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 The planar peptide model has guided our understanding and interpretation of 

protein crystal structures since its origin in the 1950s. It is well understood that 

deviations from this model occur, but the majority of peptides are planar, as measured 

by the standard omega torsion angle. Here, we report the first analysis in proteins of 

the contribution of pyramidalization of the peptide nitrogen to peptide non-planarity in 

proteins. We do this by considering peptide bonds before proline residues, as in such 

prolyl-peptides the peptide hydrogen is replaced by a carbon atom in the proline side 

chain – allowing its pyramidalization to be accurately assessed in ultra-high resolution 

structures. Our results show that peptides deviate more from planarity than previous 

studies have detected, and in fact, are not even planar on average. Additionally, our 

data show, in agreement with early small molecule and peptide research, that the 

nitrogen atom in prolyl peptides is generally pyramidalized, and plays an almost equal 

role in generating deviations from planarity as does pure rotation. Correlation analyses 

show that local conformational features only explain a small fraction of the variability 

in planarity in real structures. We conclude that the tertiary environment exerts a 

dominant influence on non-planarity. 
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Peptide Non-planarity Regained 

 

CHAPTER 1 

INTRODUCTION TO THE THESIS 

Protein structure matters 

 Proteins are essential for life. They are involved in regulation of cellular events, 

act as structural components of our cells, and most notably, catalyze essentially all of the 

chemical reactions that make our lives possible. Proteins have diverse roles and each 

different task is accomplished by a unique protein or set of proteins. Enzymes, proteins 

that catalyze reactions, are like workers on an assembly line, breaking down the food we 

eat into fundamental building blocks and then storing or using those blocks to build all 

the complex molecules needed for our bodies. Proteins can achieve a remarkable level of 

specificity, often only binding the correct target compound and rejecting compounds with 

even slight variations, even if they are only in the arrangement of the same atoms. 

Understanding how enzymes catalyze their reactions, how they bind and recognize the 

appropriate partners, and how they interact with other cellular components are all 

fundamental aspects of understanding life and advancing medicine. In fact, most drug 

targets are proteins in the body, either shutting down over-active proteins or turning on 

less-active proteins. 

 

Levels of protein structure 

 Essential to our comprehension of protein function is knowledge about protein 

structure. At the microscopic scale, structure begets function. Proteins are built from 

protein building blocks called amino acids. There are twenty standard amino acids – each 
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sharing a common component known as the main chain (Figure 1.1 A) – and when a 

defined group of these protein building blocks are stitched together they make a protein. 

The building blocks are linked to one another by the peptide unit, pictured in Figure 1.1 B 

and C. Each of the unique amino acid types differs in a group extending from the main 

chain, called the side chain (Figure 1.1 A). The sequence of the protein building blocks 

forming the protein chain is called primary structure. When a water soluble protein is 

placed in an aqueous environment it folds into its native structure; this is largely driven 

by what is known as the hydrophobic effect, which will be discussed later. The folding of 

proteins embedded in fatty membranes is more complicated and will not be addressed 

here. A protein’s secondary structure can be loosely defined as protein folding motifs that 

maximize favorable interactions between the main chain atoms. One such structure 

predicted by Linus Pauling
1
 is the -helix, a right handed helical spiral of the main 

protein chain forming hydrogen bonds parallel with the axis of the helix. Tertiary and 

quaternary structures are the overall folding of a protein chain and interactions between 

separate protein chains respectfully. 

 

Energetics impact protein structure 

Proteins are amphiphilic meaning that they contain portions that are hydrophilic 

(water loving or polar) and other sections that hydrophobic (water fearing or lipophilic). 

