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Simulations of Human Lysozyme: Probing the Conformations
Triggering Amyloidosis

George Moraitakis and Julia M. Goodfellow
School of Crystallography, Birkbeck College, University of London, London WC1E 7HX, United Kingdom

ABSTRACT A natural mutant of human lysozyme, D67H, causes hereditary systemic nonneuropathic amyloidosis, which can
be fatal. In this disease, insoluble b-stranded fibrils (amyloids) are found in tissues stemming from the aggregation of partially
folded intermediates of the mutant. In this study, we specifically compare the conformation and properties of the structures
adopted from the induced unfolding, at elevated temperature, using molecular dynamics. To increase the sampling of the
unfolding conformational landscape, three 5 ns trajectories are performed for each of the wild-type and mutant D67H proteins
resulting in a total of 30 ns simulation. Our results show that the mutant unfolds slightly faster than the wild-type with both wild-
type and mutant proteins losing most of their native secondary structure within the first 2 ns. They both develop random
transient b-strands across the whole polypeptide chain. Clustering analysis of all the conformations shows that a high
population of the mutant protein conformations have a distorted b-domain. This is consistent with experimental results
suggesting that this region is pivotal in the formation of conformations prone to act as ‘‘seeds’’ for amyloid fiber formation.

INTRODUCTION

Human lysozyme is a 130-residue protein found in secretions

(e.g., saliva, sweat, and mucus) and more generally in

leukocytes and kidneys. It is an enzyme that hydrolyzes

preferentially the b-1,4 glucosidic linkages between N-ace-

tylmuramic acid and N-acetylglucosamine that occur in

the mucopeptide cell wall structure of certain microorgan-

isms (Chipman and Sharon, 1969). The wild-type human

lysozyme has been crystallized and its structure elucidated

by Artymiuk and Blake (1981) at 1.5 Å resolution (Fig. 1,

left). Its native structure consists of two domains: an

a-domain that has four a-helices (A–D) and one 310 helix,

and a b-domain, which consists mainly of an antiparallel

b-sheet and a long loop. The active site is located in the cleft
that is formed between these two domains. The protein

contains four disulphide bonds of which two are located in

the a-domain, one in the long loop of the b-domain, and one

that connects the two domains.

There are two known natural mutations of the human

lysozyme: D67H and I56T (Pepys et al., 1993). They both

cause autosomal dominant hereditary nonneuropathic sys-

temic amyloidosis. This is a condition whereby there is tissue

deposition in viscera and other body cavities of normally

soluble autologous proteins as insoluble fibrils called amy-

loids. The core of these fibrils structure consists of b-sheet
with the strands perpendicular to the long axis of the fiber

(Pepys, 1996). Amyloids can be formed from proteins of

diverse sequence, fold, and function and are known to lead

to serious medical conditions such as Alzheimer’s disease

and spongiform encephalopathies (Kelly, 1998). Although

the mechanism of fibrilogenesis is not clear, it has been

suggested that it is related to changes in stability and

tendency to aggregate due to mutations. More specifically,

Booth et al. (1997) proposed that a partially folded transient

population of the amyloidogenic proteins, which lacks global

cooperativity, undergoes structural transformation (a helix-

to-sheet transition) and creates the first template, the ‘‘seed’’,

for further protein deposition and fibril formation. In a re-

cent paper, Morozova-Roche et al. (2000) show that the

presence of these ‘‘seeds’’ for both wild-type and the two

natural mutants of human lysozyme facilitate the formation

of fibrils.

We focus on the behavior of the D67H variant. The

crystallized structure of this mutant (Booth et al., 1997) at

1.75 Å resolution is quite similar to that of the wild-type

(Fig. 1, right). However, because of the mutation, the net-

work of hydrogen bonds that stabilizes the b-domain is de-

stroyed. This results in a large concerted movement of the

b-sheet and the long loop within the b-domain. This dis-

tortion of the b-sheet propagates partially downstream to

Ile56, the residue at the interface of the two domains, for

which increased B-factors have been found.

