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Figure 3.19 Three families of homodimers.

These molecules are the representative structures from D1 to D15, shown in a
superimposed format in order to illustrate their similarity. (Family A) D1, D2, & D3.
(Family B) D4 and D5. (Family C) D9, D10, D12, and D14.

(A) (B)

© (D) (E)

Figure 3.20 Five families of homotimers.

These molecules are the representative structures from T1 to T30 shown in a
superimposed format in order to illustrate their family similarity. (Family A) T1, T2, and
T3. (Family B) T4 and T6. (Family C) T10, T11, T12 T13, T14, T16, T17, T18, and T19
(Family D) T21, T23, T24, and T28. (Family E) T22 and T27.

In summary, although Figure 3.19 and Figure 3.20 shown three families of
homodimer structure and five families of homotrimer structures, there are additional

unique structures that are not included in these families. For instance, as shown in Table
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3.1, D6, D7, D8, D11, D13 and D15 are all unique from each of the other homodimers.
Also, for the homotrimers, TS5, T7, T8, T9, T15, T20, T25, T26, T29 and T30 are unique
from other homotrimers. Therefore, there are a total of 9 unique homodimer structures

and 15 unique homotrimer structures.

Once a defined set of unique dimer and trimer models were identified, these were
docked together to get higher order aggregates and a prediction model for the denatured

lysozyme aggregate.

ELECTRON MICROSCOPY

Lysozyme samples were prepared and denatured using the procedures from
Sasahara et al. (2007) and Kumar et al. (2008). When the samples were observed under
the Transmission Electron Microscope (TEM), they showed aggregated structures (Figure
3.21). The observed structures did not directly correspond to the extended fibril structures
observed by Sasahara et al.(2007) or Rubin et al. (2008) however, they did form large but
irregular aggregates that approached 17 nm in diameter for the fibers between the holes.
When lysozyme was heated to 77 instead of 100 °C the aggregates formed the simpler
ginger root-like-structures shown in Figure 3.22. Even though the 8-17 nm filaments
described by previous papers could not be reproduced experimentally, two different

aggregate forms were obtained.
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Figure 3.21 Aggregated lysozyme structures under TEM

Lysozyme aggregated structures were formed by heating from 20 to 100 °C with a 0.01
degree/second temperature gradient in pH12.2 phosphate buffer. The sample was held at
77 °C for 2 minutes and cooled down at the same rate to a final temperature of 20 °C.
The bar represents 30 nm.
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Figure 3.22 Randomly aggregated lysozyme structures under TEM.

Lysozyme randomly aggregated structures were formed by heating from 20 to 77 °C with
a 0.01 degree/second temperature gradient in pH12.2 phosphate buffer. The sample was
held at 77 °C for 2 minutes and cooled down at the same rate to a final temperature of 20
°C. The bar represents 10 nm.

The branch structure pictured in Figure 3.22 suggests that two or more types of
docking faces were interacting to initiate the branch structure. It is possible that these
structures formed from heterodimer or heterotrimer structures, which were not considered
in this study because of computational constraints, but this study focused on building
these higher order structures from the nine unique homodimer and fifteen unique
homotrimer models. In order to check which combinations of docking faces could form
higher order structures such as those pictured in Figure 3.22, single monomers were
superimposed on one another in MacPymol and then combinations which overlapped

their companion dimer or trimer subunits were eliminated. This allowed the selection of
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dimer and trimer combinations that could share monomers and create larger aggregated
structures. Using this approach, aggregated models were constructed to fit the structures
observed under the electron microscope. The results are presented in the following

section.

