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roteins are essential; their diverse 
functions range from carrying 
oxygen through the blood-

stream to breaking down sugars for energy. 
Almost every process in the cell is controlled 
in some way by these complex molecules. It 
is clear that these large molecules are able 
to function because they have very specifi c 
three-dimensional shapes. For example, su-
crase, the protein which breaks down the 
sugar sucrose into smaller components, has 
a shape which allows it to selectively bind 
to sucrose and no other molecule. Surpris-
ingly, very little is known about how these 
molecules attain their shapes. Proteins are 
made within cells by the attachment of the 
20 different amino acids together in differ-
ent combinations as directed by the corre-
sponding gene. Proteins can be hundreds of 
amino acids long and each one is composed 
of a unique sequence of amino acids. This 
string of amino acids, however, exists only 
transiently in the cell before quickly fold-
ing into a more compact three-dimensional 
shape. A Columbia University biologist, 
Cyrus Levinthal, showed that even for 
a small protein (e.g., 40 amino acids), it 
would take about 1018 years to sample every 
possible structure in order to fi nd the most 
stable confi guration! This clearly cannot be 
what is happening, and this has come to be 
known as Levinthal’s paradox. Much of the 
current research indicates that the folding 
process requires a transition through an 
intermediate state, which greatly limits the 
search for the fi nal conformation. Also, it 
appears that this folding process is driven 
mainly by the fact that the folded state is 
considerably more energetically stable than 

the unfolded state. This is very signifi cant 
because, if given a choice, molecules will 
always prefer to exist in the lowest possible 
energy state.

Looking at the properties of the indi-
vidual amino acids gives great insight into 
the forces that are important to folding. For 
example, some are positively charged while 
others are negatively charged. Thus, these 
amino acids would be attracted to each 
other in a protein chain. Others are said to 
be hydrophobic and cannot be dissolved in 
water. Such amino acids tend to congregate 
together in the centers of proteins where 
they are sheltered from the polar environ-
ment created by water. Also, some amino 
acids favor certain types of bonding over 

others. The combination of all these forces 
contribute to the overall stability of the na-
tive (folded) state.

 Two common structural motifs in 
folded proteins have been identifi ed, α-he-
lices and β-pleated sheets. These form due 
to intramolecular hydrogen bonding in the 
peptide backbone. Despite the tremendous 
progress that has been made to understand 
factors that infl uence α-helix formation and 
stability, there is still little known about the 
other major class of secondary structure, β-
pleated sheets. 

Understanding β-sheets is of special in-
terest, as mutant forms seem to contribute 
to the onset of many neurodegenerative 
diseases. The problem results when the 
protein folds incorrectly. It appears, as a 
result of either mutation or intrinsic prop-
erties, that some proteins have a tendency 
to aggregate together and form undesirable 
structures called amyloids. The conse-
quences of amyloidogenesis can be quite 
tragic. The formation of amyloid plaques 
may be a primary cause for diseases such as 
Alzheimer’s, Mad Cow disease, and many 
other disabling illnesses. The buildup of 
these structures in brain cells can result in 
blocked communication between the cells 
as well as many other notable toxic effects. 
It is clear that β-sheets are responsible for 
inducing this aggregation. 

In the past decade there has been an 
intense effort to make sense of these com-
plex molecular problems. More effectively 
designed peptide drugs would be a critical 
step in bridging the worlds of research and 
medicine. It is incredible to imagine that in 
many cases a doctor might know molecular 
details of what has gone awry in a diseased 
patient, yet still be essentially helpless in 
terms of actual treatment. This is not to say 
that dramatic progess has not been made, 
but it is a sign that there is still much to 
accomplish. With the recent sequencing of 
the human genome, research will inevitably 
be more focused on the study of protein 
structure. The study I undertook inves-
tigates protein folding and demonstrates 
how some well established techniques can 
be used to research this problem. 
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...Amyloid plaques 
may be a primary 
cause for diseases such 
as Alzheimer’s and 
Mad Cow disease...

