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THE LEUCINE ZIPPER INTERACTS PROMISCUQUSLY? ANALYSISFO
LEUCINE ZIPPER SPECIFICITY IN THE C PROTEIN FAMILY

An abstract of thethesis by

Evelyn Rebecca Yambay-Tilman

Heterogeneous nuclear ribonucleoprotein C is ubiquitous in vertebrates, aad exist

as two alternatively spliced isoforms, hnRNP C1 and hnRNP C2 (hidNPnRNP C
has been associated with pre-mRNA packaging, pre-mRNA, gplimRNA stability,
internal ribosome entry site medicated translation, and has evenrdygated to be an
integral component of the telomerase enzyme. Two proteins, hRahRahyl, exhibit a
great deal of primary sequence similarity with the C pmetand also conserve structural

and functional motifs that have been identified in hnRNP C. A leucpperimotif has

been shown to be the oligomerization domain of hnRNP C and this sequence is conserved

in hRaly and hRalyl. To determine if the three proteins arg separate or whether

they form various combinations of homo and hetero-oligomers previous cloning

experiments conducted using polycystronic vectors (Peetha, 2013) shineedhaning
one gene (either hRaly or hRalyl)Escherichia coliremained virulent whereas when
hRaly and hRalyl were cloned in the same polycystronic veEtarpli cells died. This
lethality was attributed to the hypothesis that the heterodinsémicture between hRaly
and hRalyl is the physiologically relevant structure. The rebgaresented here tests the

efficacy of this hypothesis by using molecular docking studieShese studies were



conducted using FlexPepDock from Rosetta dock. It was shown theb-daners

consisting of hnRNP C/hRaly, and hnRNPC/hRalyl were equally armme sases more
stable than their homo-dimer counterparts. To investigate theopast relevance of
heptads 1-4 in determining stability a “scrambled” leucine zippes generated, this
sequence contained random heptads from hRaly, hRalyl, and hnRNP QGestihmg

structure was only slightly less stable than any of the otheerdi Analysis of all of the
structures identified two salt bridges that were common tofdle dimers modeled but
was lacking in the mutated sequence. To determine if the dedretsality of the

scrambled sequence resulted from the loss of these two inteutawlsalt bridges, these
were incorporated. The residues forming these bridges wereeahudb the sequence.
To determine if this were indeed the case these residuesingenporated into the
mutated sequence. The resulting structure’s binding energy wassed by 4 kcal/mol,
and was not as stable as all of the other modeled structureslackhef specificity

between the different zippers suggests the possibility of cotragly diverse hnRNP

C, hRaly, hRalyl proteins in the cell.
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CHAPTERI

INTRODUCTION

The heterogeneous nuclear ribonucleoprotein C (hnRNP C) is one aiaste
abundant proteins in the nucleus of vertebrates. (Choi and DreyfusspP18giss et al.,
1984), hnRNP C binds to pre-mRNA cooperatively upon transcription and baseidsupon
concentration appears to saturate the substrate. (Barnett et al., [tO83e in pre-
MRNA biogenesis has remained obscure. However, different labest@ve suggested
that it plays a key role in restraining the conformational dityeof the RNA as well as
being directly involved with RNA splicing, and polyadenylation. (Juetaal., 2002)
Though it is localized to the nucleus, numerous laboratories havewggested that it
plays a role in regulating mRNA stability as well as bemglved in Internal Ribosome
Entry Site (IRES) mediated translation. (Huang et al., 1994; Kaetrah, 1999) There
are two isoforms of hnRNP C that result from alternative sigiaf the same transcript.
(Merrill et al., 1989nhnRNP C2 differs from its alternatively spliced isoform hnRNP C1
by the addition of 13 amino acids in the primary transcript. (Merrill et al., 1989)

Several structural domains have been identified in hnRNP C. (Swahsin e
1987) The NMR structure of the amino terminal RNA binding domain (RiB43) been

determined and like all canonical RBDs it consist dgfof8af3 structure. (Ford et al.,



2002) Carboxy terminal to this region is a domain that has beemnl ¢l®-like as a
result of its similarity to the basic leucine zipper motdsind in transcription factors.
(Burd et al., 1994; Gorlach et al., 1992) Like the transcription factoRNF C has a
leucine zipper that is preceded by a basic region. This “Blik#P motif has also been
shown to bind RNA. The carboxy terminal region is charactebyed large number of
acidic residues. (Burd et al., 1994; Goérlach et al., 1992)

Over the past decade two proteins that exhibit a high degreseqfence
similarity to the hnRNP C proteins have been identified. (Ji.e28D3) One of these
proteins, hRaly, was discovered independently by two differentrdédrees that were
studying a genetic lesion at the mouse agouti locus. (Duhl €t98K,; Michaud et al.,
1994) Mice that were heterozygous for this lesion exhibit a vedge of physiological
defects while homozygosity was embryonic lethal. (Duhl et al., 1M8dhaud et al.,
1994) The latter phenotype was shown to result from the loss diAa $&quence
containing the hRaly gene. (Krylov and Vinson, 2001; Duhl et al., 1994; Miostaald,
1994; Nakielny and Dreyfuss, 1997) Sequencing of this DNA revelasdts primary
amino acid sequence is 54% identical to hnRNP C and more imponpaesigrved all of
the structural motifs that had been characterized in the C protaifsw years after the
discovery of hRaly, another group identified hRalyl. (Ji et al., 200Bg name was
inspired by its similarity to hRaly and like hRaly it too conssrall of the structural
motifs associated with hnRNP C. (Fetdal., 2002)

The discovery of hnRNP C-like proteins raises a number of questimosig
which is the question, Are hRaly and hRalyl functionally redundant wmRNP C?