To understand the behavior of the partially folded

structures that may trigger amyloid formation, we explore

the conformations adopted during the induced unfolding of

the wild-type and mutants at high temperatures (500 K)

using molecular dynamics (MD) simulations. The temper-

ature denaturation of proteins using MD is considered as one

of the most straightforward computational experiments

(Brooks, 1998). The great advantage of unfolding simu-

lations is that they allow the investigation of the confor-

mational properties at every point along the unfolding

pathway (Li and Daggett, 1994). There are many examples

of their use (Daggett, 2000) and these have led to detailed

insight of experimental results of protein unfolding (Li and

Daggett, 1998; Alonso and Daggett, 2000) and the study of
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the folding pathway (Karplus and Sali, 1995). Lysozyme

from hen egg white has been extensively investigated by

means of unfolding simulations (Mark and van Gunsteren,

1992; Hünenberger et al., 1995; Williams et al., 1997; Kaz-

mirski andDaggett, 1998; Gilquin et al., 2000) with the aim to

investigate several issues such as the stability and folding of

the protein. The human and hen forms of lysozyme have 60%

sequence similarity but very similar 3D structure.

In our study, we attempt to examine and compare the

structure and properties of the partially folded intermediates

obtained from the induced unfolding of the wild-type and the

D67H form.

MODEL AND SIMULATION DETAILS

The crystal structures of the wild-type (1REX) and the mutant (1LYY)

lysozyme are the starting point of the simulations. Hydrogen atoms are

added and the final system includes solvent molecules that are represented

by the SPC216 model (Berendsen et al., 1981). All atoms are explicitly

represented. The solvated model is contained in a rectangular box (70 3 70

3 70 Å) using periodic boundaries conditions (Allen and Tildesley, 1987).

The building of the protein models and all their simulations are carried out

with the GROMACS suite of programs (Berendsen et al., 1995). The

GROMOS 96 force field is used to describe the atomic interactions (van

Gunsteren et al., 1996). For the correct treatment of long-range elec-

trostatics, we make use of the particle mesh Ewald summation algorithm

(Darden et al., 1993). The high frequency degrees of freedom from the

covalent bonds of hydrogen atoms are constrained using the LINCS algo-

rithm (Hess et al., 1997) and thus the time step is increased from 1 to 2 fs.

The system is coupled to an external temperature bath with a separate

bath for the solvent and the solute (Berendsen et al., 1984). The regulation of

the pressure is achieved by means of a pressure bath. Data on the trajectories

are saved every 0.2 ps. For these simulations, we use an in-house multi-

processor Origin 2000 with four CPUs. The total central processing unit time

for all simulations was ;48 days.

To minimize the initial system, we use a combination of the conjugate

gradients and steepest descent methods in which after every 50 steps of

conjugate gradients, one step of steepest descent is performed. The mini-

mization is terminated when the overall force of the system is 100 N or after

5000 steps. This protocol is first used to minimize hydrogen atom and

water molecules positions and then extended to the whole system. To further

optimize the arrangement of the solvent around the protein and alleviate

high energy regions (hot spots), the water molecules only are assigned initial

velocities from a Gaussian distribution generated from a random seed and

then warmed up from 50 K to 300 K over 10 ps of MD. This is followed by

equilibration of the water molecules at 300 K for 30 ps. Then the whole

system (including the previously constrained protein) is assigned initial

velocities from a Gaussian distribution generated by a random seed for 50 K,

warmed up to 300 K for 10 ps, and finally equilibrated at this temperature for

1000 ps. The 1000 ps trajectory at 300 K serves as a control simulation. The

last conformation of the system obtained from this trajectory is used as the

starting structure for the unfolding simulation in which the system is

warmed up to 500 K for 10 ps and is subsequently maintained at this temper-

ature. To enhance the sampling of the unfolding pathway, long multiple

trajectories are performed by assigning velocities generated from different

seed numbers. Three 5000 ps high temperature (500 K) and three 1080 ps

control (300 K) simulations are performed for each lysozyme form.

MD analysis

In the analysis, the root mean-square deviation (RMSD), solvent-accessible

surface area and secondary structure content plots are calculated using the

analysis programs provided by GROMACS. The secondary structure

analysis is carried out using the Kabsch and Sander algorithm (1983) incor-

porated in their DSSP program. The interresidue distances and the clustering

analysis is performed with software written in-house. The percentages of

secondary structure content per region across all trajectories are derived as

follows: First, the percentage in each of the four secondary structure con-

formation (helix, strand, turn, coil) contained in the specified regions is cal-

culated for each structure sampled from the three unfolding trajectories.