While hydrophobic molecules do interact favorably with water molecules, when mixed in 

with water, they disrupt the even stronger interactions that occur between the water 

molecules themselves. This makes it energetically favorable to separate hydrophobic 

groups from   
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Figure 1.1: Protein structure and electron density maps 
Proteins are a chain of fundamental building blocks called amino acids. Each amino acid 

has a main chain, pictured in a dark grey box (panel A), which is connected to other 

amino acids by the peptide bond (the bond between the carbonyl carbon and amide 

nitrogen atoms, labeled C and N in panels B and C). Each of the 20 standard amino acids 

also has a different side chain (light grey box, panel A, in this case showing the side 

chain for the amino acid tyrosine). The amino acid proline is distinct from the other 19 

amino acids because its side chain is connected back to the main chain nitrogen atom 

(panel C). Panels B and C depict traditional labeling of protein atoms. The six atoms 

pictured in panel B, and equivalently in panel C, comprise the peptide unit that was 

proposed to be a planar group (translucent grey rectangle). Panels C through F depict a 

three dimensional model of a section of an eel antifreeze protein (PDB code 1UCS Chain 

A, residues 37-38) that was solved at 0.62 Å resolution. Accompanying the model in 

panels D through F are electron density cages. Panel D depicts the electron density 

generated from only the data out to a limiting resolution of 3 Å, with panels E and F 

depicting equivalent images based on limiting resolutions of 2 Å and 1 Å, respectfully.  
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water, mitigating the loss of the favorable interactions among the water molecules, just 

like when oil separates from water after being mixed. This is called the hydrophobic 

effect. 

 The amino acid side chains vary in their extent of hydrophobicity, but the main 

chain contains polar groups capable of interacting with water or other main chain atoms 

to form favorable hydrophilic interactions known as hydrogen bonds. Because it would 

be energetically unfavorable to lose those hydrogen bonds, proteins must fold to both 

maximize the burial of hydrophobic groups from water and maximize the retention of 

hydrogen bonds, both in the main chain and in the polar side chains. As discussed above, 

the protein’s secondary structure roughly folds to maximize these hydrogen bonds. The 

overall protein collapses to its natural solution structure, called its native structure, to 

hide the hydrophobic elements towards the center of the protein while retaining hydrogen 

bonds. The final structure can be rationalized by a delicate balance of energetic 

components: optimizing favorable interactions (such as hydrogen bonds), removing 

hydrophobic surfaces from water, minimizing strain (deviations from natural geometry of 

atoms), maximizing the interactions between appropriately charged groups and 

minimizing unfavorable collisions between atoms (referred to as steric interactions). The 

energetic components listed above are all important to account for when investigating the 

assumptions scientists make regarding the ideal properties of protein structural elements, 

as well as how and to what extent these elements can deviate from their supposed ideal 

conformations. 
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Experimental methods of determining protein structure 

 The details of protein structure are highly complex and we continue to improve 

our understanding of protein structures, their structural components as well as the 

implications of this knowledge for future research. There are two main approaches to 

learning about protein structure, prediction and experiment. Both of these approaches 

incorporate assumptions made about the fundamentals of protein structure. I will first 

discuss experimental approaches. 

 The primary experimental methods used to obtain high resolution structural 

information on proteins are X-ray crystallography and nuclear magnetic resonance 

(NMR). Here I will do a light treatment of the theory behind X-ray crystallography, the 

technique used to obtain the data used in this thesis, and follow with an even more brief 

explanation of NMR. X-rays are beams of light that are very high in energy due to their 

small wavelength. The analogy of a light microscope is often useful when discussing the 

process of X-ray crystallography. In X-ray crystallography, a protein crystal is placed 

into a high intensity X-ray beam and the electrons in the protein scatter the X-rays. In a 

normal light microscope the scattered light waves are refocused by a lens to form an 

image; however, no lenses exist that can effectively refocus light waves in the X-ray 

region. Instead, the pattern of the diffracted X-rays is recorded on an X-ray sensitive 

detector. An image must then be computationally reconstructed from these scattered 

waves. The final image is a representation (e.g., Figure 1.1 D-F) of the clouds of 

electrons that compose the protein’s atomic shape. After generating a map of the electron 

density, a model of the protein is built. In order to test the model, the model is used to 

derive calculated intensities for the diffracted spots (reflections) in the scattering pattern 
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and these are compared with the observed values from the experimental data. The final 

products of X-ray crystallography are the three dimensional models of protein structure 

that are validated by the electron density. 

Nuclear magnetic resonance on the other hand, measures changes in the 

populations of the protein’s nuclear spins in response to a changing magnetic field. 