Embryonic lethality observed for hRaly deficient mice would arggainst functional

10



redundancy. (Duhl et al., 1994) Moreover, studies have also shown thahatiege null
for hnRNP C fail to develop beyond the blastocyst stage. (Duhl €i984) However,
these same cells can be rescued during development and propagassde culture.
This latter observation suggests that gene dosage is responsibtaldgonic lethality,
and propagation in tissue culture implies that another protein canohalbt replace
hnRNP C. Obviously, the replacement candidates would be hRaly orl.hREhe
conservation of all of the structural motifs in all three prealso strongly supports
functional overlap. (Fordt al., 2002)

Since the leucine zipper of hRaly, hRalyl, and hnRNP C have extensive homology
it is also possible that these proteins form hetero-oligomersnajr objective of the
research presented here is to test the feasibility of ligpothesis by assessing the
stability of hetero-dimer interactions between the different leuajyers.

Crosslinking studies using the native protein isolated from Hella medviously
suggested that hnRNP C is a hetero-tetramer consisting g2 @lotomer composition.
(Barnett et al., 1989However, density gradient studies using recombinant hnRNP C1 or
hnRNP C2 revealed that both proteins were homo-tetramers. (Mc8&aninassab,
Lindsay et al., 1996) Despite inconsistencies regarding the tet@meosition it has
been clearly demonstrated that the leucine zipper is the oligatien domain. This
was illustrated by studies where mutation of a single leueittén the zipper disrupts
oligomerization. (Wan et al., 2001)

Leucine zippers and their ability to function as oligomerization alosnhave
been studied extensively. (Krylov and Vinson, 2001; Vaughan et al.,, 199% T

canonical leucine zipper is characterized by a 7 heptad reaipically begins with
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the amino acid leucine or isoleucine in position 1 (also calledigosi} of the heptad.
(Vaughan et al., 1995) Though not obligatory, it is also common fordeoplyobic
residue to be found in positiahof the heptad (the 7 residues of the heptad are labeled as
a-g). The spacing of hydrophobic residues within zippers generatgdraphobic face

on one side of the helix and a hydrophilic one on the other side. Thephgdic
residues interact to stabilize the multimeric structuresithatost cases are dimers, but
can also exist as higher order structures. Depending on the compas$ithe heptad
repeats they may be arranged in either a parallel opardilel orientation. (Krylov and
Vinson, 2001)

The NMR structure of synthetic hnRNP C leucine zippers has loderdsand it
has been shown that the zippers are oriented in an anti-paaalébri. (Whitson et al.,
2005) Crosslinking of these regions fused to an affinity tag idedtthe existence of
monomers, dimers, trimers, and tetramers. The authors concludeuktinatitze protein
exists as a bundle of antiparallel dimers. (Whitson et al., 2005)

The similarity of the leucine zippers of hnRNP C, hRaly, and HRabmpted
further investigation to study the efficacy of these forming betéigomers between
various protomers of the three proteins. An examination of Figuteowssthat the
leucine zipper of hnRnP C and hRalyl are 86% identical and hnR&itel GRaly are 71%

identical not considering conservative substitutions.
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hnRNP C LQAI KKE LTQ KK VDSLLEN LEKI EKE
hRal yl LQTI KKE LTQ KTK | DSLLGR LEKI EKQ
hRal y LQAI KTE LTQ KSN | DALLSR LEQ AAE

Figure 1. Sequence homology between the leucine zippers of hnRNP
C,hRalyl, and hRaly.

The hetero-oligomeric question was initially addressed by miphinRNP C,
hRaly and hRalyl in a polycistronic vector fusing each proteindidferent affinity tag.
(Peetha, 2013) Though both proteins could be established independdatlgah the
polycystronic vector containing two of the three genes was lethBhis led the
researchers to believe that lethality resulted from the foaomaf a functionally distinct
hetero-oligomer. Since we could not conduct the experiment in thetloellwork
reported here discusses molecular modeling studies to investhtgt&ctions between

hnRNP C, hRaly, and hRalyl.
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CHAPTERIII

MATERIALSAND METHODS

Computer Programs

Chimera was developed by the Resource for Biocomputing, Vistiatizaand
Informatics at the University of California, San Franciscoett@?sen et al.,, 2004)
Chimera is used in this thesis for the visualization and anabfsistructures of
biomolecules. Modeller was developed and maintained by Andrej SalBemdVebb,
respectively, at the Departments of Biopharmaceutical SciemcdsPharmaceutical
Chemistry, and California Institute for Quantitative Biomediddksearch at the
University of California, San Francisco and is used as a plugi@himera to predict
secondary structures of polypeptides by the comparative aligroht@ sequence to be
modeled with known structures with high homologies using spatial ir@stréEswar et
al., 2006)

Yasara (Yet Another Scientific Artificial Reality Applican) View is the
freeware part of the Yasara suite. This software was aleeeélbyElmer Krieger, the
founder of Yasara Biosciences in Vienna Aust(l&rieger et al., 2002) Yasara View
was primarily used to interactively view and analyze proteuncgires and to create the

structural images used in this thesis. (Krieger et al., 2002)
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FoldX is an empirical force field developed in the Serrancalathe Heidelberg
Laboratory of the EMBL by Raphael Guerois, Jens Nielsen, désg&inghoff-Borg,
Joost Schymkowitz, Frederic Rousseau, Francois Stricher and éruan8. (Van Durme
et al., 2011)t was later implemented for use as a plugin in Yasara \Ggwoost Van
Durme at the Switch Laboratory. (Van Durme et al., 2011) Dugstfast and fairly
accurate estimation of difference in energies between foldedir#ottied structures, it
has become one of the most widely used empirical force fieldediqiing protein’s
stability. In FoldX, the following empirical equation is used t@gklte the free energy

(in kcal/mol) for the folded and unfolded proteins

AG = &\Gygw + PAGsoyH+ CAGsovpt dAGw, + @AGhpond
+fAGeI + gAGkon+ hTASmc + iTASSC +kAGclash

Equation 1. Free energy calculation using FoldX.

