil
protein—were observed in addition to the twelve assigned
glycines. The weaker residues increase in relative intensity as
the temperature increases. This indicates that the equilibrium
moves more towards the unfolded conformation (Figure S1 in
the Supporting Information). For all the denatured 2SS var-
iants, a substantial proportion of the peaks could be assigned
(107 for 255% in 8m urea, 108 for 25SP in 8 M urea and 96 for
25SP in water; all solutions were at pH 2). In general, resonan-
ces of residues from the p-domain were more difficult to
assign. This was either due to the presence of mutations in
this region, or because the peaks are significantly broadened
due to the presence of the disulfide bridges.

Since the chemical shifts of the denatured variants are
mostly very similar to those of wild-type (WT) lysozyme,"” simi-
lar conclusions on the presence and position of secondary
structures in the mutants can be drawn. The chemical shifts
are generally very close to values measured for unstructured
peptides®® and significant changes in H,, shifts are seen in par-
ticular regions of the sequence (between residues 19-32, 58-
63, 106-112 and 120-125). A further discussion of residual sec-
ondary structure as evidenced from these chemical shifts has
been published previously for other lysozyme mutants"® and
is beyond the scope of the present publication.

Interpretation of backbone dynamics

Measurement of the backbone dynamics of denatured proteins
can reveal important aspects of the structural characteristics
and motions of the non-native states. Common measurements
for the investigation of backbone dynamics in proteins are the
>N-heteronuclear relaxation rates R, and R, and the steady-
state 'H,”°N-NOE. For unstructured proteins, R, rates provide
the most information about residual structure and processes,
such as isomerisation of disulfide bridges, as they are sensitive
to motions on both the ns—ps and ms-ps timescales. Exchange
processes thar occur on the ms—us timescale, such as the rota-
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tional isomerisation of the disulfide bond, are revealed through
increased line widths in spectra and elevated R, rates.

Millisecond-to-microsecond timescale exchange processes
have been investigated in folded BPTI and an SH3 domain by
using relaxation-dispersion techniques.***” In the present in-
vestigation, we attempted to determine the contribution from
the isomerisation of the disulfide bridges to R, rates in the 2SS
variants of lysozyme, using relaxation-dispersion techniques
(data not shown). However, it was not possible to obtain an
R.. value from these measurements, because the exchange
rates in the 2SS variants of lysozyme are too fast; they most re-
liably quantify processes in the order of hundreds of microsec-
onds to several milliseconds."" Also, some of the most inter-
esting peaks with regard to millisecond exchange are broad-
ened beyond detectability.

Backbone dynamics of W62G (0SS-W62G, 455-W62G) and
WT lysozyme (0SS-WT, 4SS-WT)

The R, relaxation rates of disulfide reduced and methylated WT
lysozyme (0SS-WT) and of the disulfide reduced and methylat-
ed W62G mutant (0SS-W62G) have been studied before!*3¥
and are reproduced in Figure 2. Mutant W62G, has been

a
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+  0SS-W62G in water
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Figure 2. R, values for a) 455-W62G in urea (8 M, pH 2) and 0SS-W62G in
water, pH 2. The continuous line shows the modelled R, values for a
branched-polypeptide chain by using Equation (2) and an R} of 0.29 s

b) 4SS-WT and 0SS-WT in urea (8 M, pH 2). The continuous line shows the fit-
ting of the R, values of 4SS-WT to Equation (4) where RI"'=0.29s™",
REN=10.95" 1,,4,=7.
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shown to approximate a “true” random-coil polypeptide chain
in terms of its overall diffusive properties® when in the S-me-
thylated state (0SS-W62G). In this mutant, all nonlocal interac-
tions between locally defined clusters are significantly reduced.
The mutation reduces the relaxation rates in the areas of hy-
drophobic clustering seen in 0SS-WT lysozyme by inhibiting
the long-range interactions between clusters. It defines the
random-coil behaviour for the disulfide mutants discussed in
the following.