Although I will not delve into this topic much in this thesis, it is important to understand 

the fundamental differences between these two primary techniques. NMR allows the 

researcher to measure the environment of a nucleus in the protein and can tell what atoms 

are nearby, both through a bonded network and through space. NMR is an extremely 

powerful tool for probing protein dynamics and even structure determination; however it 

also has its limitations. Unlike X-ray crystallography, the final result is not an image, 

instead the results are parameters through which models can be built that satisfy all 

parameters, and thus yield a solved structure. Because the result is not an image, NMR 

structure determination relies even more heavily on prior knowledge of protein structure, 

during pure structure determination. This thesis focuses on the technique of X-ray 

crystallography, and how the knowledge gained and presented in this thesis might have 

potential impact in the other fields of structure determination.  

 

Assumptions affect our understanding of structure 

 Building an accurate protein model is not an easy task. The interactions between 

adjacent protein molecules in the crystal are between the often dynamic side chains 

normally exposed to solvent. This means the packing interfaces are relatively weak and 

dynamic, leading most protein crystals to have a sufficient level of disorder that they 
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generally produce only low or medium resolution diffraction. The resolution of the data 

collected affects the crystallographer’s ability to interpret the electron density and build a 

model. The difference that the resolution can make is visualized in Figure 1.1 D-F, where 

the same modeled protein segment is portrayed in electron density created at three 

distinct resolution cutoffs: considered low, medium and ultra-high resolution. In the cases 

of low and medium resolution, the electron density is not sufficiently detailed to define 

exact positions for each atom, and so building accurate models requires assumptions 

about protein structure enforced through restraints. Restraints establish preferred values 

for quantities such as bond lengths or bond angles, and also define penalties for deviating 

from these values. These geometric restraints are used together with the experimental 

data in determining the final structure, Figure 1.2. Therefore, the current paradigms that 

guide the selection of restraints end up influencing both the discrete results of our 

structure determinations and also, more generally, the further developments in our 

understanding of protein structure. Having accurate assumptions about elements of 

protein structure is thus integral to generating accurate experimentally derived structures 

that we use to learn about protein function. 

 

Protein structure prediction 

 Another distinct approach to learning about protein structure, which can be done 

entirely without experimental data, is known as protein structure prediction. Using the 

amino acid sequence of a protein, and principles derived from physics and chemistry, the 

structure prediction software uses a scoring function to predict the structure that the 

protein will adopt when it folds in solution, Figure 1.2. Often times a known structure of  
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Figure 1.2: Protein structure determination is guided by assumptions 
The generation of a three dimensional model of protein structure (central panel, stereo 

image of the enzyme catalase [PDB code 1GWE]), can be either be accomplished 

experimentally or via prediction. Experimental structure determination via X-ray 

crystallography (upper panel) involves both starting knowledge, assumptions about 

protein structure, and iterative refinement using experimental data. Structural prediction 

(lower panel) does not use experimental data and instead uses scoring functions to 

explore possible conformations and find the best scoring model. Stereo pictures can 

either be viewed with a stereoscope, or by having each eyes look straight ahead by 

focusing on an imaginary point well behind the plane of the paper (often called wall-eyed 

viewing); by doing this the two images fuse together in one’s field of view allowing the 

brain to form a three dimensional image. 
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a protein that is thought to have a similar folded structure is used as a starting model to 

help guide the prediction. The prediction software then attempts to adjust the structure to 

account for amino acid sequence changes between the proteins, and hopefully alter the 

model to become closer to the real structure of the protein to be predicted. Because no 

experimental data are used to guide the result, the accuracy of assumptions about the 

fundamentals of protein build block geometry and to what extent real proteins can vary 

from the ideal values is even more critical to the success of predictive methods. 

 

Ultra-high resolution structures – assessing structural assumptions 

 In the event that crystals of proteins diffract to resolutions of 1 Å or better (as a 

reminder 1 Å is equal to 10
-10

 meters, about the length of a bond between atoms), the 

electron density images have so much detail that individual atoms are clearly resolved, as 

seen in Figure 1.1 F. These structures are the examples by which crystallographers frame 

their assumptions and build their libraries of ideal values for restraints. At this resolution 

the data win out over the restraints because the data are so extensive. By assessing 

individual protein elements and when and how they deviate from their normal values, 

structural insights can be gained that can serve to improve both experimental and 

predictive methods of structure determination. 