A deeper understanding of the body’s most essential molecules may 
be the key to a cure for many terminal illnesses.
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 Even though the specific protein 

looked at here is not directly involved in 
any neurological disease, it is very attrac-
tive from a research perspective because of 
the unique structural features it possesses. 
The hope in studying models such as this 
is that universal principles can be estab-
lished which can eventually be applied to 
creating rationally designed drugs for the 
aforementioned diseases. Specifically, we 
used the Outer Surface Protein A (OspA) 
from the bacterium Borrelia burgdorferi to 
study the folding problem. This 31 kilo-
dalton protein consists almost exclusively 
of β-pleated sheets. It has two globular 
domains, an amino (N-terminal domain) 
and a carboxyl (C-terminal domain) con-
nected by a central three β-strand region 

(strands 8, 9, 10) (Figure 2). This central 
β-sheet is very unusual, as it lacks a large 
hydrophobic core and is exposed to the 
solvent on both faces. These features make 
the protein useful for examining interac-
tions that contribute to its stability in the 
absence of an overwhelming hydrophobic 
core. The contributions of weaker forces are 
often difficult to measure in the presence of 
a dominating hydrophobic core. The OspA 
protein is the only protein known with these 
interesting properties. It has been previously 
reported that OspA fits a three-state model.1 
Evidence exists that in addition to the fully 
folded and fully unfolded states, there is 
a stable partially unfolded intermediate 
state that forms as well. This intermediate 
seems to play such a critical role in guiding 

the folding of OspA, that this third state is 
included in the general scheme. Specifically, 
the C-terminal domain seems to denature, 
or unfold, first, leaving part of the central β-
sheet and the N-terminal domain structured 
in the intermediate. Thus, an equilibrium 
situation between the native, intermediate, 
and denatured states exists (Figure 1).

In order to gain more information about 
the central β-sheet, a series of mutant pro-
teins were engineered. On the ninth strand 
of the central β-sheet (β-9), each amino 
acid was individually substituted with the 
amino acid alanine. Each mutant protein 
that was created had an alanine substitution 
at a different position on β-9. Alanine was 
an appropriate choice as it did not intro-
duce any new interactions due to its simple 
nature. It simply removed the contribu-
tions of the original amino acid. Thus, by 
comparing the stability of wild-type (WT) 
OspA to each of the mutant OspA’s, we 
could determine the contribution of each 
amino acid to the stability of the protein. 
For example, if we observed that a particu-
lar alanine mutant was less stable than the 
WT protein, then this would suggest that 
the amino acid which had been removed 
in the mutant was important for stabilizing 
the folded protein. If the stabilities of the 
WT and a particular mutant were about 
the same, then this would indicate that 
the original amino acid was not playing a 
significant stabilizing role.

We made a series of measurements for 
each of the eleven alanine mutants. The ex-
periments that were performed took advan-
tage of the fact that certain chemicals called 
denaturants will cause proteins to unravel 
from their native shapes. The higher the 
concentration of denaturant in a protein so-
lution, the lower the concentration of folded 
proteins. Since secondary structure, such as 
β-sheets, can be detected by certain types of 
spectroscopy, the amount of folded protein 
can be detected at each new denaturant con-
centration. As the denaturant concentration 
increases, the signal will decrease because 
more proteins in the solution will lose their 
secondary structure.2 More specifically, an 
increase in denaturant concentration causes 
a shift in the equilibrium constant, K, to 
the right. Since equilibrium is proportional 
to free energy [ΔG° = -RT ln K], the free 
energy at each equilibrium position can 
be calculated. This simply means that by 
knowing how much of the protein in a solu-
tion is folded and unfolded at a particular 
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Figure 1. An example of typical denaturation curves. Both fluorescence and CD 
232 signals are shown for this urea titration of wild-type OspA. The CD 232 signal 
corresponds to the curve with a decreasing signal as the [urea] increases. The cartoon 
representations show what the majority of the population of OspA looks like at 
different urea concentrations.

Previous Page. Surface WT OspA. N-term blue to C-term red; the central 
β-sheet (strands 8, 9, 10) shown in turquoise and green. Rendered in PyMol 
(www.pymol.org) from PDB 1OSP.
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concentration of denaturant, the amount 
of energy it takes to unfold the protein can 
be calculated for that particular denaturant 
concentration. The amount of energy re-
quired to unfold a protein is a good measure 
of the protein’s stability. When enough free 
energy values have been computed, the free 
energy of unfolding when no denaturant is 
present can be extrapolated. 

These denaturations were performed 
twice for each mutant, and a denaturant 
called urea was used. The same theory ex-
plained above was applied to each run, but 
we used different types of spectroscopy to 
monitor the unfolding. The fluorescence-
monitored denaturation took advantage 
of the fact that OspA contains a single 
Tryptophan amino acid at position 216 in 
the C-terminal. These titrations provided 
information about the local environment 
of the Trp216 residue, and thus about the 
unfolding of the C-terminal domain (Figure 
1). This signal actually increases as more of 
the protein unravels as the tryptophan is free 
to fluoresce into the solution more. Also, 
far-UV (λ=232nm) monitored denatur-
ation was performed for each mutant. This 
effectively allowed observation of global 
changes in the structure of OspA, as this 
signal is responsive to β-sheets.