The R, rates of the oxidised form of W62G (455-W62G) are
also reproduced in Figure 2a. The variation of the R, values is
significantly lower than for denatured WT oxidised lysozyme
(4SS-WT; Figure 2b). However, the positions of the maxima still
correspond to the location of the disulfide bridges. This indi-
cates that the lack of long-range interactions reduces the mo-
tional constraints centred around the disulfide bonds in 4SS-
WT and allows a faster rate of rotational isomerisation around
the disulfide bridges.

Backbone dynamics of 25S* in urea (8 m, pH 2)

The R, values for the backbone NH’'s of 255“ are shown in
Figure 3. The R, rates for 95 residues reveal considerable varia-
tion between 3.2 and 11.4 s7'. Whilst the R, values of 255“ in

20
& 0SS-WTinurea

255" in urea

werl) A ﬁl
*1 M = .‘l.li

0 20 40 60 80 100 120
residues g

Figure 3. R, values for 25S* and 0SS-WT in urea (8 M, pH 2). The black contin-
uous line shows the fitting of the R, data to models for a branched polymer
chain as described in the text, where R™=0.255"", R*"=4.36 5" and

/111 27

the a-domain have a very similar pattern to those of 4SS-WT,
they vary considerably from 4SS-WT in the 3-domain. In con-
trast, the R, values for the residues in the (-domain closely re-
semble those of 0SS-WT. This indicates that the hydrophobic
clustering seen for wild-type lysozyme is undisturbed by the
cysteine to alanine substitutions.

We therefore conclude that the R, rates can be dissected
into contributions that arise from the hydrophobic clusters and
from the disulfide bridges. In fact, the R, values of the a-
domain of 255“ lysozyme and the R, values of urea-denatured
4SS-WT are correlated (Figure S2 in the Supporting Informa-
tion). This observation arises presumably because R;, values
are much less susceptible to exchange on the us-ms timescale
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than R, values." R, and R,, values of 4SS-WT (Figure 2b, and
Supporting Information Figure S2) differ drastically."” These
differences are presumed to be due to the fact that the re-
gions that surround the cysteines in wild-type lysozyme are
subject to considerable ps-ms timescale motions, which is
most likely due to rotational isomerisation of the disulfide
bond. We conclude that the disruption of two out of four di-
sulfide bridges in 255” reduces the ps-ms timescale motions.
The R, rates of lysozyme 255“ were also measured to confirm
the disappearance of us-ms motions (see Figure S2 in the Sup-
porting Information) and were found to be very similar but
slightly lower than the R, rates. Therefore, a small contribution
from exchange effects is present in the measured R, rates.

Backbone dynamics of 2SS in urea (8 m, pH 2)

The R, relaxation rates of 25SP in urea (8 m, pH 2) are quite dif-
ferent to those of 25S“ (Figure 4).

20
®  (0SS5-WT in urea

255" in urea

I A

R,Is U

residues —+

Figure 4. R, values for 2SS and 0SS-WT in urea (8 M, pH 2). The black contin-
uous line shows the fitting of the R, data to models for a branched-polymer
chain as described in the text, where RM"=0.25s"", R*"=4.255" and
Mdy=T7.

R, rates could be measured for 106 residues. For this variant,
the R, rates of the a-domain generally fit well to the 0SS-WT R,
values, whilst those of the -domain correlate well with the R,
values of 4SS-WT lysozyme. This indicates that a reduced
amount of us—-ms exchange is occurring in the f-domain since
the R, values have a similar pattern to 4SS-WT in urea but are
considerably lower. The R,, values of 25SP (Figure S3 in the
Supporting Information) are reduced to 6 s~' compared to the
R, values of the same variant. This indicates that some ex-
change on the ps—-ms timescale affects the R, rates.

Backbone dynamics of 2SS in water, pH 2

The deviations from random-coil predictions in the R, rates of
0SS-WT are more pronounced when studied in water (pH 2)
than urea (8wm, pH 2). Therefore, the dynamics of 25SP were
also measured in water (pH 2), that is, conditions under which
2SS* is not completely unfolded. The R, rates for 92 assigned
peaks are shown in Figure 5. The chemical shift dispersion of

ChemBioChem 2005, 6, 1619-1627
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Figure 5. R, values for 255 in water, pH 2 and 2SS in urea, pH 2.