 

The peptide bond – an element of protein structure 

One widespread protein structural element is the peptide bond which connects 

adjacent amino acids (Figure 1.1 B, C). The peptide group was originally described as a 

six atom planar unit by Linus Pauling. Resonance theory suggests that the peptide bond 
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between the carbonyl carbon atom and the amide nitrogen atom is a partial double bond. 

A structure where bonding resonance occurs, which is the case for this amide system, is 

more stable than when resonance is disrupted. Due to the way electron orbitals interact, in 

this conjugated resonance system, double bonds have restrictions to rotation, as this 

weakens the resonance interaction. Pauling interpreted this to say that this implies that the 

peptide unit is largely locked into one of two conformations: cis where the alpha carbons 

are on the same side of the peptide unit, and trans where they are opposite. In addition to 

the normal bond distance and bond angle restraints, the peptide group has geometric 

restraints that hinder rotation about the peptide bond, as well as restraints (Figure 1.3) 

keeping the atoms about the peptide bond flat, creating the planar peptide unit. 

 

This thesis work 

In this thesis, the extent to which structures solved at ultra-high resolution deviate from 

the planar peptide model is investigated. The remainder of this thesis is organized into 

two chapters. Both chapters 2 and 3 are the current version of a developing manuscript 

that will be submitted for publication in an academic peer reviewed journal. Chapter 2 is 

the Introduction section of the manuscript and Chapter 3 is the Results and Discussion 

section with additional sections discussing possible future directions for the work, and 

how we hope to see this work impact the field. The Methods section is included in this 

thesis as an appendix. 
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Figure 1.3: The meaning of pyramidalization 

Bonded atoms can take on several shapes based on the state of their electrons. Two such 

shapes, the trigonal planar and tetrahedral arrangements, are pictured above. The trigonal 

planar geometry pictures four atoms all lying in a plane, and is often assumed when there 

are three atom substituents with one double bonded atom (shown between the green 

center carbon and the red oxygen atom in the left panel). Tetrahedral geometry, however, 

is not planar and creates a pyramid-like shape and is assumed when there are no double 

bonds and four substituent atoms. Atomic geometry restraints as mentioned in Figure 1.2, 

restrain atoms from deviating from these ‘ideal’ geometries. Deviations from the trigonal 

planar geometry towards a more tetrahedral shape, with the atoms attached to the central 

atom rising above or sinking below the plane is called pyramidalization. It is important to 

note that pyramidalization from a trigonal planar geometry does not require 5 atoms. In 

some cases, such as the pyramidalization of the amide nitrogen, the fourth corner is 

occupied by a pair of electrons, known as a lone pair. If the figure on the right lacked the 

white hydrogen atom, the four carbon system would be considered pyramidalized to a 

tetrahedral shape despite having no atom or lone pair of electrons occupying the space of 

the fourth corner of the tetrahedral.  
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CHAPTER 2 

INTRODUCTION 

 By assuming a set of standard bond lengths, bond angles and trans planar peptide 

linkages as first described by Corey and Pauling
2
, the backbone structure of a protein can 

be largely be described by a series of backbone dihedral angles, i-(C(i-1)N(i)Ci)C(i)) and 

i-(N(i)C(i)C(i)N(i+1)), with one set for each residue
3
. As the peptide linkages are not 

always perfect trans conformations, rotations around the peptide bond, are described by 

the i-(C(i)C(i)N(i+1)C(i+1)) torsion angle with values of ≈0° and ≈180° representing 

cis and trans peptides respectively. Significant deviations from the canonical planar 

geometry were noticed as early as 1968 by Ramachandran, who found that strained cyclic 

peptides could have deviations in  ranging up to approximately 20° from planarity
4
, and 

in fact could not form with planar peptide units. As such deviations seen in small 

molecule peptides were further studied, it became apparent that was more than one way 

to deviate from planarity. In fact, one can define four different  angles each equally 

valid for defining conformation. Winkler
5
 called these 1, 2, 3 and 4 (Figure 2.1 A). 

