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Ramachandran plots for the Mixed LZ-SB structure dimer. 
show the residues on the favored region and the red dots represent the residues outside 

mportant to note that there are two red dots, one on top of the 
other and they correspond to each chain of the dimer.  

19.9 kcal/mol.  The addition of a conserved salt bridge to Mixed LZ to produce 

B brings the contribution of hydrophobic interactions back to a value consistent with 

the rest of the structures.   

The change in the free energy associated with Van der Waals interactions was the 

second highest contributor to each dimer’s stability.  For all of the structures excluding 

the Mixed LZ, values were comparable ranging from a minimum of -12.1

the hRaly/hRaly homodimer to a maximum value of -14.31 kcal/mol for the Mixed LZ

SB.  The average free energy from Van der Waals interaction contributions for all of the 

12.87 ± 0.90 kcal/mol.   

The free energy of electrostatic contributions (∆Gel) to the stability of each 

structure was minor.  All of the residues that would be positively charged at pH 7.0 

(lysines) or those that would be negatively charged at this pH (glutamate and aspartate) 
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were not involved in any intramolecular salt bridges.  However, a pair of residues that 

were conserved in the primary sequence of hnRNP C, hRaly, hRalyl, was noticed and 

inserted them into the sequence of Mixed-LZ-SB.  This resulted in the formation of two 

intermolecular salt bridges that were observed in all the modeled structures listed above.  

Comparison of the binding energies of the Mixed LZ that lacked the salt bridges and the 

Mixed LZ-SB that has them, indicates that these salt bridges enhance the overall stability 

of the dimer by approximately 4 kcal/mol.  Similar effects have been observed on GCN4, 

a basic leucine zipper that also functions as a transcription factor, where one salt bridge 

stabilizes the dimer by 1.7kcal/mol. (Spek et al., 1998) 

The major destabilizing effect for all proteins is the decrease in the entropy 

associated with the packing of all of the amino acids into a globular structure where 

hydrophobic residues are excluded from water and hydrophilic ones are hydrated.  This 

effect was minimized in the Mixed LZ dimer (8.4 kcal/mol) that lacked the salt bridges.  

The destabilizing effect was comparable in the other structures with an average value of 

12.0 ± 1.4 kcal/mol. 

The sum of these free energies led to values that were highly similar for all of the 

modeled dimers except the Mixed LZ dimer (-16.13 kcal/mol) that lacked the conserved 

salt bridge.  The average value of the ∆Gbinding 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 Leucine Zippers of 
Various Docked Dimers of the hnRNP C, hRaly, and hRalyl.   

 

Molecule ∆GSolvH 

(kcal/mοl) 

∆Gvdw 

(kcal/mοl) 

∆Gentropic 

(T∆Ssc) 

∆Gel    

(kcal/mοl) 

∆Gbinding 
(kcal/mol) 

          Kb 

C-C-NMR -25.12 -13.92 12.68 -0.85 -23.70 2.40438 x 1017 

C-C 
Modeled 

-23.67 -12.40 13.59 -0.94 -20.81 1.82619 x 1015 

hRaly-
hRaly 

-25.29 -12.10 10.68 -0.72 -24.12 4.88675 x 1017 

hRalyl-
hRalyl 

-24.81 -12.22 11.34 -0.72 -21.07 2.83285 x 1015 

C-hRaly -24.95 -12.27 11.32 -0.74 -21.79 9.55553 x 1015 

C-hRalyl -25.04 -12.87 11.44 -0.75 -23.49 1.68653 x 1017 

Mixed-LZ -19.85 -9.75 8.38 -0.00 -16.13 6.7507 x 1011 

Mixed-
LZ-SB 

-23.55 -14.31 14.58 -0.77 -20.56 1.01127 x  1015 
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CHAPTER IV 
 
 

DISCUSSION 
 
 
 

hnRNP C has historically been viewed as a separate entity only linked to two 

polypeptide chains, C1 and C2. (Barnett et al., 1989) Virtually every function of the 

proteins has been linked to this perception.  The discovery of hRaly in the 1990’s and 

hRalyl in 2004 did little to dispel this perception despite the high degree of sequence 

homology between the proteins as well as the conservation of structural motifs. (Duhl et 

al., 1994; Michaud et al., 1994; Tomonaga and Levens, 1995).   However, the research 

presented here questions the separate protein philosophy, in that this investigation clearly 

demonstrated that the oligomerization domains of each of the three proteins appear to be 

structurally equivalent.  This conclusion is based upon the analysis of three findings.  The 

first is obtained by overlaying the resulting modeled structures over the NMR structure of 

hnRNP C and visual inspection of how well the helical backbones and side chains align.  

