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Dear Reader,

Welcome to this inaugural issue of Young Scientist, the science research
journal of the Vanderbilt Center for Science Outreach. The student authors

of these journal articles are the next generation of scientists who are chal-
lenging themselves by asking and solving important research questions. Each
article has been independently and anonymously reviewed by two graduate
students at Vanderbilt University to ensure the integrity and quality of this
publication. Topics in this issue of Young Scientist span a broad range of inter-
ests, including finding better biomarkers for the early detection of pancreatic
cancer, understanding preventative methods against coronavirus, and study-
ing speech-language development in kindergarten children.

These outstanding students have dedicated countless hours in the labora-
tory learning what it means to be a scientist while also contributing unique
findings and novel techniques to the scientific community. To this end, |
thank the students who have gone above and beyond to submit their work
to the Young Scientist—your hard work and insight are truly inspirational.

I would also like to take a moment to thank the patrons, listed at left, for
their support of this journal. Additionally, | offer gratitude to the principal
investigators, listed on the back cover, who mentored these students during
their research experience. These individuals have encouraged the enthusias-
tic pursuit of science and knowledge demonstrated by these authors. Finally,
I would like to thank the editorial board, Chris Vanags, Ph.D., and Jens Meiler,
Ph.D., whose vision and leadership have given these outstanding students
the opportunity to be recognized for their contributions.

| hope you enjoy the articles presented here. If you would like to know more
about Young Scientist, submit an article for future consideration, or view any
supporting information, please visit www.youngscientistiournal.org.

Thanks again and enjoy!

Mary E. Loveless, Ph.D.
Editor
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Protein Structure Prediction Using Rosetta

Deandre Q. Baynham, Mert Karakasg, and Jens Meiler

KEYWORDS. Protein, structure prediction, Rosetta

BRIEF. The accuracy of protein structure prediction was evaluated using a Rosetta program.

ABSTRACT: Proteins have various functions in the human body that can
be better understood with an accurate model for their structure. There are
several methods to determine the structure of a protein experimentally,
but these methods are not applicable to all proteins. If the structure of a
protein cannot be determined experimentally, computational tools can be
applied to predicted structure, In this project, the Rosetta protein struc-
ture prediction program was tested on several proteins to determine the
accuracy of this protocol for predicting protein structure. The primary se-
quence of the proteins were input to several programs for secondary struc-
ture prediction., then Rosetta created models for tertiary structure using
this information. Success of the method was determined by computing the
root mean square distance (RMSD) between atoms in the model and in the
experimental structure. It appears that smaller proteins have lower RMSD
values than the larger ones. This indicates that the protocol is most effective
at modeling small proteins, normally less than 150 amino acids in length.

INTRODUCTION.

Since the early years of biochemistry proteins have been the focal point of the
field. After the discovery of diastase, the first known enzyme found by Anselme
Payen in 1833, many scientists made huge progress in this field, trying to under-
stand the chemical processes inside organisms. Proteins are biological macro-
molecules that are very important to functions in the body, and are still the main
focus at the center of biochemical studies today, including the folding of proteins
how folded proteins interact with one another, substrates, drugs, DNA or RNA.
Proteins are synthesized in our body from monomeric units called amino acids.
Therefore amino are also energy metabolites and essential nutrients.

To understand proteins, one must first consider how the genetic code memo-
rized in a DNA molecule becomes a protein. The first step of this process is
known as transcription and begins with the unwinding of DNA by a protein
from a group called helicase. Next, a strand of RNA is attached to the unwound
DNA, and starts to replicate its nucleotides. After this process is finished, the
new messenger RNA molecule has the nucleotides that correspond with those
that were on the original DNA molecule. This messenger RNA molecule that is
then read out in the ribosome while the transfer in a process known as transla-
tion. During this process, RNA recruits amino acids to the messenger RNA.
Each group of three nucleotides (codon) of the messenger RNA determines
a specific transfer RNA and thereby a specific amino acid. Typically between
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80 and 300 amino acids are translated to form one protein. However, smaller
proteins with as few as 30-40 amino acids are known, as well as larger proteins
with more than 1000 amino acids [1].