Then, four sums of percentages across all trajectories are obtained and each

one is divided by the total number of the 500 K snapshots to derive the

percentages shown in Table 1.

The number of pairwise distances of all residues within 8 Å (closest

atoms distance) is calculated for each conformation in the trajectory and for

the crystal structure. For the latter, all these residue contacts are referred to as

native contacts as opposed to the nonnative contacts of pairs of residues that

are situated within the 8 Å cutoff but are not present in the native structure

(crystal structure).

The distance matrix used in the clustering is constructed from the column

vectors of a properties’ matrix. Here the properties’ matrix of the confor-

mations observed during the trajectories contains four rows corresponding to

four properties: 1), the number of native residue contacts, 2), the number of

FIGURE 1 Crystal structures of the wild-type (left) and the D67H (right)

human lysozyme and the mutation site (residue 67) and Ile56, located in the

interface of the a- and b-domains, are shown as ball and sticks. The sulfur

atoms of the disulphide bonds as well as the N- and C-termini atoms are

shown as spheres.

TABLE 1 Secondary structure content in lysozyme during

the unfolding simulations

Helix (%)* Strand (%)* Turn (%)* Coil(%)*

Regions (residues) WT D67H WT D67H WT D67H WT D67H

Helix A (5–14) 55 50 1 2 26 35 18 13

Helix B (25–36) 23 32 4 5 36 36 37 27

Strand 1 (43–46) 1 0 20 17 21 21 58 62

Strand 2 (51–54) 0 5 35 20 16 35 49 40

Loop (60–78) 4 5 11 8 50 56 35 31

Helix 3/10 (81–85) 23 12 2 3 44 47 31 38

Helix C (90–100) 40 34 2 3 35 35 24 28

Helix D (110–115) 30 24 6 5 43 35 21 36

*The percentage is calculated from accumulative sums of secondary

structure within given regions across all conformations sampled during the

trajectories.
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nonnative residue contacts, 3), the number of residues in secondary structure

elements (a-helix, b-sheet, b-turn), and 4), the number of residues in random

coils. The reason that those properties have been chosen is because it has

been observed from our plots that they change with time during the unfolding

unlike other properties such as solvent-accessible surface area (SASA), Rg,

and number ofH-bonds that oscillate around their initial value. Thus, the latter

cannot discriminate easily between conformations obtained in different times

during the unfolding).

The Mahalanobis distance (Mahalanobis, 1930) is used for the con-

struction of the distance matrix. The elements of this matrix are calculated

by the following formula:

D2
ij ¼ ðxi � xjÞT C�1 ðxi � xjÞ:

Here, x is a column vector of the properties’ matrix and C is the covariance

matrix (each vector has four elements so a 4 3 4 covariance matrix is

generated). The use of Mahalanobis distance removes several of the

limitations of Euclidian distances used by others for classifications of MD

simulations (Kazmirski et al., 1999) as it automatically accounts for the

scaling of the coordinate axes and also it corrects for correlation between the

different features (e.g., residue contacts and secondary structure content). It

is also valid regardless if the variables are normally distributed or not (Otto,

1998). In the distance matrix, all the conformations sampled (i.e., from all

trajectories) are considered.

We use hierarchical clustering to group the conformations by trans-

forming a set of data points with a given measurement for dissimilarity (the

distance matrix) into a sequence of nested partitions (a dendrogram). We use

agglomerative methods to build the dendrogram. These involve starting with

each data point as a single cluster and subsequently merge these together. In

particular we make use of the group average distance hierarchical algorithm:

At each step, we seek the shortest distance of a pair of clusters in the distance

matrix and merge them together. A new distance matrix is created in which

the new distances of all the clusters from the newly created matrix are based

on the average distance of their members (Everitt, 1993; Späth, 1980). This

process is continued until no distance in the distance matrix occurs below

a set cutoff. We have selected this cutoff to be the point in the process at

which a cluster formed contains more than 20% of the conformations. This is

a practical but somewhat arbitrary choice to limit the number of clusters

formed and thus simplify the analysis. Our results using this clustering

algorithm have been verified against other statistical packages such as S-

PLUS (Venables and Ripley, 1999).

RESULTS AND DISCUSSION

Three 5-ns trajectories at high temperature are performed for

the wild-type (WT 1, WT 2, WT 3) and three for the mutant

(D67H 1, D67H 2, D67H 3) to increase the sampling of

the unfolding conformational space (Kazmirski et al., 1999).