where a-k are relative weights of the different energy terms usetttdata the total free
energy. (Van Durme et al.,, 2011Gqw is the contribution of the Van der Waals
interactions to the total free energy of the protein. The hegétterms correspond to the
contribution to the total free energy as a result of desolvationo@ral of water) of
hydrophobic residues being buried into a hydrophobic dd@.(+), the penalty to the
total energy as a result of desolvation of polar resid€g.(p), and the free energy of
interactions of persistent water molecules that are bound to tlenpitmtough more than
two hydrogen bondsAGu). AGhhondiS the contribution of hydrogen bonding between
amino acids to the total free energy of the protein. The nextdmnsAGe andAGyon
represent the contributions of the intra polypeptide chain electmstadractions 4Gg))
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and the inter-polypeptide electrostatic interactidf®y, ). The termsA&Sy + ITASy)

are the entropic penalty for fixing the backbone and side chains in given conbos e

a result of protein folding, respectively. FinalNs..sh iS @ measure of steric overlap

between atoms as a result of protein folding. All of theseggnerms are derived

empirically from experimental work on proteins, and amino acids. (Mameet al.,

2011) The precision of the total free energy valusS)(calculated using FoldX was

determined using experimentally determined mutational fregggnchanges obtained

from 1000 proteins. And in its most current release, FoldX yieldgrdifces in
calculated versus experimental mutational free energy vahg&)(with a standard
deviation of 0.46 kcal mot. To calculate the interaction energ¥Goinging ) Of the
docked proteins, the difference in total free energy of the folded antbedfstructures
is determined

The Rosetta software is a collection of algorithms used for catipoal docking
of proteins using the Monte Carlo approach and is widely used fotwste prediction of
macromolecular complexes. Rosetta was initially developed dydDBaker at the
University of Washington for the prediction of molecular docking aiad \ater taken
over by the members of RosettaCommons and has since been adagpbbce ta large
array of computational macromolecular problems. (Raveh et al., 2010; Letdain
2011; Chaudhury and Gray, 2008)

FlexPepDock is a refinement high resolution docking protocol found in
Rosetta modeling framework which implements fully flexible agtirbody orientation

for the backbone as well as full flexibility of the side chains for the peptides tdocked.

the

(Raveh et al., 2010Jhe only requirement of this protocol is an input file which
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represents the starting structure. This file must contaitwibeeptides to be modeled.
The starting conformations of the two peptides can have varying edegoé
conformational difference from the native structure. The ftsfp in the docking
protocol involves prepacking of the side chains of the input structuretvéthurpose of
eliminating internal energy clashes in the peptides. Once ntieenal clashes are
eliminated, the pre-packed structure becomes the starting strtartaihe next step. The
second step involves the generation of 300 low- resolution structuregtibyizing the
rigid body orientation using Monte-Carlo search with energy mgaton. In this
routine, translational and rotational rigid body perturbations of 0.adA7aare applied,
respectively. The third step involves the generation of 300 high-riesokttuctures by
optimizing the peptide backbone while allowing the backbone to be fakibfe in order
to induce a better fit between the docked molecules.

MolProbity is an online software developed by David C. Richardson and C
workers in the Department of Biochemistry at Duke Universityis firimarily used to
diagnose crystallographic, NMR and docked structures for errorsethalt from minor
geometric distortions of protein side chains. MolProbity is primasked in this thesis to
determine the Ramachandran plots which represents contour diagrahesqgend
dihedral angles of all the residues in the various modeled strsi@ndecompare them to
that of the NMR solution structure of hnRNP C. (Chen et al., 2009)

Creating a Dimer out of the NMR hnRNP C Structure

The hnRNP C structure is used throughout this process as ancefesteucture.
The NMR solution structure of hnRNP C was downloaded from the PrDtgen Bank

(PDB) and cut into its respective dimers. Yasara was useddating and editing this
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homotetramer. Once the hnRNP C was loaded onto YasarBdibhmenu was used to
obtain the desired dimer. Tieleteoption was used and th&foleculeswas selected to
delete the unwanted chains. The chains A and D were deletedneaetitamer and then

the remaining structure was saved usingrihedSave/PDBpath.

Modeling of the Secondary Structures of the Amino Acid Sequence

The Open Optionn theFile pull down menu in the Windows version of Chimera
was used to upload a PDB file of a known protein structure (NMe&tystal structure).
Using theTools pull down menu, the protein’s sequence was displayed by choosing the
Sequenception selection. If the protein is multimeric and consist of ntlbam one
polypeptide polymer, one of the monomers in 8teow Model Sequence Windasv
selected and a new window labelgdhain X: Name of the uploaded proteiappears.

The Add Sequenception from theEdit pull down menu is then selected. A new window
entitled : ‘Add Sequence to Chain X: Name of the uploaded protgians. To the
“Sequence nahdéox, a name of the sequence to be modeled is added, and to the box
labeled ‘Sequene” a FASTA format of the amino acid sequence of the protein to be
modeled is added. The Modeller function from 8teucturepull down menu of this
window is then chosen followed by choosing @i€ option. In the Alignment based on
“Chain X: Name of the uploaded proteimindow which now displays the sequence of
the protein with the known structure and the sequence to be model&irutieirepull
down menu is chosen and tModeller Homologyoption is selected. In the window
labeled*Comparative Modeling with Modeller,"the name of the sequence to be modeled
is placed in the box titledChoose the target (sequence to be modelea)d in the

“Choose at least one templatdjox the name of the protein with the known structure
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which will be used as a template is selected. Htaie modeler via web servbutton is
selected and Blodeller license kegbtained from the developer’s website by filling out a
license agreements is placed in tModeller license Key’box. The number of output
models can be specified in thdvanced optionselection. In this thesis, 5 output
modeled were usually chosen. The opt@K was selected. Once the models were
generated, &Modeller Results” window is opened and tHdéumbersof the 5 generated
models are displayed in chronological order. The modeled stescaue then displayed
graphically in Chimera and analyzed for their degree of alignmetit the known
protein structure. The structure with the best RMSD value wgpest to the known

protein structure is chosen.

Structure Alignments Using Chimera

The structure alignments were made by selecting the pull degyruToolsand
using the Matchmaker option und&tructure ComparisanAt that point, a window pops
up; the reference structure and the structure to be matcheddéeeselected. This
window lists all the modeled structures plus the structutedlias the reference to create
the monomers. All other options were left as defaulted by thegrognd théK button
was pressed. The all-residug-BRMSD value is displayed at the bottom left hand on the
main window, another option is to click &pplyinstead ofOK, the pop up window stays
open but it is still possible to see the RMSD value in thexma@ndow, this way allows
for faster processing of all the structures, by clicking on tfierdnt models and keeping
the reference structure the same, always clickipgly to display the all-residue €

RMSD value in the same determined position.
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Once the lowest all-residue,/RMSD value is found, the monomer is selected

and needs to be saved uskilg/Save PDBThe monomer is now ready to be docked.