25SP in water (pH 2) is reduced compared to the other mutants
that were studied. In addition, several peaks are too broad to
be seen in any of the spectra. This indicates that they must
have even larger R, values than those measured. An example
for this is W62, which has a very distinctive chemical shift in all
mutants, but which cannot be detected above the noise in
2SSP. This suggests, that although they could not be assigned,
there could nevertheless be several residues in the -domain
with R, values of 15 s~ or greater.

In the B-domain and for residues 1-36, the R, values of 2SS
in water (pH 2) are very similar to those of the same variant in
8 M urea. For residues 95-115, however, some of the R, values
of 2SSP in water are considerably higher than for the variant in
8m urea. The R,, rates of 25SP in water are slightly lower than
the R, rates. This indicates that only a small amount of pus-ms
timescale exchange is occurring (Figure S4 in the Supporting
Information).

Backbone dynamics of 25S* in water, pH 3.8

At pH 3.8, 255% becomes partly folded. Therefore, R, values of
the partly folded state of 255 were measured in water, pH 3.8
at 293 K (Figure 6).

20 -

255" in water

255" in urea
“ 15
-1 10

R,ls
5
0 2 = 1L - . —
[i] 20 40 60 80 100 120
residues -

Figure 6. R, values for partly folded 255 in water, pH 3.8 and denatured
2SS%in urea (8 M, pH 2).
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The profile of the R, values is reasonably flat in the folded
region of the protein, as would be expected, and the average
R, value is 10.1s™" for all residues and 10.2 s~ for a-domain
residues. Some greater variation is observed in the (3-domain,
but it was not possible to measure R, values for all of this
domain due to a lack of assignments in the region. In total,
103 assigned R, values could be measured for the partly
folded lysozyme. R, values were also measured for most of the
unassigned peaks and the majority of these are around 5-
6 s~'. Thus, they are more similar to the values seen for dena-
tured lysozyme; this indicates that they arise from the unfold-
ed region of the variant. The unassigned resonances in the
region typical for glycine NH’s also have low R, values, thus
supporting the proposition that they are from a completely
unfolded conformer which is in equilibrium with the partly
folded conformer. The published R, rates of native lysozyme
were measured at 35°C and 500 MHz by Buck et al.”? and
Boyd and Redfield®’ and have an average value of 7.6s".
However, if the change in frequency and the effect of the 15°
difference in temperature on the solution viscosity and hence
the overall correlation time is taken into account, then a value
of ~11s™" would be expected for WT lysozyme at 20°C and
600 MHz (assuming an S? value of 0.9 for all residues). There-
fore, the R, rates of the a-domain of 255* in water (pH 3.8) are
just a small amount lower than those of the native lysozyme.
This suggests that the protein is just slightly more dynamic
than the wild type, probably due to missing structural con-
straints in the B-domain. When comparing the R, values of the
unfolded (8 M urea, pH 2) to those of the partly folded 2SS“
(water, pH 3.8), it is worth noting that the values of the resi-
dues that immediately surround C30, C115 and, to a lesser
extent, C127, are very similar in both measurements. Since, the
R, values for residues that surround cysteines in the partly
folded form of 2SS“ are not significantly higher than the aver-
age R, value of 10.1s™' (for assigned residues), there is little
evidence that millisecond-timescale chemical exchange is oc-
curring.