Clustering techniques are used to probe for the most pop-

ulated average conformations. Analysis of these conforma-

tions is carried out to ascertain the structural features of any

seeds that have the potential to lead to fiber formation.

Analysis of the individual trajectories

At 300 K we observe that the RMSD based on the Ca atoms

plateaus around 0.2 nm from the crystal structure for all tra-

jectories (Fig. 2) and thus agrees with previous results on

the equilibration of a native protein structure at this tem-

perature by Kazmirski et al. (1999). At 500 K, we find that

all simulations have similar rates of increase in RMSD for

the first 1000 ps. However, after this point, the D67H mutant

trajectories exhibit a larger increase in RMSD compared to

that of the wild-type trajectories. The values of the RMSD

near 5000 ps seem to converge for all trajectories.

The root mean square fluctuations of the atoms across all

the simulations of the mutant and the wild-type form have

been calculated for the Ca atoms (Fig. 3). We observe that

during unfolding, D67H tends to have higher fluctuations

in most of the regions. This difference is most notable in the

b-domain and, in particular, in a region just after the muta-

tion site (residue 67) that belongs to the loop in this domain.

This region of the loop demonstrates also a sharp difference

in fluctuation even at 300 K. Such behavior is expected as the

hydrogen bonding network connecting this loop region with

FIGURE 2 Plot of root mean-square deviation (in nm) for Ca atoms as

a function of time (ps) with respect to the crystal conformation. Results are

shown for both unfolding (500 K) and control trajectories (300 K).

FIGURE 3 Root mean-square fluctuations of the Ca atoms during the

unfolding and 300 K simulations. The light gray triangles represent the Ca

atom at Ile56 whereas the squares with the cross represent the mutation site

Ca atoms. The atoms of the residues involved in disulphide bonds are also

shown (yellow circles). Regions of b-strand and a-helix of the protein are

shown.
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the S1 and S2 regions in the wild-type is disrupted due to the

mutation, thus leading to a more unrestrained motion of the

loop even at normal temperature. The mutation site is more

flexible in the mutant during the simulations than in the wild-

type. The higher flexibility of the b-domain in D67H implies

that it is less stable than that of the wild-type, which is in

agreement with the work of Booth et al. (1997) where the

calculated B-factors for this domain are increased.

Interresidue distances change dramatically during the un-

folding simulations, with residues originally distant in the

native structure now being found in close proximity and vice

versa. Residue contacts can be classified as native contacts

(those found in the native structure) and nonnative contacts,

which are formed during the simulation but not found in the

native structure. For the unfolding simulations at 500 K, we

have observed that the trajectories have a similar rate of loss

of native contacts and formation of nonnative contacts for

the first 1000 ps. Subsequently, the mutant simulations show

a slight increase in loss of native contacts and also an in-

creased formation of nonnative, with all trajectories converg-

ing by 5000 ps. For the control simulations at 300K, we

observe that the number of interresidue contacts remains

fairly constant. Thus, results from these contact plots are

consistent with the analysis of RMSD.

The total and hydrophobic residues SASA has been

calculated for both lysozyme domains and for the whole

protein. Plots for all atoms and for backbone amides and

carbonyls have been generated. In all cases SASA does not

change greatly with time in any trajectory at 500 K, for

the wild-type nor for the mutant. During the unfolding of

a protein, it is expected that more residues become accessible

to solvent. Although a slight increase is observed for all

the trajectories between 0 and 1000 ps in the SASA of hydro-

phobic residues, most of the time it is around the average

value of 40 nm2. The total SASA increases slightly in the

first 500 ps and then acquires a steady value. We noted also

a small jump near 4500 ps that is common for all the trajec-

tories. These results for SASA are consistent with the analysis

of the radius of gyration against time, which similarly shows

no major change with time during the simulations.

The reason for the lack of overall change of the radius of

gyration and SASA may be the presence of four disulphide

bonds. In the classical force field, which is used in MD

simulations, the disulphide bonds are kept intact irrespective

of the increased temperature conditions. In a separate set of

simulations (data not shown) in which the disulphide bonds

of the two forms are reduced, it is observed that at high

temperature both SASA and the radius of gyration increase

after 1.5 ns. At the same time, the percentage of secondary

structure decreases faster than in the normal simulations.