Docking Dimersthrough FlexPepDock

FlexPepDock requires the monomers to be packed in the same pdidfithea
monomers must be given two different letter labels, ex. Molecule A and ui®Bc The
structures are also required to have no more than 30 amino acid¢ereéhace structure
can be loaded by clicking o&dvanced options This toggles down a menu that allows
one to upload the reference structure. The hnRNP C NMR dimer edsassa reference
for this docking process. To ensure the highest possible resosituctures that can be
obtained by FelxPepDock, the number of low and high resolution struetaseset to
300 each. Everything else was left using the default sessioararcthail address was
necessary to retrieve the resulting structures. After eheptetion of the calculated 600
structures, the output files that are obtained include the ten structures waivéise total
energy and a score graph that plots the energies of the 600 geérstratéures with
respect to their all-residues€RMSD (rmsBB) relative to a provided native structure (the
NMR structure of hnRNP C). The server sends an email wlithikao the results, by
opening that link, the results are displayed and the structures cdowrdoaded by
scrolling down to the bottom of the page and clicking ®ag' 10 models(zip filg)After

extracting the file, ten individual files are created, they are named twpugh top 10.

Alignment of StructuresUsing MUSTANG

Each one of the top 10 structures mentioned above is analyzed independently.

The initial assessment of the goodness of the structure is foaceraach one of these
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structures to the hnRNP C NMR structure to determine backbone idadclsain
alignment. For purposesof this study, theand d positions were compared by
superimposing the NMR structure with each of the top docked stracturéhe
MUSTANG plugin in Yasara View was used to superimpose the tgtas
Analyze/Align/Objectvith MUSTANGwas the path used to access the MUSTANG tool.
A pop up window titled Select source objects to align with another objjacll appear.
The list of objects was now displayed and one was selecteteéerence structure, after
clicking OK, another window comes useélect target object for structural alignment
with MUSTANG' View/Show atoms/Residue sidechaas the path utilized to show the
desired side chains. A window title&é&lect residues (sidechaibound backbone will
be considered)pops up and the residues were selected by choosing them frdist.the
All structures were compared in the same manner. The strsichae have the best
alignment with the NMR structure of hnRNP C were chosen and setjecthe repair
algorithm in FoldX. Repair is required to remove electronic elssh side chains as a
result of modeling. The repair was repeated a multiple af<tiomtil the total free energy

of the structure reaches a minimum value.

The Determination of the Binding Free Energy of Docked Structures

The repaired structure discussed in the above section is used rimidetée
binding free energy of the two docked monomers. This is done bygtisgleghe
Interaction Energy of Moleculdson in theFoldX menu. The first interacting molecule
(monomer) is then selected from a list of molecules that appe@equenceéox of
“Select First Molecule Rang&indow. The second interaction molecule (monomer) is

selected in a similar fashion. The total interaction enetlgpgawith the various
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contributing energy values are then displayed in the bottom windoWaséra view

which can be accessed by tapping the space bar twice.

Structure Validation using Mol Pr obity

The PDB coordinate file of the structure to be analyzed can bedgoloa
MolProbity by selectingChoose File by selecting théJpload> option from theMain
Page window. After the file has been uploaded,#oaded file short description page
appears, and th@ontinue>option is selected This is followed by arAdd hydrogens>
button, a recommended function to reduce electron cloud clashes whiely closics
conditions in real structures. TI&art Adding H>button is then selected using all the
default options originally selected in tAeld hydrgens window. After all the hydrogen
atoms have been addedReview flips window appears with a message indicating
whether or not some of the residues have been flipped to fix @tasrientations. A
continue> button in this window is then selected. TAealyze all-atom contacts and
geometrybutton is then selected from the top of the né&n page window. This is
followed by selecting Th&kun programs to perform these analysesption from the
Analyze all-atom contacts and geometry window using all the default analyses. The
outputs of all the performed calculations are then accessed Antdgsis output: all-

atom contacts and geometry for molprobity-C-CFH.pdb window.
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CHAPTERI 11

RESULTS

Positive Docking Controls

The high degree of sequence homology observed in the leucine znbdRaly,
hRalyl and hnRNP C prompted us to investigate whether or not thessnprform
hetero-dimers with one another. The homology data shown in Table 1 s$tadvasnino
acids of the three leucine zipper sequences of these proteinsfreimré0% to 75%
identity, this indicates that hetero-dimers are highly likelYAs mentioned earlier, the
first approach is to investigate whether these proteins interale cell by cloning and
co-expressing genes from two or three of these proteins in ayptltyaic vector.
However, due to the fact that the presence of at least two ¢ tenes in the same
vector proved to be lethal &. coli, the feasibility of these interactions were investigated
through molecular docking studies. Nevertheless, before proceedimthis approach
the efficacy of the modeling and docking systems were fiasted by conducting a
positive control and a negative control. The positive control was totdacknRNP C
monomers and determine if the resulting structure was compdoabitat native NMR

solution structure.
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Table1l. Homology between different C proteins and Max.

PROTEINS PERCENT IDENTITY
hnRNP C + h Raly 60.71%
hnRNP C + hRalyl 75.00%

hnRaly + hRalyl 64.29%
HnRNP C+ Max 14.29%

The first step in the Docking of the hnRNP C homodimer involvegéneration
of an hnRNP C monomer in Modeller using the available NMR stietsithe template.
Rosetta FlexPePDock was used to generate the homo-dimer of HDRISRown in the
top panel ofFigure 2 is the score plot generated for hnRNP C docked structures.
Examination of the data shown indicates that more than 30% of the six hundred structures
have low energies (< -85 kcal/mol) with rmsBB values wigpeet to the NMR hnRNP
C structure between 1-2 A. Of the six hundred modeled structurestrature with the
lowest energy represents the final structure. The final tateicfor hnRNP C
superimposed over the NMR solution structure is shown in bottom parmfegufe 2
superimposed over its NMR counterpart. Alignment analysis of batihesg structures
based upon an all-residue,-BRMSD value using the multiple structural alignment
algorithm (MUSTANG) in Yasararesulted in a GRMSD value of 1.1 A.  The
superposition of the modeled structures over the NMR dimer partilellow RMSD
value obtained.