Using Igor Pro software, the combination 
of fluorescence and far-UV data were fitted 
globally with a three-state model. Since 
there is an unavoidable error associated with 
extrapolated values, it was decided that the 
free energy value at 3M (denoted as ΔG3) 
should be used instead (all ΔG3 values have 
a std. dev. less than or equal to 0.1). The re-
sults using ΔG3 are much more trustworthy 
than the extrapolated ΔG° values. Param-
eters in the curve fitting were added in order 
to make predictions about the intermediate. 
Free energy values for both transitions were 
also calculated for each mutant.

The results were very informative about 
not only the contributions of the individual 
residues to the stability of OspA, but also in 
providing evidence for what the structure of 
the intermediate might look like. The Phe-
nylalanine126 and Asparagine127 replace-
ments had the greatest destabilizing effects. 
This observation supports the importance 
of the hydrophobic effect and hydrogen 
bonding in protein stabilization. The Phe-
nylalanine126 mutation greatly disrupted 
the small hydrophobic core that exists and 
as a result greatly destabilized both transi-
tions. The small amount of hydrophobic 

amino acids that do exist play the most 
important role for stabilizing the central β-
sheet. The Asparagine127 replacement also 
destabilized the protein. In the wild-type 
OspA, this residue’s side chain is involved 
in three hydrogen bonds with other amino 
acids. The alanine mutation effectively re-
moves these hydrogen bonds and the result 
is a significant destabilization of both tran-
sitions. Another interesting observation is 
that Lysine119, Glutamic acid128, and Ly-
sine129 replacements behave almost identi-
cally to the wild-type. All of these residues 
play similar roles in the β-sheet; they are all 
amino acids involved in the connection of 
adjacent β-strands. Thus, residues at these 
turns seem to not contribute significantly 
to the stability of the β-sheet. 

The transitions from the intermediate 
state to the unfolded state were affected 
by the alanine substitutions. This strongly 
suggests that β-9 is structured in the inter-
mediate. If β-9 was already denatured in 
the intermediate, then further denaturation 
of the structured portion should not be af-
fected by the alanine mutants. However, 
this does not appear to be the case. This 
is supported by the fact that the Glutamic 
acid123 mutant significantly destabilized 
the second transition but not the first tran-
sition. This indicates that β-9 is structured 
in the intermediate and β-10 is not. This 
makes sense if one realizes that on β-10 
Glutamic acid123 is interacting with an iso-
leucine residue, which should not be greatly 
affected by the alanine replacement on β-9. 
This is consistent with the observation that 
the first transition is not greatly affected for 
the Glutamic acid123 mutant. However, 
Glutamic acid123 also forms a salt bridge 
with a lysine residue on β-8. Glutamic acid 
has a negatively charged side chain and ly-
sine has a positively charged one. This inter-

action stabilizes the WT OspA. An alanine 
mutation eliminates this interaction and 
the destabilization is experimentally ob-
served for the second transition. It should 
be noted that these results are in contrast 
with the data published in the Biochem-
istry paper cited earlier. The results from 
this previous study indicate that neither β-9 
nor β-10 are structured in the intermediate. 
Thus, it seems that more experiments will 
have to be performed so that more definitive 
conclusions can be made. Determining the 
structure of the OspA through the use of a 
technique called NMR at a concentration 
of denaturant where the population of the 
intermediate is the greatest could provide a 
solid resolution to this debate. 

These experiments demonstrate that 
hydrophobic shielding, hydrogen bonding 
and salt bridges all contribute significantly 
to the stabilization of the central β-sheet. It 
appears that the surface salt bridges contrib-
ute the least of these three interactions. A 
better idea of the overall electrostatic con-
tribution could be obtained by performing 
these denaturation experiments at high salt 
concentrations. Most importantly, however, 
these experiments support the idea that β-9 
is structured in the intermediate and β-10 is 
not. Thus, these experiments help to better 
quantify the contributions of various forces 
to the stability of β-sheets, and give some 
insight into the process of protein folding. 
If this process could be fully understood, 
proteins of any shape, and therefore any 
function could be designed. The potential 
for the drug industry and for biomedical 
science is truly astonishing.
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Figure 2. Cartoon of OspA. The two globular domains, an amino (N-terminal 
domain) and a carboxyl (C-terminal domain) connected by a central three b-strand 
region (strands 8, 9, and 10). Rendered in PyMol (www.pymol.org) from PDB 
1OSP.
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