For these four -angles, we introduce a more intuitive nomenclature where the subscript 

denotes the first and last atom in the torsion angle: , ,  and  as further 

described in the Figure 2.1 legend. In order to easier compare these four torsion angle the 

notation of xx denotes the deviation of the equivalent torsion angle xx from its trans 

180° or cis 0° planar conformation. Of the four  torsion angles, only three are 

independent, and they can be related by the equation 
5
: 

mod.  
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Figure 2.1: Measures of non-planarity 

A) Indicated are arrows designating the four possible torsion angles about the peptide 

bond as described by Winkler
5
, 1 (), 2 (O), 3 (O), and 4 (), which differ 

in the atoms chosen to measure the conformation of the peptide bond. For prolyl peptides, 

O and  replace OH and H, respectively. The model shown is PDB code 2B97, 

chain A residues Ala55-Pro56 with 2Fo-Fc electron density contoured at 6.5 rms.  

B) Labeled arcs illustrate how a peptide’s maximal deviation from a planarity 

(Max; in this case equal to ) is the sum of the three fundamental components: rot, 

C/2 and N/2. The model shown is PDB code 1GWE, chain A residues Ser331-Pro332, 

with 2Fo-Fc electron density contoured at 7.0 rms.  

  



14 

 

Also, each of the  torsion angles can be expressed as a function of three 

parameters describing different components that contribute to the deviations from 

planarity, Figure 2.1 B. Two of the components are out of plane bending that can occur 

about the carbonyl carbon or nitrogen atoms and is formally known as pyramidalization, 

i.e. the extent of the tetrahedral sp
3
 geometry. The parameters describing such 

pyramidalizations are denoted C and N as measured by the improper dihedral angles 

C(i)C(i)N(i+1)O(i) (C) and C(i)N(i)C(i-1)H(i) (N)
5,6,7

. The third component giving rise to 

non-planarity is a pure rotation around the peptide bond that is independent of 

pyramidalization. We designate this component as rot (it has formerly be called  in 

small molecule literature)
5
. The extent of which each of the four omega angles deviates 

from planarity can be expressed as a combination of the three fundamental components 

of non-planarity
5
: 

rotC/2N/2 

rotC/2N/2 

rotC/2N/2 

rotC/2 N/2 

Intuitively, we define for any peptide that the total extent to which it deviates from 

planarity is simply the largest of these four deviations. We name this quantity Max, and 

note that it has a sign the same as that of rot and can be described by the equation: 

MaxrotC/2N/2Max

 Many studies have been carried out using small molecule peptides to assess the 

energetic landscape of deviations from planarity. Warshel et al.
6
 described deviations 

from planarity with a force field with energies of pyramidalization (adapted to our 
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nomenclature) set as K
2
/2 with KC=8.1 kcal mole

-1
 rad

-2
 and KN=1.4 kcal mole

-1 
rad

-2
. 

The fact that the peptide nitrogen is much easier to pyramidalize than the carbon is also 

consistent with early molecular orbital theory, which suggests that the lowest energy state 

of the amide nitrogen is actually pyramidal and not planar
8
. Similarly, work on cyclic 

peptides shows relatively facile pyramidalization of the peptide nitrogen. Caprylolactam, 

a 9-membered lactam ring, has a markedly non-planar geometry with Max = 148.5° 

corresponding to a deviation from planarity of 31.5° made up by rot=18°, N/2=10.8°, 

and C/2=2.8° 
5
. It can be seen that rotation and nitrogen pyramidalization are the largest 

contributors to non-planarity. Interestingly, even the unstrained molecule of formamide 

shows substantial nitrogen pyramidalization, N/2=9.5° 
5, 9

. Even studies of the peptide 

perdeutero--glycylglycine have shown non-planarity corresponding to a Max of 11.5° 

with N/2 equaling 4° 
5, 10

. 

Although small molecule studies indicate that nitrogen pyramidalization may play 

a significant role in the non-planarity of peptide bonds in proteins, this has never been 

directly studied in protein crystal structures. In MacArthur and Thornton’s
11

 1996 

landmark study on ‘Deviations from Planarity of the Peptide Bond’, although there is a 

mention that pyramidalization is possible, the standard omega torsion angle was the only 

measure of non-planarity analyzed. Similarly, studies by Karplus in 1996
12

 and Berkholz 

et al. in 2012
13

 also only utilized the standard omega torsion angle. Two studies have 

analyzed the pyramidalization of the carbonyl carbon (C) in protein crystal 

structures
14,15

, and as would be expected based on the small molecule studies, its 

contribution to non-planarity is small. The primary barrier preventing the study of the 

role of nitrogen pyramidalization in proteins was recently stated by Improta et al.: “Due 
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to the inherent X-ray inability to accurately detect hydrogen atom positions, 

pyramidalization at the peptide nitrogen atom (N) cannot be analyzed in protein crystal 

structures and remains a rather controversial issue” 
15

.  