PREDICTED LYSOZYME AGGREGATED STRUCTURE

The goal of this work was to create a model whose diameter matches with the size
of denatured lysozyme aggregates reported in the literature or observed locally under the
TEM. Therefore, I tried to dock all combination of the unique faces from D1-D15 and
T1-T30 in order to fit the size of aggregates from the evidence. Figure 3.23 shows the
best model results for the TEM picture in Figure 3.22. It shows the best homotrimer
structure from models T6 and T7 derived from fold LLt515, which best fits the aggregate
pictured in Figure 3.22. When the energy scores for the aggregated structure were
compared, T6 =-62.05 kJ/mol and T7 = -62.49 kJ/mol, these two structures should
associate at about the same time and nucleation of the aggregate would allow it to
immediately grow. Because these energies are very close together there is probably not
a preferred hierarchal assembly scheme for these molecules. Since the size of this
predicted molecule is exactly the same dimensions as the TEM picture in Figure 3.22, it

strongly supports this predicted model as a candidate structure.
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Figure 3.23 Predicted lysozyme aggregated structures comparing with the random
aggregated structure observed from TEM.

Left, the picture from Figure 3.22. The bar represents 10 nm. (Right) the predicted
lysozyme aggregated structures composed of four trimers which match in size and angle
with the lysozyme random aggregated structure (Left) from TEM. The models on the
right came from fold LLt515. The central model upon which the other three models were
super imposed is model T6. The other three overlapping homotrimers are from model T7.
The size markers in this molecule are 92.8 A (line A), 58.8 A (line B), 61.2 A (line C),
and 56.6A (line D).

In addition, the best model to match the cryo-SEM picture from Rubin (2008) is
shown in Figure 3.24. It is made from alternating dimer interactions defined in D4 and
D6. The free energy for D4 and D6 are —47.57 and —45.99 kJ/Mol respectively. These
values are close to each other but much lower than the random aggregate forms shown

above.
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Figure 3.24 Helical aggregate prediction model.

Helical aggregate structure derived from the interaction of two homodimer faces.
31 molecules of alternating D4 (red) and D7 (gold) interact at two different
interfaces to form a helical aggregate that closely matches the structures reported
by Rubin (2008). The model on the left is the topview of the figure on the right.
The exterior diameter, (a), is 16.2 nm. and the interior diameter, (b), is 9.2 nm.
The thickness of the thread, (c), is around 6 nm., the rise per turn, (d), is 14.5 nm.



CHAPTER FOUR
Discussion

MACHINE AND SOFTWARE PERFOMANCES

In order to perform Ab initio folding in an efficient and timely manner, it was
important to optimize the Rosetta++ performance. The best way to run Rosetta++ on 32
bit and 64 bit machines was to use one set of Rosetta++ files with the compilation option
set to four processors and with four terminal windows running four processes. From the
computational analysis results of IbpB prediction in Ab /nitio mode (Figure 3.1), it was
possible to derive a formula to predict the time required for a set of calculations on 64 bit
and 32 bit computers housing up to 4 computational cores. The terminal windows

correspond to the number of simultaneous programs being executed.

Total time usage, in seconds, for a 64 bit operating system machine =
(0.0803125)(Length of sequence to be folded)(Number of folds to perform on each

terminal window)(speed of CPU in GHz)(Number of Terminal Windows) + 100 seconds

Total time usage, in seconds, for 32 bits operating system machine =
(0.190364583)(Length of sequence)(Number of fold to perform on each terminal

window)(speed of CPU in GHz)(Number of Terminal Windows) + 100 seconds

Therefore, any molecules that run on 64 bit machines should complete a job in
2.37 times faster than those running on 32 bit machines. However, these ideal
performance estimates started flattening out when the Rosetta++ was run with three or

more terminal windows at the same time.

65
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When running a single terminal window to fold a modestly sized protein on the
quad core computers, usually a little over 1 processor were used. However, when larger
proteins, such as ClpBC (a heat shock protein), were folded, a little over 2 processors
were used. The Rosetta home website (http://www.rosettacommons.org/) suggested that
running Rosetta++ under the control of the condor program will help improve the use of
all available processors without launching multiple terminal windows since it monitors

the usage of each processor and distributes jobs to idle processors.

Although running Rosetta++ from four separate files showed the best
performance on 64 bit machines, it is not really practical because the size of the
Rosetta++ program itself is around 2 GB, which takes up much hard drive space. Also,

the performance gain is not that much more than for a single copy of Rosetta++.