Similarities between these structures were also assesseg Ramachandran
plots that show two contour plot regions of the backbgaed y dihedral angles of
residues in right-handed-helices. Figure 3 shows these plots for the NMR and

modeled hnRNP C structures. The regions shown in Panels A and B difytiie are
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contour plots that represepandy angles combinations for all the residues in the NMR
solution structure and the modeled structure of hnRNP C, respgctiVee arrows in
both figures point to the regions where the residues have the awwstda-helical
conformations. In these most favored regionsghady angles have average values of -
57° and -47, respectively. If 90% or more of the residues in a given steictiow
@and y angles combinations in these most favored regions, the strustutleem
considered a valid structure witlthelical components. The rest of the regions in the
Ramachandran plots represent allowed but less favored geomelries -helical
structures. Residues with geometries outside both of those regeonsn-favored and
are termed outliers and im-helices those are typically occupied by terminal residues
where there is more flexibility in the structure than obsefgethe internal residues. In
fact for Isoleucine and Valinggandy combinations are typically shown separately in
Ramachandran plots due to their bulky side chains which often nedaige deviations

in the @and y angles relative to the ideal values observed in right haoddtlical
structures. Examination of the data shown in Panel Rigire 3 reveals that 90.4% of
the residues of the NMR structure are present in the favorednregih only one
isoleucine residue out of the five total valine/isoleucine resiguesent in hnRNP C
found in an outlier region wittpandy angles of 65and 105, respectively. Furthermore,
Panel B ofFigure 3 reveals that 96.2% of the residues in the Modeled hnRNP C structure
with @and y angles that lie in the favored region. And similar to the N&tRution
structure with only one isoleucine residue (the same termindueefound in the NMR

structure) is present in the non-favored region of the Ramachandran plot. The strong
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Figure 2. Panel A show the docking score gph obtained from Flexpepdo
which shows théotal free energy of the generated 600 structurésnR@NPC vs
the all-residue GRMSD values with respect to the hnRNP C NMR stre.
Panel B showghe best fit rodeledhnRNP C dimer superimposewer the
hnRNP C NMR structure. The backbone of the mod@ékRNP C and th
NMR structure ofhnRNP C are colored blue and red respely. Thea
residues are colored light blue and red, for theRN&hd modeled structure
respectively.



hnRNPC-NMR Structure-Ramachandran Plots
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Figure 3. Ramachandran plogenerated using MolProbity. The structurehnRNP C
NMR is in panel Aand hnRNP C modeled in panel The contoursndicated by the
arrows represerfavoredregions containing ideg andy combinations for rigl-handed
a-elical structures. The other contowrepresent less favored batlowed @and vy

combinations for righttanded -helical structures. The dots shown in black, regn¢
amino acids withpandy combinations that Il in the corresponding contours. Wher:
the red dots which appear outside the contoursiéajtrepresent amino acids wgand
y combinations that are not favored for r-handedx-helical structures
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similarities in the Ramachandran valuesgaind y angles between the NMR and the
modeled hnRNP C structures further solidifies the accuradyeafibdeled structure. In
fact Ramachandran plots are considered the gold standards inragsslessvalidity of
protein structures.

An additional positive control was obtained where by modeling the daeter
dimeric basic leucine zipper structure of the basic HLH-leaipper transcription
factors Myc and Max. Shown figure 4, is the docking score graph for the Myc/Max
dimer as well as the modeled Myc/Max dimer overlayed orcitizgtal structure of the
same dimer. Alignment analysis of these two structures usld§ NG resulted in an
all-residue G-RMSD value of 0.89 A. The superimposed images also shofigime 4
validate this RMSD value.

As a negative control the hnRNP C monomer was docked with the Miaamer.
This is used as a negative control due to that fact that theoasid sequences for
hnRNP C and for the Max protein share very low homology (14.29% as shoveatle
1). As a result of this low homology, it was not anticipated ttietdocking calculation
will result in a valid leucine zipper dimeric structure. ShowhRigure 5 is the score plot
obtained in this docking. It is clear from the data that none ofcditmulated 600
structures have energies below -85 kcal/mol and none have all-r€iRMSD values
calculated with respect to either the NMR structure of hnRNP C or thalcsirsicture of
the Myc/Max heterodimer below 5 A. In fact the lowest enetgycture calculated does
not at all resemble a leucine zipper. Again this is an eggemitcome considering the

low sequence homology between these two proteins.
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Figure 4. The docking score graph obtained from flexpepdohicivshows thi
total free energy of the generated 600 structufedy@/Max heterodimer vs
the all-residue ZRMSD (rmsBB) values calculated with respect to ¢hestal
structure of the Myc/Max hete-dimer. The superimposed structures in
bottom panel represent the best fit calculated Mg/ heterodimer (yellow
overlaid on the Myc/Max crystal structurelue).
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Figure 5. The docking score grarobtained from flexpepdock whicshows the
total free energy of the generated 600 structufdsN&RNP C/Max sequences \
the all-residue GRMSD (rmsBB) values calculated with respect to tngstal
structure of the Myc/Max hete-dimer. The structure shown in the bottom p
represents the hnRNP C helix (top helix) positiooeer the Max helix (bottom
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Generation of homo-and Heterodimers of hnRNP C, hRaly, and hRalyl

Now that the efficacy of the Rosetta Docking algorithm, Flexpdpdoas
confirmed homo and heterodimers of hnRNP C, hRaly and hRalyl, were @gehbsa
docking various combinations of the monomers of the above mentioned proteims.
sections shown below, only the calculated structures that havewvilestltotal energy
values and the smallest all-residugRMSD calculated with respect to the NMR hnRNP