Discussion
Modelling of R, relaxation rates

R, rates of non-native states of proteins, in particular hen-egg
white lysozyme,%**3% have been modelled quite successfully
in the past by using a simple model that assumes that an un-
folded protein behaves like an unbranched polymer in solu-
tion. Primary factors that are responsible for an increase in the
R, rates—above an intrinsic R, rate that is determined by the
temperature and viscosity of the solution—are the length of
the polymer chain (i.e.: the number of residues) and the persis-
tence length of the chain. The addition of different terms into
an initial equation [Eq. (1)] that models the behaviour of a
“random coil” polypeptide chain, can characterise the effect of
the introduction of i) branching in the chain (i.e., addition of
disulfide bridges) [Eq. (2)], i) hydrophobic clusters [Eq. (3)], or
iii) exchange processes on the dynamics of the non-native
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Figure 7. a) Example of model R, rates for an unbranched polypeptide chain,
such as 0SS-WT. Values were obtained by using Equations (1) () and (3)
(—). The six hydrophobic clusters in non-native states of 0SS-WT are indi-
cated. b) Model R, rates for a branched polypeptide chain, such as 4SS-WT.
Values were obtained by using Equations (2) () and (4) ( ). The positions
of the cysteine residues in lysozyme are indicated above the graph.

states [Eq. (4)]. In Figure 7 a graphical illustration of the shape
of the fitting produced with each equation is shown.

R = RS exp(—’%j) 1)

. it dm;
Ry (i) = R Z exp (— T’) (2)
j=1 !
N
Ry(i) = R exp (— %)
1

, 2 (3)
+ Z Rclusterexp (_0.5 ( |I;%cluster| ) )

cluster cluster

Ncys

R,(i) = R™ XN: exp <7 dZa-) +RYND exp GW) (4)

=1 k=1

RI™ is a measure of the intrinsic relaxation rate; i and j repre-
sent residue numbers; N is the total chain length of the pro-
tein (i.e., number of residues); 1, is the persistence length of
the polypeptide chain (in number of residues); Aq.er and 4,
are the persistence lengths due to the effects of either the hy-
drophobic clusters or the exchange contribution from the di-
sulfide bonds, respectively. dm; is a topological distance matrix
which is used to count the number of covalent bonds along
the shortest path between residue i and j. R user aNd Yauster d€-
scribe the amplitude and position that characterise each clus-
ter and R is the amplitude of the exchange contribution
from the disulfide bonds. Cys, is the position of each cysteine
residue. Since in the case of an unbranched chain dm; reduces
to just (i—j), Equation (3) can be used to model both branched
and unbranched chains.

The R, relaxation rates of 0SS-W62G can, to a good approxi-
mation, be characterized by a model of an unbranched poly-
peptide chain given in Equation (1). The increased R, relaxation
rates (Figure 2a) of 4SS-W62G have been modelled as a
branched polypeptide chain, as given in Equation (2). The R,
rates of the lysozyme variants were analysed by using models
for the dynamical behaviour of either branched or unbranched
polymer chains, as described previously."**! The parts of the
protein where cysteine residues were substituted to alanine
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were analysed by using the model for an unbranched poly-
peptide chain. However, with the inclusion of a second term to
model hydrophobic clusters, the data were fitted to Equa-
tion (3). The parts containing native cysteines were analysed
with the model for a branched chain by using Equation (4).
The model values for a branched polypeptide chain just under-
going segmental motion were obtained with Equation (2).

The fitting of the R, rates of urea denatured 255“ to a com-
bination of the models for branched and unbranched polymer
chains [Egs. (3) and (4)] is shown in Figure 3. Relaxation rates
of residues in the a-domain were fit to the model for a
branched chain and those for residues in the [3-domain to the
model for an unbranched chain. Fitting of the data gave a
value for R&" of 43657, a R of 0.25s™' and a 4,4, value of
7. The R is thus reduced by more than a factor of two com-
pared to the value of 10.9 s™' that was obtained for 45S-WT.

The fitting of the R, data for 2SSP in urea (8 M, pH 2) to the
models for unbranched and branched polymer chains is pic-
tured in Figure 4. The four clusters present in the a-domain
can be distinctly identified. The clusters in the f-domain are
difficult to identify due to the summed effect of hydrophobic
clusters and elevated dynamics around the disulfide bridges.
As was seen for urea denatured 2SS°, the value for R™"=
42557 is lower than the value obtained for 4SS-WT (R™"=
10.9s7"), but 4,4, values of 7 are still obtained along with a
RM of 0.2557".