Most proteins are made of 20 standard amino acids, except few cases where
non-natural counterparts. Although all of the standard amino acids differ a
little, they all have the same principal core structure. In all of these amino acids,
except proline, there is a carboxylic acid (COO") group, a primary amino group
(NH,"), and a variable R group bonded to a central carbon atom. Since amino
acids have a carboxylic group and the primary amino groups, they can act as
either an acid or a base.

These amino acids react to form a polypeptide which than folds into second-
ary and tertiary structure. The most important types of secondary structure in-
clude a-helices p-strands. Other regions of the polypeptide stay mostly flexible
forming loop sections. The secondary structure elements then come together to
form the tertiary structure, or folded structure, of the protein.

‘The tertiary structure of a protein dictates its function. Therefore, obtaining an
atomic resolution tertiary structure model of a protein is crucial in order to get
a better understanding of its dynamics and continue further biological studies.
However, many proteins of interest evade experimental methods such as X-Ray
crystallography and Nuclear Magnetic Resonance (NMR). In such cases, com-
putational programs are used to predict a structural model for these proteins.
There are several ways to predict the tertiary structure of a protein computa-
tionally. In this project, the accuracy of tertiary structure prediction was evalu-
ated using Rosetta, a commonly used program, via benchmarking over a set of
proteins of variety of topologies [2].

MATERIALS AND METHODS.

The primary sequence forms the starting point for protein tertiary structure
prediction. By convention the primary sequence is represented as a FASTA file
which contain one-letter codes of all amino acids in the sequence, Since Rosetta
will be tested on proteins for which the structures were determined experimen-
tally, the experimental structure for each protein in the benchmark set was ob-
tained from the Protein Data Bank (PDB). It, represent the native structure of a
protein by individual coordinates of each atom.

Once the FASTA files were obtained, the BLAST program was used, which
aligns the sequence to all known sequences and calculates for each position
in the sequence how frequently that amino acid was substituted with another



amino acid in a similar sequence. The end product of this program is a profile
for each position in the sequence, giving the likelihood for observing each of
the 20 natural amino acids in that position.

Once the BLAST profile was generated for the sequence of interest, several sec-
ondary structure prediction programs were run on each sequence to predict
which stretches of the sequence are likely to be an a-helix or {-strand. These
programs were PSIPRED and JUFQ, which utilize artificial neural networks, in
addition to SAM which uses Hidden Markov Models. The BLAST profile is an
input to these programs.

After the completion of secondary structure prediction, the last task required
before running Rosetta is the generation of “fragments”. The program iterates
over each overlapping three and nine residue stretch of the sequence of inter-
est, then looks for similar stretches of sequences, thus fragments, from proteins
with experimentally determined structures, and picks 200 of such fragment
conformations for each position in the sequence. These fragments are collected
in a large file that forms the fragment database.

Following this, the Rosetta program was used to predict 50,000 structural mod-
els for each protein in the benchmark set using the secondary structure predic-
tions and fragment files.

The structural models generated by Rosetta were evaluated by looking at root
mean square deviation (RMSD) values. The RMSD value of a model indicates
how close it is to the native structure. First the RMSD values for 50,000 models
were converted to histograms in order to look at not only how close the models
got to the native structure, but also how frequently such good models were ob-
tained. In addition, by comparing the histograms for different proteins, it can be
analyzed if for proteins of a certain size and topology, Rosetta generated more
accurate models.

One would also expect Rosetta to rank good models by RMSD with good
scores, in order to be able pick such accurate models out of the 50,000 models.
In order to see if this happened, RMSD values of all 50,000 models were plotted
against the score that was calculated for that model by Rosetta.

RESULTS.

The protocol was completed for six benchmark proteins. The figures below
show the native structure, the best Rosetta generated model, and an RMSD dis-
tribution plot for each protein (Figure 1-3). 50,000 models exhibit a large range
of RMSD and energy values which is expected for protein structure prediction.