One effect of the disulphide bonding is that the residues

involved in this are less flexible, as illustrated from our root

mean-square fluctuation plots (Fig. 3), where the Ca of these

residues have the lowest fluctuations. This is consistent with

the crystallographically derived B-factors for the structure.

We have also calculated the average SASA per residue

across all conformations sampled to examine the pattern of

solvent exposure in the different regions of the protein. We

observe that most of the mutant b-domain residues have

increased SASA compared to the wild-type ones (Fig. 4).

Particularly the mutated residue, His67, shows ;2.6 times

larger SASA than Asp67. The second half of helix C and the

loop that follows up to helix D have also increased SASA

in the mutant. On the contrary, the N-terminal part of the

a-domain and particularly the second half of helix B have

smaller solvent exposure compared to the wild-type.

For all the trajectories, we find that the secondary structure

profile changes significantly during the simulation. Initially,

most residues are in a specific secondary structural confor-

mation, but the number of such residues drops gradually and

reaches a plateau after ;4 ns. At the same time, random

coil conformations become gradually predominant. Analy-

sis of the time course of secondary structure shows that a),

the original b-strands are destroyed before the helices; b),

the helical elements are eventually replaced by coils, bends,

and turns; and then c), transient b-strands and bridges appear
in many areas across the polypeptide chain.

The changes of the secondary structure content during the

unfolding in separate regions of the lysozyme are depicted in

Table 1. As the regions selected are entirely composed of one

of the four conformations in the native structure, we can

have a rough estimation of a), how much of the original

conformation is retained during the unfolding, and b), what

other conformations are acquired during the simulation.

Our first observation is that the original secondary con-

formation is converted mostly to coils and turns during

the simulations. Helix A, in particular, has ;50% of the

time helical components for both the wild-type and mutant

whereas helix 310 has the least retention of its original con-

formation. In very few cases, there is partial conversion from

helix to strand and even less from strand to helix. We can

FIGURE 4 Percentage of difference (%DSASA) of D67H average SASA

per residue from WT across all conformations sampled. The percentage is

calculated from %DSASA ¼ ððSASAMut=SASAWTÞ � 1Þ3 100, unless the

SASA of the mutant is smaller than theWT, in which case we invert the ratio

in the equation and make the percentage negative. All atoms are taken into

account for the calculations of SASA. The residue 67 bar is shown.
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also observe that the WT structures tend to have higher

percentages of the original secondary structure conformation

than the mutant structure with the exception of helix B.

Conversely, the turn content is higher for the mutant in all the

regions.

The hydrogen bonding across the protein, during unfold-

ing, has also been examined, although in part it is related to

the interresidue contacts analysis described previously. The

total number of H-bonds is initially;100 and then, after 500

ps, it drops to around an average of 75 (within the range of

60–90) for the rest of the trajectory. This applies to all of the

trajectories at 500 K. The explanation for this observation

may be related to the changes in the secondary structure; the

native structure is rich in helices and strands, both of which

involve many hydrogen bonds. During the unfolding, we

have observed that these elements are converted to coils (no

hydrogen bonds) and turns (contain smaller hydrogen

bonding network).

Clustering of the trajectories’
conformations and analysis

More informative analysis of multiple trajectories can be

obtained by accumulating all snapshots from each trajectory

and clustering into those with similar properties. This is par-

ticularly useful since we cannot discriminate which trajec-

tory is more ‘‘significant’’ than the others (Worth et al.,

1998). All the conformations generated from the three trajec-

tories of each lysozyme form are clustered (using a hierar-

chical clustering procedure) to generate average structures

ranked by the population of the cluster they represent. This

clustering is based on residue contacts and secondary struc-

ture content (as described in methods). The resulting confor-

mations are shown in Fig. 5.

Analysis of the wild-type trajectories leads to 21 clusters

(Fig. 6 A). The most populated, WC1, contains 20.4% of

the total population, followed by two clusters with the order

of 14% and two more of 10%. Five more clusters ranging

between 3 and 7% are found and the rest are below 2%. For

the D67H mutant, where 21 clusters are assigned using the

same cutoff criteria as the WT (Fig. 6 B), the distribution is

slightly different. The largest group contains 20.6% and fol-

lowed by three clusters, each of ;16% of the total pop-

ulation. One cluster of;12% and one of 7% exist, and three

more groups ranging from 2 to 4% are assigned. The rest

have populations ranging between 0.46 and 0.07%. A small

proportion of the conformations of both lysozyme forms are

grouped in clusters (namedWC8 andMC8) that both contain

elements from the initial stages of the unfolding trajectory.