Correlation of the location of hydrophobic clusters and
disulfide dynamics

In the R, rates of native lysozyme there is little evidence that
the residues around the cysteines are affected by slow chemi-
cal exchange processes. This suggests that the rate of rotation-
al isomerisation of the disulfide bridging is most probably
slowed or completely retarded by the native structure. Two
out of the four disulfides (64-80 and 76-94) in native lysozyme
adopt a y; angle of around 90°, while the other two adopt an
angle of around —90° (Figure 1). These conformations are typi-
cal for disulfide bridges in proteins™ and suggest that disul-
fide isomerisation can be interpreted by a two-site exchange
between y; angle of +90°.

In a random-coil denatured-polymer chain containing a
single disulfide bond there are no significant and additional
barriers to the rotational isomerisation of this bond. However,
the introduction of hydrophobic clusters provides an energetic
barrier to disulfide bond rotational isomerisation. Disruption of
hydrophobic clusters by a mutation such as W62G, results in
much lower R, rates in the 455-W62G mutant than in 4SS-WT
when denatured in 8m urea. Here, we examine the effect of
the removal of disulfide bridging in individual domains on the
rate of rotational isomerisation of the remaining disulfides.

From the investigation of the relaxation properties of four
different variants of lysozyme, the following conclusions can
be drawn:

1) When the 2SS variants of lysozyme are denatured, either in
8M urea and/or water at pH 2, the hydrophobic clusters
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appear to be undisturbed by the presence or absence of
particular disulfide bridges—the R, rates over the parts of
the sequence that lack disulfide bonds are generally very
similar to those in 0SS-WT lysozyme. The disulfide bonds
therefore do not induce, but might stabilise, hydrophobic
clusters.

2) The R, rates of 255 in 8 M urea are more similar in the a-
domain to the R,, than the R, rates of the 4SS-WT dena-
tured lysozyme. This indicates that a large part of the barri-
er to disulfide isomerisation has disappeared. The amount
of us-ms chemical exchange seen to be affecting the R,
rates is dramatically reduced. We conclude that the remov-
al of the two p-domain disulfide bridges of lysozyme also
has an effect on the a-domain disulfide bridges; this sug-
gests a degree of cooperation between these two domains.
As the number of disulfide bridges increases so does the
barrier to disulfide-bond isomerisation. In the [-domain,
the protein has similar properties to 0SS-WT, with just the
interactions between hydrophobic residues affecting the R,
rates.

3) 2SSP exhibits converse behaviour. It has R, rates that are
similar to 0SS-WT in the a-domain, but which are close to
the R,, rates of 4SS-WT in the B-domain. The RZ" rate for
both variants is decreased by more than a factor of two
(Table 2). This supports the notion of cooperativity be-
tween the disulfide bonds in the two domains.

Table 2. Summary of calculated R, 1, 1, and RZ" values for differ-
ent lysozyme variants.

Lysozyme species Ry [s7] A Ay R&<h [57]
4SS-WT 0.29 7 10.9
0SS-WT (8 M urea) 0.25 7 n/a
2585¢ 0.25 7 4.36
25sP 0.25 7 425

4) The folded regions of the partly folded 2SS* in water
(pH 3.8) behave much like the corresponding areas in
native lysozyme. The unstructured parts, however, behave
like a completely random-coil protein. For this state, an ad-
ditional unfolded conformer can be identified. The simulta-
neous existence of this additional unfolded conformer with
the partly folded conformation of 255 is interesting partic-
ularly, as the nonoxidative folding pathway of lysozyme is
known to consist of at least two parallel routes.*>*? The
majority of molecules fold through a slow pathway with
folding intermediates. However, approximately 20% of the
molecules fold through a faster pathway that involves no
intermediates.”>** |n the slower pathway, the first inter-
mediate formed is one where the a-domain is protected
from hydrogen exchange, but the B-domain is still ex-
posed.