The second is obtained through the analysis of the calculated all-residue Cα-RMSD value 

of the modeled dimers based in comparison the NMR structure of the hnRNP C dimer.  

And the third is obtained through the comparison of the φ and ψ angles of all the residues 

in the modeled structures relative to those observed in the NMR hnRNP C structure.  

From visual inspection, one could not discern the modeled structures from the NMR 
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structure of the hnRNP C dimer.  This was reinforced quantitatively in that all-residue 

Cα-RMSD values ranged between a maximum of 1.3 Å for the hnRNP C/hRalyl to 0.8 Å 

Ralyl/Ralyl heterodimers.  Two proteins are considered structurally identical with 

calculated Cα-RMSD value of less than 2 Å. (Raveh et al., 2010) Clearly, the resulted 

values are well below this threshold indicating structural identity.   

In addition, it was possible to make a more detailed comparison of the structures 

to further confirm the validity of the modeled structures by analyzing their backbone 

geometries relative to the conformations of the residue side chains. This was done by 

generating contour plots of φ and ψ combinations of all residues in each modeled 

structure using Ramachandran plots.  In all of the plots generated it was clear that more 

than 90% of all the residues for all of the modeled structures lie in the region representing 

favored a-helical conformations.  These values are highly comparable to what was 

observed for the NMR structure of hnRNP C.  This does not only confirm the validity of 

the modeled structures but clearly argues for the high probability that these structures 

represent physiologically accurate depiction of interactions between these three proteins 

in living cells.   

The binding energies of all the structures presented here also confirm the 

structural identity and binding stability of all of the dimers modeled in this study.  

Equilibrium binding constants for monomer interactions ranged from a low of 7 x 1011 for 

the Mixed LZ structure to a high of 5 x 1017 for the hRaly homo-dimer.  To gain a 

perspective of what these values mean, the lowest binding constant is characteristic of 

antigen antibody interactions which are among the strongest non-covalent interactions in 

living cells. The strongest non-covalent interaction known on earth is that between biotin 
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and streptovadin which approaches that of covalent interactions.   The binding constant 

for this interaction has been determined to be in the range of 1015.  Based upon the very 

low cellular concentrations of proteins (10-9 M), reactions with these Ka values would 

represent irreversible binding.  Though difference between the Ka of the weakest binding 

leucine zipper and the tightest binding leucine zipper obtained in this work represents 

several orders of magnitude, based on concentrations of these proteins in the cell virtually 

all of these reactions are irreversible (reaction quotient for these reactions is much larger 

than Ka). 

One might argue that though the leucine zippers are compatible, the translation of 

each protein may be coupled to the formation of quaternary interactions.  This is indeed a 

valid argument and one that was initially sought to be addressed by using recombinant 

DNA techniques.  Specifically, the  approach was  to use a polycistronic vector to express 

different pairs of proteins at the same time as well as on different vectors.  However, the 

expression of two copies of the proteins proved to be lethal in E. coli.  Fortuitously, while 

preparing this research, recent findings have shown that hnRNP C and hRaly interact in 

an RNA independent fashion (Tenzer et 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 possibility of hetero-

dimers or tetramers comprised of different combinations of each monomer.  Since 

hnRNP C has been associated with so many cellular activities it sounds reasonable that 

one way to regulate its activity is through the generation of compositionally diverse 

proteins.  For example, hnRNP C has been shown to bind RNA non-specifically 
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organizing it into a repetitive array of 40S monoparticles.  The 40S monoparticle is 

comparable to the organization of chromatin into nucleosomes.  Historically, 

nucleosomes were perceived to consist of the same protein composition and to be 

deposited in a sequence independent manner on DNA.  Though histones are composed of 

two H2A-H2B dimers and one (H3)2(H4)2 tetramer, it is now known that there are 

histone variants for each of the four histones which allows functionally distinct 

nucleosomes.  Based upon the findings mentioned in this paper, it can be suggested that 

the 40S monoparticle and other complexes that have been only linked to hnRNP C, 

probably are compositionally diverse and include hRaly and hRalyl monomers.  As a 

result of these current findings immunoprecipitation studies will be conducted followed 

by western analysis to determine the viability of the hypothesis.  It appears that one 

research group has confirmed aforementioned theories with regard to hnRNP C and 

hRaly. (Tenzer et al., 2013) 
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