The average structural features of these clusters are given

in Table 2. The most populated conformations for both

the WT and the mutant have lost most of their secondary

structure content and the original native contacts. It appears

though, that the WT clusters are usually populated by confor-

mations retaining more native contacts (i.e., a higher fraction

of the initial conformation) than its mutant counterpart.

Additionally, the populated mutant clusters contain confor-

mations usually with greater nonnative contacts. In many of

the clusters there are conformations that contain a high pro-

portion of residues in random coils. However, theWT clusters

appear to contain a higher percentage of secondary structure

elements (helices and sheets) than the mutant.

The major impact of unfolding can be seen in plots of

interresidue contact distances. These contact maps for the

average structures of the two most populated clusters and the

crystal structures are plotted in a 2D color map of all-against-

all residue distances (Fig. 7). In the most populated cluster

of the mutant (MC1), the b-domain (especially in the region

of the b-strands) exhibits a very different set of contacts

compared with those in crystal structure and with those in

other clusters from the mutant trajectories.

Specifically, in the MC1 cluster, the region around Ile56,

located in the interface between the a- and b-domain, loses

contact with helix B and helix 310. Those two contacts are

present in the crystal structures and 300 K simulations of

both lysozyme forms and they exist as well in the average

structure of the most populated clusters of the wild-type. The

distribution of these distances in the conformational space

sampled with the simulations is shown in Fig. 8. We observe

that at 500 K, for the Ile56-helix B contact, the mutant

exhibits a characteristic two-peak distribution. One of the

peaks is near the value of the crystal structure and the WT

distance distribution. The second peak, however, lies at

a greater distance apart. In a similar fashion but with less

intensity, we observe a twin-peak distribution of the Ile56-

helix 310 distance for the MC1. A comparison of the means

and standard deviations of the plots are shown in Table 3.

The mean and the standard deviations of the distributions of

the unfolding simulations have been compared using

standard statistical methods (t-test and F-test) and found

that their difference is significant (both tests fall within the

95% confidence interval).

Comparison with experimental data
and other simulations

Comparisons with experimental data can be made by con-

sideration of the RMSD and residue contacts against time.

Thus, we observe that at 500 K, the RMSD of the mutant

increases at a higher rate than the RMSDof thewild-type after

1000 ps, an indication that the mutant is more susceptible to

the artificial high temperature applied. This implies that the

mutant’s conformation may be more sensitive to conditions

that affect structural integrity (e.g., temperature, pH) and thus

it is potentially easier to unfold and in this sense may be less

stable than the wild-type. Using this logic, these results are in

agreement with data from circular dichroism (Booth et al.,

1997) and stopped-flow fluorescence experiments (Canet

et al., 1999), which show that both natural mutant forms of

lysozyme are less thermostable than the wild-type.
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FIGURE 5 Average structures of the 10 most populated clusters. The mutation site (residue 67) is shown as ball and sticks. The N- and C-terminal are shown

as green and blue spheres, respectively. The disulphide links are also shown as spheres. The clusters for the WT (A) are denoted as WC1, WC2, etc., whereas

the ones from the mutant (B) are denoted as MC1, MC2, etc. The models have been obtained after least-square fitting each of these conformations to the

respective initial models (crystal structure 1 hydrogens). Thus, the orientation and shape of the structures are relative to the ones shown in Fig. 1. The dotted

lines show the distance between Ile56 and helix 310 and the distance between Ile56 and helix B.
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Canet et al. (2002) have very recently published their

results from 2D NMR and mass spectroscopy in conjunction

with hydrogen exchange methods on the structure of the

wild-type and D67H mutant. Comparison of the protection

factors per residue show that the b-domain and part of

the helix C appear to be less protected from H exchange in

the mutant, which is consistent with our findings that these

two regions have higher SASA than the wild-type. Our

simulations also show that there is a larger population of

intermediates than the wild-type in the D67H mutant that

have simultaneously the b-domain and helix C unfolded.