Disulfide bridges in protein folding

In the oxidative folding of a protein, the introduction of a di-
sulfide bridge is thought to have a mainly entropic effect on
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the unfolded state; by imposing distance and angle constraints
between the C; and C, atoms of the two cysteine residues
that are involved in forming the bridge, the conformational en-
tropy of the system is greatly reduced.”*=" The farther apart
the two cysteines are in the primary structure, the greater this
decrease in conformational entropy will be. Disulfide bridges
have also been suggested to have an enthalpic effect by stabil-
ising local interactions such as those between hydrophobic
residues which cause local clusters."™ The entropic effect
might be one reason why 255“ is partly folded under native-
like conditions, whereas the 2SS is unstructured. The cysteine
residues that form the disulfide bonds in the a-domain are
much further apart in the primary sequence than those in the
-domain. Consequently, when they form disulfide bonds the
conformational entropy decreases much more than the forma-
tion of those in the 3-domain. Whether the disulfide bridges in
lysozyme have a stabilising effect on hydrophobic interactions
is less clear; the presence or lack of disulfide bonds seem to
have no effect on the hydrophobic interactions as judged by
the dynamics of the unfolded states. Some hydrophobic col-
lapse occurs before the formation of disulfide bridges in the
folding of lysozyme, and almost all hydrophobic clusters identi-
fied by dynamics surround cysteine residues. These findings
suggest that in fact the hydrophobic interactions help to bring
the cysteine residues into a position where they can form a di-
sulfide bridge.

In order to look at the effect disulfide bridges on the folding
of hen-egg-white lysozyme, it is also useful to compare the
structural details of variants of lysozyme that contain different
numbers of disulfide bridges. In the absence of disulfide
bridges—caused either by the S-methylation of the cysteine
residues, or their substitution with alanines or serine—the pro-
tein is unfolded even under native-like conditions.®>*¥ The 1SS
variants of lysozyme, which have one native disulfide bond,
are also unstructured.®¥ The different 3SS variants of lysozyme
have been studied by NMR spectroscopy and X-ray crystallog-
raphy. These variants were generated either by selective car-
boxymethylation of C6 and C127 (CM%'? lysozyme),* isolation
of a kinetically trapped three-disulfide intermediate des-[76-
9419 or cysteine-to-alanine/serine substitution to produce
three-disulfide variants C64A/C80A, C76A/C94A and C30A/
C115A.P All of the 3SS variants have CD spectra that are simi-
lar to native lysozyme, but differences in their structural prop-
erties have been detected. CM*'? lysozyme has a virtually
identical structure to native lysozyme. In the 3SS[6-127,64-
80,76-94] variant, one helix and a helix interface in the a-
domain are either unstructured or have large fluctuations.
3SS[6-127,30-115,76-94] has regions in the p-domain that
remain unstructured and flexible, whereas 3SS[6-127,30-
115,64-80] has a compact native-like structure in both the a
and f§ domains.

By using Equation (2), R, rates for oxidised lysozyme with dif-
ferent numbers of disulfide bridges and with and without
(here only the first part of the equation is used) hydrophobic
clustering can be predicted (Figure 8). Examination of these
calculated rates shows that the introduction of a disulfide
bond into lysozyme changes the R, rates differently depending
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Figure 8. Graphs showing predicted R, rates for different denatured variants
of lysozyme. The values were calculated by using Equation (2). a) 4SS-WT,

b) 255 c) 25SSP, d) 15S[6-1271, e) 15S[30-115], f) 155[64-80] and g) 155[76-94].
Gray dotted lines in a), b) and ¢) illustrate the predicted R, rates when the
fitted hydrophobic clusters of 0SS-WT are added to those calculated from
Equation (2).

on the position of the bond. For example, the RT™ for 155[30-
115] is significantly higher than that of 15S5[6-127]. The calcu-
lated R, rates for the 2SS variants illustrate that the introduc-
tion of a second disulfide bond to the a-domain of an a-
domain 1SS variant has a much greater effect on the R, rates
of the protein as a whole, than when the bond is introduced
in the B-domain of a f-domain 1SS mutant. The calculated
rates for the 4SS protein are almost a linear combination of
the a- and B-domain rates from 255 and 25SP with small addi-
tional increases that are due to the proximity of SS[30-115]
and SS[76-94].