C structure are presented.
The Docking of hRaly-hRaly and hRalyl Homodimers

Shown in Figure 6 is the homodimer of hRaly compared to the modeled
homodimer of hnRNP C (Panels A and B, respectively). Both strgcameeshown with
the hydrophobic residue side chains that make up #meld positions of each heptad.
Upon visual inspection of the two structures it can be said that batliuses exhibit a
high degree of similarity. Both structures are antiparatel pack according to the
accepted “knobs in a hole” arrangements where the knola(tesidue) (knob) on one
chain is packed into a hole which consists ai e&sidue and twa residues on the
opposite chain.  Moreover, an all atom alignment of both of thiesetwwes using
MUSTANG results in 0.90 A GRMSD value. SimilarlyFigure 7 shows the best fit
modeled structure of the hRalyl-hRalyl homodimer compared to thdteohnRNP C
homodimer. Again, the hRalyl homodimer is virtually identical toHth&NP C dimer
with an all-residue @RMSD of 0.91 A and is an antiparalel leucine zipper withahe

residues packing against tti@esidues according to the “knob in a hole” arrangement.
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Figure 6. Panel A. The best fit modeled hRaly-hRAly homodimer. Pandlhg
best fit modeled hnRNP C homodimer. In both structuresa fhasitions in the four
heptads are shown in red and theosition in the four heptads are shown in light
blue.
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Figure 7. Panel A. The best fit modeled hRalyl-hRalyl homodimer. PBné&he
best fit modeled hnRNP C homodimer. In both structuresa fhasitions in the four
heptads are shown in red and th@osition in the four heptads are shown in light
blue.
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hRaly Dimer-Ramachandran Plots
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Figure 8. Homodimers corresponding to hRaly and hRalyl stmes were represent
to prove validity. These Ramachandran plots wemegge: using MolProbit. Both
panel A and panel B show the only residue that m@sencountered a favorable
region. The red dot represents that residue anlabelon both panels read lle 25 frc
chain A of the dimer.
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To further validate the docked homodimers of hRaly and hRalyl, Ramachapidta
were also generated, as seenFigure 8. Most of the residues (96.0% in the hRaly
structure and 94.2% for the hRalyl structure) are located in theethwegion of the
Ramachandran plot with only one outliner residue in both cases theseafs the same

terminal isoleucine observed for the hnRNP C structures.

The Docking of the hNRNP C, hRaly and hRalyl Heterodimers

Structures were also calculated that resulted from the modefimgeractions
between the different monomers of hnRNP C, hRaly, and hRalyl. Thditogsticture
from each docking was compared with the best hnRNP C docked stru€onsidering
the high sequence homologies between the three sequences, ituspnsing that not
only the resulting heterodimers are all antiparallel leucippezs with thea positions
packed into twoa and oned positions of the opposite chain in a “knob in the hole”
pattern, but that all the resulting structures have high degrakgofment and extreme
similarities ingandy angles shown in the corresponding Ramachandran plots. Shown
in Figure 9 is the comparison between the best-fit structures of hnRNP Ig/Hra
heterodimer and hnRNP C homodimer. Considering the high sequence homology
between hnRNP C and hRaly, the two structures have an all-residRBIED of 0.82 A.
Figure 10 shows the best fit structure of hnRNP C/hRalyl compared withnRNP C
homodimer, and the two structures have an all residue backbone RMSB/Af These
heterodimers were also analyzed with MolProbity and their ragpedmachandran
plots were generated. These plots can be sefeigune 11. The plots still prove that the
structures are accurate with 94.2% and 96.2% of the residuesfam®iiad regions for

for hnRNP C-hRaly, and hnRNP C-hRalyl, respectively. As shown before for the NMR
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Figure 9. Panel A. The best fit modeled hnRNP C-hRaly hetro-dimer. | Bariéhe
best fit modeled hnRNP C homodimer. In both structuresa fhasitions in the four
heptads are shown in red and thposition in the four heptads are shown in light
blue.
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Figure 10. Panel A. The best fit modeled hnRNP C-hRalyl hetro-dimenelF& The
best fit modeled hnRNP C homodimer. In both structuresa thesitions in the four
heptads are shown in red and thgosition in the four heptads are shown in light blue.
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Figure 12. Panel A. The best fit modeled hRaly-hRalyl hetero-dimenePB&. The
best fit modeled hnRNP C homodimer. In both structures gfsitions in the four
heptads are shown in red and theosition in the four heptads are shown in light
blue.
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FigurAé 13. The Rz;machéﬁdran r.J»Iot of the h;terodimer str;JchRaI;I-hRalyi‘
heterodimer. The red dot represents the lle in ciaat position 25. This residue
not encountered in a favorable regi
structure of hnRNP C homodimer, the only residug ofi the favored region
(represented as a red dot) is t-terminus isoleucine.The final heterodimer generat
from this group, hRaly/hRalyl, is shownFigure 12 which is compared with the hnR}
C homodimer where the -residue G-RMSD of both structures was calculated to
also 1.3 A. The Ramachandran plot corresponding to the F-hRalyl heterodimer ca
be seen irrigure 13. The output encountered 94.2 % of the residuesarstiucture to b
in the favored region of the p. Again only the terminus isoleucine residue ie
structure is found to be in an-favored geometry of am-helical structure.

The results discussed abcthat favors the formation of dimers between difff¢
protein sequences, prompted us to gete amixed heptad monomer that consistec

heptad 2 of hRalyl, heptad 4 of hRaly, heptad Brd NP C and heptad 1 of hRaly in t
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Figure 14. Ramachandran plot corresponding to the Mixed LZ édimel. Two red
dots (outliners) can be seen correspor to each of the chains in the din

order of N to C terminus.Molecular docking was then uséd generate the resultir
dimer (Mixed LZ). Shown ilFigure 15 is the Mixed LZ structure (Panel A) and 1
hnRNP C dimer. As shown in this figure, the Mi LZ dimer is an an-parallel leucine
zipper with the acepted “knob in the hole” paing and has an afesidueC,-RMSD of
1.1 A which is as low and in some cases lower that h-dimers construed from
known protein sequenc. Furthermore, analysid the Ramachandran pl(Figure 14)
for the Mixed LZ structure also indicate that 98®20f its residues lie in the favor
region fora-helical structures with only the-terminus isoleucine present as an ou
residue.