For the Docking mode in Rosetta++, the symmetrical docking option was used in
this experiment and limiting the docking to “head to head” and “tail to tail” orientations.

Therefore, it prevents “head to tail” forms from being considered in this experiment.

RANDOM AGGREGATES AND FIBRILL AGGREGATES

The 147 amino acids form of hen-egg white lysozyme was folded and docked in
this study instead of the129 amino acid form. Processing of the 147 amino acid lysozyme
to the 129 amino acid form during entry into the endoplasmic reticulum removes the N-
terminal 18 amino acid signal peptide. These 18 amino acids did not seem to interfere
with the folding of “core” structures that were mentioned by Frare et al. (2006) and
Trexler et al. (2007), however, they should be removed in future studies in order to

represent the secreted form of the protein.
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The goal of this research was to derive a structural model of denatured lysozyme
aggregates that could be used to explore the dis-aggregation process facilitated by
chaperone proteins. Sasahara et al. (2007), Frare et al. (2009, 2006), and Rubin et al.
(2008) demonstrated that denatured lysozyme could form fibril aggregates that were
about 8-17 nm in diameter. Several attempts to reproduce these fibers failed to create the
same fibril aggregate structures, probably because the protein that was visualized in the
TEM soon after denature did not have time to aggregate into the fibril form. Obviously
there were some conditions used by Sasahara et al. (2007) that were not reproduced in
our hands. For example, recently Kumar et al. (2008) described how surfactants and
DTT aftect the size, dynamics, activity and growth of soluble lysozyme aggregates. A

closer look at the ideal conditions for fibril growth is needed beyond this study.

Almost 10 million homodimer and homotrimer structural models were
constructed with Rosetta++ folding and docking programs. An examination of the lowest
energy models for homodimers showed that they were derived from two folds, LLt687
and LLt998. Examination of homodimer models with the smallest radius of gyration
showed that they came from a single fold, LLt515. Therefore, these folds became the
focus for deriving the aggregate models. The major structural families of homodimer and
homotrimer representatives that were derived from these folds are summarized in Tables
3.1 and 3.2. Family members were easily identified from heat maps created by comparing
each structure to all other structures in a pairwise manner and plotting their RMSDs. The
models that were sorted by radius of gyration often gave structures with energy scores

significantly higher than those sorted by energy score. It was also observed that several
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duplicate structures were found between models sorted by the radius of gyration and the

energy score.

The magnitude of the RMSD derived by comparing two models seemed to be an
effective way of distinguishing homodimer and homotrimer models that interacted at
different interfaces. For example, if the RMSD between two dimer models from the
same fold were greater than 200, then there was a good chance that they were bound
together at different faces. By taking two models with different interaction faces and
alternately superimposing them, higher order structures were assembled whose diameter
matched the range of 8-17 nm as presented in Figure 3.23. Similarly, the helical model
derived by assembling the homodimers D4 and D7 (Figure 3.24) matched the diameter of

the fibrils reported by Ruben éf a/, (2008).

The aggregate models presented in this study match the physical dimensions of
fibril aggregates reported in the literature and the random aggregates observed in this
study under the TEM. However, comparison of LLt515, which was used to create the
denatured aggregate models, to the native lysozyme structure (Figure 4.1) shows a
decrease in the number of alpha helicies from 53.74% for the native form to 51.70% for
LLt515. In contrast, Xu et al. (2005) reported that aggregates showed a decrease in helix
structures from 30% to 6% compared to the native lysozyme form. Therefore, this
proposed aggregate model does not fit all of the literature and additional models should

be considered.
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Figure 4.1 LLt515 and Native Lysozyme structures.

(Left) LLt515 structure and (Right) Native Lysozyme structure.