Figure 1. The native structure of 1AA], (green), the model with the best RMSD,
8.2A, (rainbow) superimposed over the native structure (gray), and the RMSD ver-
sus energy plot for all 50,000 models.

Figure 2. The native structure of 1BZ4 (yellow), the model with the best RMSD,
3.9A, (rainbow) superimposed over the native structure (gray), and the RMSD ver-
sus energy plot for all 50,000 models.

Figure 3. 'The native structure of 1DUS (green), the model with the best RMSD,
7.3.A, (rainbow) superimposed over the native structure (gray), and the RMSD ver-
sus energy plot for all 50,000 models.

DISCUSSION.

The results indicate that Rosetta can accurately model the topology of smaller
proteins. The accuracy of the models generated correlates with the complexity
of the protein topology and the sequence length. This is an expected behavior,
since for larger proteins more conformations have to be sampled by Rosetta.
The accuracies ranged fram as low as 3.9A for 1BZ4 to as high as 12.5A for
LCHD. Although very accurate models were generated for the smaller proteins,
the remainder of models had a wide range of RMSD values. At the same time,
the plots indicate that most of these high RMSD value models can be removed
using the energy as a filter.

In the future, a more detailed benchmark will be executed including 54 proteins
and the evaluations are done also using measures other than RMSD. An addi-
tional analysis would be to evaluate how likely good RMSD models can be se-
lected through clustering or energy in the absence of information regarding the
native structure. This analysis will also be completed for an alternative protein
structure prediction program BCL::Fold, which is being currently developed
in Meiler lab, in order to assess the strengths and weakness of both programs.

ACKNOWLEDGMENTS. Thanks to Mert Karakas for the mentorship and
guidance throughout the project. Extended thanks to Dr. Jens Meiler for allow-
ing me to work in his laboratory. I thank the reviewers of my manuscript for
many excellent suggestions and the whole Meiler lab at Vanderbilt University.

SUPPORTING INFORMATION.

Figure S1. The native, best model by RMSD and RMSD versus energy plot
for 1IBGC.

Figure $2. The native, best model by RMSD and RMSD versus energy plot
for 1BJ7.

Figure §3. The native, best model by RMSD and RMSD versus energy plot
for ICHD.
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If you are a middle or high school student interested in research. ..

« The School for Science and Math at Vanderbilt (SSMV) is a joint
venture between Vanderbilt University and Metropolitan Nashville
Public Schools (MNPS). The School offers high school students a
four-year, interdisciplinary, research-centered learning experience.
To learn more, go to http.//theschool.vanderbilt.edu.

« The research internship program (R.|.P) offers motivated, rising high
school seniors the opportunity to participate in a six-week scientific
research internship during the summer at Vanderbilt University, centering
on full immersion in a Vanderbilt University research laboratory.

+ Middle school students may attend summer camps for both girls
(G.AS.) and boys (B.E.S.T.) to learn scientific investigation and
foster confidence in scientific achievement. To learn more, go to
www.scienceoutreach.org.

Ifyou are a Vanderbilt graduate student or post-doctoral fellow. ..

= Young Scientist is always looking for reviewers for the next issue.
For more information please contact Mary Loveless, Ph.D., at
mary.loveless@vanderbilt.edu.

« Scientist in the Classroom offers graduate students and postdoctoral
fellows an opportunity to collaborate with Nashville middle or high
school educators in developing and implementing hands-on, inquiry-
based activities and assisting student research projects. To learn more,
go to www.scientistintheclassroom.org.

Ifyou are a Vanderbilt principal investigator. ..

» You can get involved by mentoring a student in your laboratory.
The CSO can help integrate broader impact statements into your
research proposals. For more information, contact Jennifer Ufnar, Ph.D.,
at jennifer.ufnar@vanderbilt.edu.

+ You can share your research and laboratory experience with
students at the School for Science and Math at Vanderbilt (SSMV).
For more information, contact the director, Angela Eeds, Ph.D., at
angela.eeds@vanderbilt.edu.
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