 In this paper, we bypass this limitation by focusing our study on proline residues, 

the one natural amino acid residue that has a side chain C atom in the position of the 

normal amide hydrogen. We can then obtain complete information about all three 

components of peptide non-planarity. One downside of using proline as a model, 

however, is that we will only be able to obtain information regarding the conformational 

spaces that are occupied by prolines and the residues preceding a proline (called prePro). 

The -distributions of the prePro and Pro residues have been well characterized and are 

pictured in Figure 2.2 B & C
12, 16, 17

. Using nomenclature developed for the well 

populated regions of the ,-plot, Figure 2.3
18

, we can see that prePro occupies largely 

the , , PII, , , and ’ regions. Proline residues occupy the , , ’, and PII regions 

(Figure 2.2 B & C). Although it is an important point for discussion, evidence to date, 

based on variations in the standard  value (i.e. ), imply that in regard to planarity, 

prolyl peptides are no different than peptides involving the other 19 standard residue 

types. Here we present a comprehensive analysis of the non-planarity of the peptide bond 

using prolyl peptides from ultra-high resolution crystal structures and discuss its 

implications for the other 19 amino acid types. 
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Figure 2.2: Local geometries of the peptide backbone 
A) Nomenclature for torsion angles used for four-residue segments in this study. The 

main chain torsion angles are , , and , and the side chain torsion angles are n. 

Pictured is the nomenclature for the backbone torsion angles of a four-residue prolyl 

peptide segment, as well as the side chain torsion angles for proline. The general 

conformation of the peptide backbone of each amino acid is described by the torsion 

angles , and . 

B,C) The (,) distributions for the i+1 prePro residue (panel B) and the i+2 Pro 

residue (panel C), from the four-residue segments in our dataset. PrePro residues have a 

unique (,) distribution, highly populating the  region ( ≈ -130°,  ≈ 75°). Due to the 

proline ring, the range of allowed  angles is limited to about -120° to -30°.  
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Figure 2.3: (,) region nomenclature 

This figure shows the nomenclature use in this thesis for well-populated regions of the 

(,) plot. This figure was originally published as Figure 4 in Hollingsworth & 

Karplus
20

, and reprinted here with permission from Dr. Karplus. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

The dataset 

 An ultra-high resolution dataset of 945 well-ordered four-residue segments of 

sequence x-x-Pro-x, with all trans peptide bonds from structures determined at 1.0 Å 

resolution or better, was generated from the Protein Geometry Database
19

. As in our 

previous study of peptide planarity
13

, a resolution cutoff of 1.0 Å was chosen in order to 

have maximally accurate  torsion angles while retaining a reasonable dataset size. For 

the four-residue segments, we will use the nomenclature designating the four residues as 

i, i+1, i+2, and i+3 (N to C-terminus), meaning the required proline residue is located at 

the i+2 position. The Ramachandran space covered by residues i+1 and i+2 of the 

peptides in this dataset are a good match to those expected for the unique cases of 

residues prior to proline residues
12

, and the proline residues (Figure 2.1 D). 

 

Whole dataset analyses 

 The first question we addressed was how the prolyl peptides behave compared 

with other general amino acid residues in terms of the level of non-planarity seen based 

only on considering the standard -value. For this control analysis, the distribution of 

 for the 945 prolyl peptides was generated (dashed black trace in Figure 3.1). For the 

prolyl peptides, 13.0% of the  values deviate by greater than 10° from planarity and 

overall the rms (root-mean-square) deviation from planarity is 6.5˚. These values are 

quite similar to the ~12% fraction of residues over 10˚ from planarity and the overall 6.3˚ 

rms deviation obtained by Berkholz et al
13

 for all 20 standard amino acid residues. 
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Figure 3.1: Max shows much higher levels of deviation from planarity 