In high temperature (498 K) unfolding MD simulations

carried out in hen egg white lysozyme (Kazmirski and

Daggett, 1998), the partially folded intermediates identified

show increased nonnative structure. This is consistent with

our findings for the most populated clusters of conformations

sampled during the high temperature simulations whereby

nonnative contacts are increased across the polypeptide chain.

Another common feature is that the radius of gyration of the

intermediates increases slightly (;10%) in comparison to the

300 K simulations. These intermediate states show a slight

change in nonpolar SASA in comparison to the crystal

structure, and again, this is consistent with our findings.

During induced unfolding at 500 K, both wild-type

and mutant lysozyme demonstrate increasing loss of their

original secondary structure. The results from the analysis of

secondary structure content against time show that most

of the original secondary structure elements are lost within

the first 2.5 ns. An interesting feature is that the b-domain is

destabilized first and then the a-domain follows. This is in

agreement with previous unfolding simulations of hen egg

white lysozyme at 500 K (Kazmirski and Daggett, 1998).

Also data from refolding experiments (using stopped-

flow amide hydrogen exchange and mass spectroscopy by

Miranker et al., 1991, 1993) show that ;80% of the re-

folding molecules have their amide hydrogen atoms in the

a-domain protected before those in the b-domain. Pepys

et al. (1993) also showed that the b-domain is more unstable

than the a-domain.

The destabilized secondary structure in both wild-type

and mutant lysozyme forms gives rise to random transient

b-turns across the whole polypeptide chain. b-turns do not

generally constitute stable structural elements (Tobias et al.,

1990), which explains their transient nature in our simu-

lations. However, based on both experimental evidence

(Zimmerman and Scheraga; 1977, Dyson et al., 1992), and

FIGURE 6 Dendrograms of (A) the wild-type and (B) the mutant,

produced using hierarchical clustering. For clarity, only the branches up to

the cutoff point are shown. The green circles represent the clusters derived.

The 10 biggest clusters are labeled (e.g., WC1).

TABLE 2 Average structural properties of the (A) wild-type and

(B) D67H mutant clusters given as the numbers of residues in

a particular secondary structure conformation

Cluster

Population

(%)

Native

contacts

(% retained)

Nonnative

contacts

No. residues

in helix or

sheet or

turn*

No.

residues

in coil*

A. Wild-type

WC1 20.37 140 (38) 240 31 52

WC2 14.63 182 (49) 175 55 42

WC3 13.71 191 (52) 173 51 48

WC4 10.20 117 (32) 267 39 56

WC5 9.74 164 (44) 237 50 45

WC6 6.79 116 (31) 238 32 61

WC7 5.97 107 (29) 247 33 54

WC8 4.66 270 (73) 94 78 28

WC9 4.17 148 (40) 265 34 54

WC10 3.41 108 (19) 283 30 49

Crystaly – 370 (100) 0 89 19

B. D67H mutant

MC1 20.61 109 (31) 297 38 53

MC2 16.54 132 (37) 269 33 50

MC3 16.54 126 (35) 250 33 57

MC4 16.21 108 (30) 256 38 49

MC5 11.90 221 (62) 142 69 33

MC6 7.01 159 (45) 183 48 50

MC7 3.95 133 (37) 256 29 49

MC8 2.45 273 (76) 94 71 31

MC9 2.25 208 (58) 132 52 43

MC10 0.46 121 (34) 326 34 56

Crystaly – 357 (100) 0 93 18

*The rest of the 130 residues are in b-bends and b-bridges.
yFor comparison, the structural features of the respective crystal structures

are shown.
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also lattice simulations (Skolnick and Kolinski, 1991), it is

argued that b-turns may play a role in the initial stages of the

formation of helices and sheets during folding and thus they

appear to direct folding pathways while tending to adopt

conformations that minimize the ‘‘local’’ conformational

free energy of the residues in the turn (Yang et al., 1996).

In our results (Table 1) we observe that the sampled

conformations of the mutant contain slightly higher per-

centage of turns than the WT in most of the regions. Using

Fourier transform infrared spectroscopy data, Booth et al.

(1997) propose that the partly folded forms of the lysozyme

variants associate through the unstable b-domain to form the

initial seed for the generation of amyloids. From Table 1, we

observe that for this b-domain (strand 1, strand 2, and loop),

the partially unfolded intermediates of the mutant have

higher b-turn content, which may be an indication of the

relative instability in this region in the mutant lysozyme

compared to the wild-type.