Frare et al. (2006) and Trexler et al. (2007) reported that the aggregate “cores”
included residues 32 — 108. These residues were acid resistant and most likely found at
the interacting interface or buried in the denatured structure. Figure 4.2 shows the D4
and D7 homodimers with these residues highlighted in white and Figure 4.3 shows three
monomers aggregated together with these same residues highlighted in the central
monomer. The core structures are seen buried in the aggregates as they participate in the
docking interfaces. In addition, alpha helices located in the D4 core structure may
facilitate D4-D4 homodimer formation (Figure 4.2A), and B-sheets located in the D7 core
structure facilitate D7-D7 homodimer formation (Figure 4.2B); thus, each contributing to

the overall higher order lysozyme aggregate model shown in Figure 4.3.
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(A)

(B)

Figure 4.2 Homodimers D4 and D7 with highlighted aggregate “cores”.

(A)D4 shows core structure labeled in white. (B)D7 shows cores structure labeled
in white. They both show the molecule from 2 different angles with the right
model rotated vertically from the left model.
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Figure 4.3 Three subunits from the aggregate model with highlighted “cores”.

(Left) Two D4 molecules and one D7 molecules aggregated together with core
structures labeled in white. (Right) Schematic picture shows how the D4 (Red
circles) and D7 (Black circle) homodimer models fit together to form the higher
order aggregate.

Additional aggregate forms, different from those suggested by this study, have
also been suggested in the literature. For example, Sophianopoulos (1969) and Holloday
and Sophianopoulos (1972) suggested that lysozyme may form head to tail aggregates.
This study did not consider such asymmetric docking structures. Also,
microenvironments, such as acidic phospholipids surfaces, may contribute to the
association of lysozyme into aggregate structures (Gorbenko et al., 2007). In this acidic
membrane environment, Gorbenko et al. (2007) found evidence from fluorescent probes

suggesting that tetramers may be an optimal aggregate form.

CONCLUSIONS
In conclusion, the aggregate model constructed in this study matched the fibril
diameter observed by a number of investigators, but did not conform to a reduction in the

percent of alpha helical structures. The constructed model did support the observation
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that the core set of residues from 32 through 108 were buried in the denatured aggregate

as observed by Frare et al. (2006).

The homodimer and homotrimer models identified in this study do not represent
all of the possible interactive forms of dimer and trimer structures since the symmetry
option in the docking was invoked and only identical surface interactions were
considered (for example: top-top or bottom-bottom). More computing resources will be
needed for a more comprehensive model of the denatured aggregate structure of
lysozyme, including head to tail docking structures. However, this study has defined the
use of methods, such as RMSD, for identifying sets of unique dimer and trimer structures
that can be used to build aggregate forms. Defining a reduced number of these unique
sets 1s key in reducing the number of comparisons that needs to be made in future dimer
and trimer docking studies. The refolding of dimer and trimer structures may also help
define the conversion of alpha to beta structures that may be key in the transition of
aggregate structures to more stable forms. Also, studies considering just the 129 amino
acid form of lysozyme or even the core residues may also help to better understand the

aggregate forms and their transitions better.
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Figure 4.4 Helical aggregate prediction model.

Helical aggregate structure derived from the interaction of two homodimer faces.
31 molecules of alternating D4 and D7 interact at two different interfaces to form
a helical aggregate that closely matches the structures reported by Rubin et al.
(2008). The model on the left is the topview of the figure on the right. The
exterior diameter, (a), is 16.2 nm. and the interior diameter (b) is 9.2 nm. The
thickness of the thread, (c), is around 6 nm., the rise per turn, (d), is 14.5 nm.



REFERENCES

De Marco, A., Vigh, L., Diamant, S., & Goloubinoff, P. (2005). Native folding of
aggregation-prone recombinant proteins in £schérichia coli by osmolytes,
plasmid- or benzyl alcohol-overexpressed molecular chaperones. Cé// Stress &
Chaperone, 10, 329-339.

Frare, E., Mossuto, M. F., Laureto, P. P., Dumoulin, M., Dobson, C. M. & Fontana, A.
(2006). Identification of the Core Structure of Lysozyme Amyloid Fibrils by
Proteolysis. J. Mol. Biol, 361, 551-561.