The calculated R, rates correlate well with the structural de-
tails known for lysozyme variants. The introduction of SS[30-
115] creates the largest increase in R, rates and therefore
causes the most constraints to the motions of the protein. This
could explain why the 3SS variant that lacks this disulfide
bond is the least structured of the 3SS mutants and also why
des[30-115] has not been observed in the oxidative folding
pathway of lysozyme.”® This stabilising effect of the SS[30-
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115] bond could also partly explain—in addition to the entrop-
ic effects mentioned earlier—why 2SS* is partly folded and
255P completely unfolded.

In conclusion, the work presented here supports the frame-
work for the interpretation of relaxation rates in partly oxidised
non-native states of proteins. In the absence of hydrophobic
clusters, the relaxation rates can be interpreted by a topologi-
cal description of the polymer. In turn, deviations from these
predictions clearly correlate with additional barriers on torsion
angles. Together with mutational studies, NMR spectroscopy
allows the dissection of the contribution of hydrophobic clus-
ters and disulfide bridges to the dynamic heterogeneity of
non-native protein states. Due to their slow timescales, these
effects inevitably result in significant barriers in the course of
protein folding.

Experimental Section

Preparation of hen-egg-white lysozyme mutants: The two disul-
fide-bridge variants of lysozyme, 2SS* (C64A, C76A, C80A and
C94A) and 2SSP (C6S, C30A, C115A and C127A) were prepared as
described by Tachibana et al. and Noda et al.”>*% Protein was over-
expressed in E. coli grown in M9 media, purified from inclusion
bodies and oxidatively refolded as detailed by Tachibana et al. and
others 12345 preparative reverse-phase HPLC was used to separate
the different 2SS isomers.?*3¢

NMR measurements: Lyophilised samples of the 2SS lysozyme var-
iants were dissolved in either H,O (90%)/D,0 (10%), pH 2 or 3.8, or
urea (8Mm) with D,0 (10%) at pH 2. Sample concentrations were
~1 mwm for 255 and 300 pm for 2SSP in water or urea.

All NMR experiments were recorded on either a Bruker DRX600
spectrometer with a z axis gradient 'H{"*C,"’N} triple resonance
probe or a Bruker AV 900 MHz spectrometer equipped with a
5 mm 'H{"*C/"®*N} XYZ-Grad TXI probe. For the assignment of the
peaks in the 'H,"°N-HSQC spectra of the unfolded 2SS variants, 3D
'"H—"H-""N NOESY-HSQC spectra were recorded at 293 K with
mixing times of 200-250 ms. A natural abundance HNCA was re-
corded at 900 MHz by using a 5 mm "H{**C/"*N} cryoprobe, on 25SP
in water at 293 K. All relaxation experiments were measured at
600 MHz at 293 K. Backbone NH 'N-relaxation times were mea-
sured with a standard CPMG pulse sequence®”*® either as a set of
9-10 2D experiments or in an interleaved fashion. For each
sample, seven different R, delays were used between 18 and
252 ms; two or three delay values were repeated. Experiments
were acquired with either 8 or 16 scans with a delay of 3 s be-
tween scans.

In order to assess the temperature dependence of the partly
folded 2SS* in water a series of '"H—"°N HSQC spectra were mea-
sured at 5 K intervals between 293 K and 308 K.

R:, measurements were performed with a pulse sequence derived
from that of Korzhnev etal.,*” with adiabatic pulses before the
spin-lock pulse.®™™ Experiments were measured interleaved with a
spin-lock field strength of 1.7 kHz and a 2 kHz "N offset. For each
sample, 5-7 delay values between 20 and 160 ms were recorded.
These were interleaved and three delay values were repeated for
error analysis. A delay time of 3.5 s between scans was used. Data
processing was carried out with either XWinNMR (Bruker) or
NMRpipe.® Spectra were analysed by using XEASY®? and
Felix2000 (Biosym/MSI, CA, USA). R, and R, relaxation times were
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determined from peak heights as described by Stone et al.®*¢! by
using programs provided by A. G. Palmer.”*”
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