Although themodeled Mixed LZ tructure overlad quite well over the NMF
structure of hnRNP C, there was concern about venaih not interactions beyond t
hydrophobic ones were present in MixLZ or any of the other dimersAnd as a result,
all possible potential interactic needed to be consideredAs expected for amphipatr

helices, virtually all of the polar and charged residues evelirected toward watel
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However, none of these residues were involved in intra or inter-malaotdsactions
except for two that are conserved in the primary sequence tfred of the zippers.
Specifically, thee andb positions of heptad 2 and 3 respectively contain a positively
charged lysine and a negatively charged aspartate in the hnRNPalg, arRdl hRalyl

sequences. Shown kgure 16 are the intermolecular salt bridges that result from the
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Figure 15. Panel A. The best fit modeled Mixed LZ homo-dimer. Pan€elli
best fit modeled hnRNP C homodimer. In both structuresatbesitions in the
four heptads are shown in red and thposition in the four heptads are shown in
light-blue.
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Figure 16. Zoomed images of the two salt bridges in hnRNP C, hRaly, hRalyb lamch
hetero-dimers. Van der Waals surface contacts between ygeroxatom shown in red)
on the carbonyl group of aspartate #16 on one chain and the hydrogen amirloe
group (atom shown in blue) on lycine #12 of the opposite chain. PAst¢lshow the
structures from hnRNP C homodimer (NMR), hnRNP C homodimer (moddigdly
(homodimer), hRalyl (homodimer), C-hRaly (heterodimer), C-hRalyl (homedi
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interaction of these conserved residues. More specifically, stendes of the positively
chargede-amino group of the lysine reside from the negatively charged cddbtex
group on the aspartate ranged between a minimum of 2.3 A to a maxim8rh Af
These distances are well within the required distances for the formasatt bfidges.

To examine the effect of these two residues on the overallitstabithe dimers,
the e andb alanine and threonine residues of Mixed LZ were changed tootiseive
lysine and aspartate to produce the Mixed LZ-SB sequence. sétpgence was docked
and the resulting dimer is shownkigure 17 along with the NMR structure of hnRNP C
for comparison. The addition of these conserved residues did nothaltstracture in
that the G-RMSD value with respect to the NMR structure of hnRNP C ispewable to
that observed for the other dimers (1.2 A). Furthermore, the Ramén plot for this
structure Figure 18) indicates that all residues except for the c-terminus isolewae in
regions with acceptableand y angles with 96.2% of those residues located in the

favored region of the Ramachandran plot.

Binding Free Energies of the Docked Homo- and Heter o-Dimeric Structures

Constructed from the hnRNP C, hRaly, hRalyl, and the Mixed Peptide Sequences

Shown inTable 2 are the binding energies for all of the modeled structures. The
AGsonvy Which represents the difference between the hydrophobic residueg bei
exposed to water versus their aggregation between the helicescltmles water
molecules by far represents the major contribution to the syabili each dimer.
Excluding the mixed leucine zipper (Mixed LZ) the averAGgow+ is similar for all of

the structures with an average of -24.@.7 kcal/mol. The value for the Mixed LZ was
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Figure 17. Panel A, the best fit modeled Mixed-Sequence homo-dimer mutated to
include to salt bridges. Panel B. The best fit modeled hnRNP C har@odin both
structures, tha positions in the four heptads are shown in red andl thesition in

the four heptads are shown in light blue.
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Figure 18. Ramacha

ndran plots for the MixLZ-SB structure dimer The black dots
show the residues on the favored region and thelo&slrepresent the residues out:

of those regions. It ismportant to note thethere are two red dots, one on top of
other and they correspond to each chif the dimer.

-19.9 kcal/mol. The addition of a conserved satide to Mixed LZ to producMixed
LZ-SB brings the contribution of hydrophobic interaadback to a value consistent w
the rest of the structure:

The change in the free energy associated with \éaWhals interactions was t
second highest contributor to each di's stability. For all of the structures exclud
the Mixed LZ, values were comparable ranging fromiaimum of-12.10 kcal/mol for
the hRaly/hRaly homodimer to aaximum value of -14.31 kcal/md&br the Mixed Lz-

SB. The average free energy from Van der Waaésantion contributions for all of tr

dimers modeled wad2.87+ 0.90 kcal/mol.

The free energy of elecsstatic contributions XG¢) to the stability of eac

structure was minor. All of the residues that vaoble positively charged at pH 7

(lysines) or those that would be negatively chargethis pH (glutamate and aspart:
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were not involved in any intramolecular salt bridges. However, ragbaesidues that
were conserved in the primary sequence of hnRNP C, hRaly, hRRaylnoticed and
inserted them into the sequence of Mixed-LZ-SB. This resultéakifiormation of two

intermolecular salt bridges that were observed in all the mibd#lectures listed above.
Comparison of the binding energies of the Mixed LZ that lacked thérsdges and the
Mixed LZ-SB that has them, indicates that these salt bridgesnee the overall stability
of the dimer by approximately 4 kcal/mol. Similar effects haeen observed on GCN4,
a basic leucine zipper that also functions as a transcriptobor favhere one salt bridge
stabilizes the dimer by 1.7kcal/mol. (Spek et al., 1998)

The major destabilizing effect for all proteins is the de@easthe entropy
associated with the packing of all of the amino acids into a glolstdacture where
hydrophobic residues are excluded from water and hydrophilic ondg/drated. This
effect was minimized in the Mixed LZ dimer (8.4 kcal/mol) treatked the salt bridges.
The destabilizing effect was comparable in the other structitbsan average value of
12.0% 1.4 kcal/mol.

The sum of these free energies led to values that were Isighlgr for all of the
modeled dimers except the Mixed LZ dimer (-16.13 kcal/mol) tltkield the conserved
salt bridge. The average value of th&pinging for the remaining structures was

determined to be -22.2 + 1.5 kcal/mol.
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Table 2. The Binding Free Energy for the Interaction of Monomer LeuZippers of

Various Docked Dimers of the hnRNP C, hRaly, and hRalyl.