Booth and collaborators (1997) suggest that the motion in

the b-domain due to the mutation may not be the direct cause

for amyloidogenicity. Rather, changes in the interface region

of the two domains, transmitted from the disturbed b-sheet,
may be the actual cause. In particular Ile56, found to have

increased B-factors for both amyloidogenic mutants of

human lysozyme, could play an important role in the mu-

tant’s amyloidogenic properties. In our unfolding simula-

tions, the fluctuation for this residue is higher in the variant

and thus in agreement with these experimental results.

CONCLUSIONS

Our RMSD and residue contacts results indicate also that the

unfolding of the mutant appears to occur faster than the wild-

type, and we observe that it takes longer for the wild-type to

lose its native structure under our artificial higher temper-

ature conditions. In addition to that, in the conformational

space sampled, it seems that the wild-type retains higher

content of its original secondary structure relative to the

FIGURE 8 Distribution of the distances between (A) residue 56 (Ile) to

helix B and (B) between residue 56 (Ile) and helix 310 in the sampled

conformations of the unfolding and control trajectories. The distances at the

native structure are shown as black (wild-type) and red (mutant) rectangles

just above the x axis.

FIGURE 7 Contact maps of (A) the WT crystal structure, (B) the mutant

crystal structure, (C) the WC1 cluster, and (D) the MC1 cluster. Both axes

represent residue number. The labels on the diagonal correspond to regions

of the molecule. The cutoff for a pair of residues to be in contact is 8 Å

between their Ca atoms. The rectangular area shows the contacts inside part

of the b-domain region. The shade key is shown (distances in Å).

TABLE 3 Mean and standard deviation of the distance

distribution (in nm) of Ile56-helix B and Ile56-helix 310 contacts

Ile56-helix B (nm) Ile56-helix 310 (nm)

Simulation WT D67H WT D67H

Crystal 0.90 0.91 0.99 1.01

Control 0.91 6 0.04 0.91 6 0.04 0.94 6 0.05 1.00 6 0.04

Unfolding 0.89 6 0.35 1.26 6 0.43 1.34 6 0.42 1.47 6 0.44
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mutant. Both wild-type and mutant simulations include con-

versions of the original secondary structure conformations

to coils andb-turns. Theseb-turns, however, seem to bemore

predominant in the b-domain of the mutant, a region that

has been suggested to be involved in fibrilogenesis (Booth

et al., 1997; Pepys et al., 1993). Turns are thought to occur

in abundance before formation of helices and sheets during

folding (Yang et al., 1996), and thus the overall higher content

in turns in the sampled unfolding conformational area of

the mutant may be another indication that it unfolds faster

than the wild-type, based on our simulation results.

Also in the b-domain we observe higher atomic fluctua-

tions in D67H than the wild-type, implying that this region

is more flexible (linked to stability), and in that sense is in

agreement with the work of Booth et al. (1997) linking the

reduced stability of this domain with fibrilogenesis. This

point is also enforced by the finding that that the residues of

the D67H b-domain experience higher solvent exposure

during our simulations. In other amyloidogeni proteins, (e.g.,

transthyretinin), the formation of amyloids has been cor-

related to increased residue accessibility to the solvent

(Schormann et al., 1998).

The clustering technique has led to some interesting

results. The most populated clusters of the wild-type retain

near half of their native contacts compared with one- third for

D67H mutant. The lack of retention of native contacts is

a useful measure of the degree of unfolding. So, it appears

that most of the conformations of the mutant are farther away

from their native structure than those of the wild-type, and

thus, the mutant protein is more susceptible to changes under

unfolding conditions.

In our unfolding simulations, we attempt to identify fea-

tures that distinguish the partially unfolded conformations of

the WT and D67H human lysozyme. Although there is a vast

diversity in the conformational features sampled for both the

forms, the alternative distances of the Ile56 and two regions

of the a-domain seems to differentiate a number of con-

formations of the mutant from the wild-type. Although the

significance of this finding cannot directly be linked at this

time to amyloidogenesis, it does demonstrate clearly that one

of the effects of the mutation at residue 67 is the resulting

distortion of the important region at the interface of the two

domains.
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