Frare, E., Mossuto, M. F., Laureto, P. P., Dumoulin, M., Tolin, S. Menzer, L., Dumoulin,
M., Dobson, C. M. & Fontana, A. (2009) Characterization of Oligomeric Species
on the Aggregation Pathway of Human Lysozyme. J. Mol. Biol., 387, 17-217.

Gorbenko, G. P., loffe, V. M., & Kinnunen, P. K. J. (July, 2007) Binding of Lysozyme to
Phospholipid Bilayers: Evidence for Protein Aggregation upon Membrane

Association. Biophysical Journal, 93, 140-153.

Huang, G., Chen, J., Liu, C., & Zhou, J. (2002). Chaperone and antichaperone activities
of trigger factor. Eur.J.Biochem, 269, 4516-4523.

Holloday, L. A., & Sophianopoulos, A. J.. (1972). Association sites of lysozyme in
solution. II. Concentration-dependence of the near- ultraviolet circular dichroism.

J. Biol. Chem. 247:1976-1979.

Mogk, A., Schlieker, C., Friedrich, L. K., Schonfeld, H., Vierling, E., & Bukau, B.

(2003). Refolding of Substrates Bound to Small Hsps Relies on a Disaggregation

74



75

Reaction Mediated Most Efficiently by ClpB/DnaK. The Journal of Biological
Chemistry, 27,31033-31042.
Mogk, A., & Bukau, B. (2004). Molecular Chaperones: Structure of a Dispatch Protein

Disaggregase. Current Biology, 14, R78-R80.

Kumar, S., Ravi, V. K., & Swaminatha, R. (2008). How do surfactants and DTT, affect
the size, dynamics, activity and growth of soluble lysozyme aggregates?
Biochemical Journal Immediate Publication. Published on 13 Jun 2008 as

manuscript BJ20071499.

Pain. R. H. (2000). Mechanisms of protein folding Second edition. Oxford ; New York :

Oxford University Press, 2000, 390.

PDB (Protein Data Bank) http://www.pdb.org/.
Rosgen, J., Pettittk, M. B., & Bolen, W. D. (August, 2005). Protein Folding, Stability and

Solvation Structure in Osmolyte Solutions. Biophys J BioFAST.

Rubin, N., Perugia, E., Goldschmidt, M., Fridkin, M., & Addadi, L. (2008) Chirality of
Amyloid Suprastructures. J. Am. Chem. Soc., 130 (14), 4602-4603.

Sasahara, H., Yagi, H., Naiki, H., & Goto, Y. (2007). Heat-induced Conversion of 32-
Microglobulin and Hen Egg-white Lysozyme into Amyloid Fibrils. J. Mol. Biol.
372, 981-991.

Sophianopoulos, A. J. (1969). Association sites of lysozyme in solution. I. The active

site. J. Biol. Chem. 244:3188-3193.

Trexler, A. J., & Nilsson, M. R. (2007) The Formation of Amyloid Fibrils from Proteins

in the Lysozyme Family. Current Protein and Peptide Science, 8, 537-557.



76

Walsh, P., Bursac’, D., Law, C. Y., Cyr, D., & Lithgow, T. (2004). The J-protein family:
modulating protein assembly, disassembly and translocation. EMBQ reports, 5,
567-571.

Walter, S. & Buchner, J. (2002) Molecular chaperones-cellular machines for protein
folding, Angew. Chem. Int. Ed. Engl. 41, 1098—-1113.

Xu, M., Ermolenkov, V. V., He, W., Uversky, V. N., Fredriksen, L., & Lednev, 1. K.
(2005) Lysozyme Fibrillation: Deep UV Raman Spectroscopic Characterization
of Protein Structural Transformation. Biopolymers, 79, 58-61.

Xu, M., Shashilov, V. A., Ermolenkov, V. V., Fredriksen, L., Zagorevski, D., & Lednev,
I. K. (2007) The first step of hen egg white lysozyme fibrillation,irreversible
partial unfolding, is a two-state transition. Protein Science, 16, 815-832.

Zolkiewski, M. (2006). A camel passes through the eye of a needle: protein unfolding

activity of Clp ATPases. Mol Microbiol, 67: 1094-1100.