Molecule AGSolvH AGvdw AGentropic AGeI AGbinding KJ

(kcal/mol) | (kcal/mol) (TASs9) (kcal/mol) | (kcal/mol)
C-C-NMR | -25.12 -13.92 12.68 -0.85 -23.70( 2.40438 x 1&
C-C -23.67 -12.40 13.59 -0.94 -20.81 1.82619 X°10
Modeled
hRaly- -25.29 -12.10 10.68 -0.72 -24.12 4.88675 X'10
hRaly
hRalyl- -24.81 -12.22 11.34 -0.72 -21.07 2.83285 X'10
hRalyl
C-hRaly -24.95 -12.27 11.32 -0.74 -21.79 9.55553'% 10
C-hRalyl -25.04 -12.87 11.44 -0.75 -23.49 1.68653% 10
Mixed-LZ | -19.85 -9.75 8.38 -0.00 -16.13 6.7507 X'10
Mixed- -23.55 -14.31 14.58 -0.77 -20.56 1.01127 X*10
LZ-SB
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CHAPTER IV

DISCUSSION

hnRNP C has historically been viewed as a separate entity inkgd|to two
polypeptide chains, C1 and C2. (Barnett et al., 1989) Virtually ewargtibn of the
proteins has been linked to this perception. The discovery of hRahe ih990’s and
hRalyl in 2004 did little to dispel this perception despite the highedegf sequence
homology between the proteins as well as the conservation ofusaiuctotifs. (Duhl et
al., 1994; Michaud et al., 1994; Tomonaga and Levens, 1995). However,dhelhes
presented here questions the separate protein philosophy, in that teigyatin clearly
demonstrated that the oligomerization domains of each of the threenprappear to be
structurally equivalent. This conclusion is based upon the analy$iseeffindings. The
first is obtained by overlaying the resulting modeled structoves the NMR structure of
hnRNP C and visual inspection of how well the helical backbones andrsades align.
The second is obtained through the analysis of the calculatess@iie G-RMSD value
of the modeled dimers based in comparison the NMR structure d6ihfREP C dimer.
And the third is obtained through the comparison ofghady angles of all the residues
in the modeled structures relative to those observed in the NMR hi@RBliructure.

From visual inspection, one could not discern the modeled structures HeoMIMR
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structure of the hnRNP C dimer. This was reinforced quantitatimethat all-residue
C4-RMSD values ranged between a maximum of 1.3 A for the hnRNPa/hB 0.8 A
Ralyl/Ralyl heterodimers. Two proteins are considered strubsturdéntical with
calculated @-RMSD value of less than 2 A. (Raveh et al., 2010) Clearly, theteds
values are well below this threshold indicating structural identity.

In addition, it was possible to make a more detailed comparison efrtietures
to further confirm the validity of the modeled structures by aniady their backbone
geometries relative to the conformations of the residue side chdiisswas done by
generating contour plots apand y combinations of all residues in each modeled
structure using Ramachandran plots. In all of the plots genetated clear that more
than 90% of all the residues for all of the modeled structures lie in the regieaaeting
favored a-helical conformations. These values are highly compat@blehat was
observed for the NMR structure of hnRNP C. This does not only cotifemaalidity of
the modeled structures but clearly argues for the high prdiyathét these structures
represent physiologically accurate depiction of interactionsdeat these three proteins
in living cells.

The binding energies of all the structures presented here alsancothie
structural identity and binding stability of all of the dimers medein this study.
Equilibrium binding constants for monomer interactions ranged from a Iawdfd for
the Mixed LZ structure to a high of 5 x ICfor the hRaly homo-dimer. To gain a
perspective of what these values mean, the lowest binding corsteimaracteristic of
antigen antibody interactions which are among the strongest nafenbnteractions in

living cells. The strongest non-covalent interaction known on eartiaidetween biotin
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and streptovadin which approaches that of covalent interactions. bifitheag constant
for this interaction has been determined to be in the range'df Based upon the very
low cellular concentrations of proteins {1M), reactions with these Kvalues would
represent irreversible binding. Though difference between {lué e weakest binding
leucine zipper and the tightest binding leucine zipper obtained irwthiis represents
several orders of magnitude, based on concentrations of these protemsell virtually
all of these reactions are irreversible (reaction quotienhiset reactions is much larger
than Ky).

One might argue that though the leucine zippers are compatibleanisé&ation of
each protein may be coupled to the formation of quaternary intaractiThis is indeed a
valid argument and one that was initially sought to be addresseadifxy recombinant
DNA techniques. Specifically, the approach was to use a polycistronic veetqrress
different pairs of proteins at the same time as well asféereht vectors. However, the
expression of two copies of the proteins proved to be lethal in E. antiuiteéusly, while
preparing this researchgcent findings havehown that hnRNP C and hRaly interact in
an RNA independent fashiognzeret al., 2013). This work reinforces the significance
in the results reported in this work.

The studies reported here show that the binding energies for hnRNP C, hRaly, and
hRalyl monomers to one another are comparable indicating the pogsibihetero-
dimers or tetramers comprised of different combinations of @achomer. Since
hnRNP C has been associated with so many cellular actitisesinds reasonable that
one way to regulate its activity is through the generation of cobgpuealy diverse

proteins. For example, hnRNP C has been shown to bind RNA non-specificall
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organizing it into a repetitive array of 40S monoparticles. The #@8oparticle is
comparable to the organization of chromatin into nucleosomes. Hidligrica
nucleosomes were perceived to consist of the same protein compositioto de
deposited in a sequence independent manner on DNA. Though histones are cafposed
two H2A-H2B dimers and one (HgH4), tetramer, it is now known that there are
histone variants for each of the four histones which allows functiordiifinct
nucleosomes. Based upon the findings mentioned in this paper, it cagdested that
the 40S monoparticle and other complexes that have been only linked to HBRNP
probably are compositionally diverse and include hRaly and hRalyl mosom&s a
result of these current findings immunoprecipitation studies wikdrelucted followed
by western analysis to determine the viability of the hypadhed$t appears that one
research group has confirmed aforementioned theories with regdmdRi§P C and

hRaly. (Tenzeret al., 2013)
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