Shown is a histogram of the deviation from planarity based on the standard -angle 

(; dashed black trace) and the largest of the four -angles (Max; red trace). While 

the distribution of non-planarity described by  has a maximum at planarity, the 

Max distribution has a local minimum. Note that the extreme positive but not negative 

deviations roughly match . 
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Max captures previously undetected deviations 

We next addressed how prolyl peptide deviation from planarity changes if one 

considers instead the total deviation as measured by Max – the maximal deviation from 

planarity among the four omega angles. Interestingly, Max gives a quite different 

picture with much more extensive deviations from planarity (red trace, Figure 3.1). The 

rms value of the Max distribution is increased 1.5-fold to 10.0°, and nearly three times 

as many peptides (37.9%) deviate from planarity by greater than 10°. Clearly, accounting 

for all three degrees of freedom captures information missed by only considering one. 

Also rather striking is the breadth of the minimum that occurs in the distribution at 

planarity, with less than 5% of all prolyl peptides reported to be within 3° from planarity.  

We recognized that such a minimum at the position of perfect planarity could 

simply be a result of coordinate error; Max is the maximum of four torsion angle 

deviations that are distributions each of which is subject to coordinate error. To address 

this, we used two approaches to estimate the level of coordinate error and its impact on 

Max. The first approach used the results of structural re-refinements carried out after 

incorporating a random shift to each atom in a parent structure. Ten such perturbed re-

refined structures of glutathione reductase, a structure solved at 0.95 Å resolution, were 

obtained from a previous study investigating coordinate error in  and  torsion angles 
20

. 

For the 16 prolyl peptides in the structure, the average rms variation was 1.0° for each 

and 1.1° for |Max|. The average standard deviations were 0.95° and 1.0°, 

respectively. In a second test, we compared pairs of corresponding peptides in non-

crystallographic symmetry (ncs) related protein chains. Slightly larger deviations are 

expected from the ncs analysis, because this method samples both coordinate error and  
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Figure 3.2: Simulated influence of coordinate error on Max distribution 

A simulated Max distribution (blue trace) based on a standard deviation error in torsion 

angles of 1.3˚ is compared with the experimental Max distribution (red trace). The 

minimum around perfectly planar conformations is much wider for the experimental 

Max.  
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the real differences that can result from the distinct packing environment of the ncs 

chains in the crystal. Based on a set of 154 ncs related pairs of prolyl peptides in 

structures determined at 1 Å resolution or better, the average rms deviations were 1.2° for 

both |Max| and the four individual-values; the standard deviations were ~1.3°. 

Using the largest of these error estimates, 10,000 sets of three independent 

angles were generated randomly with a Gaussian probability distribution (mean=0.0˚ 

and standard deviation=1.3°). The fourth omega angle to complete each set was 

calculated from the three generated angles, in order to correctly model the fourth angle as 

a dependent variable. An rms value of just 2.5˚ was obtained for the simulated noise-

based Max distribution (blue trace in Figure 3.2), and its comparison with the real 

distribution seen in protein crystals shows that the breadth of the observed central 

minimum reflects real deviations that can by no means be accounted for by coordinate 

error. 

 

Nitrogen pyramidalization is a substantial contributor to non-planarity 

 Next, the extent of how the three fundamental components of non-planarity 

contribute to Max was investigated (Figure 3.3). As has been seen in previous studies, 

C/2 (i.e. carbon pyramidalization) plays a relatively small role on average in the overall 

deviation from planarity. The rms of the C/2 distribution is only 1.5°. It is not a 

surprising result that the carbonyl carbon strongly tends toward this planar geometry, 

because in the two dominant resonance forms, the carbon atom is involved in a double 

bond. The other two component of non-planarity, however, make relatively large and  
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Figure 3.3: Contributions of the three fundamental components to non-planarity 

Histogram of the fundamental components of non-planarity: C/2 (green trace), N/2 

(orange trace), and rot (purple trace). All three components show an asymmetry of the 

mean value favoring negative deviations from planarity.   
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roughly comparable contributions to non-planarity with rms values of 4.3° for N/2 (i.e. 

nitrogen pyramidalization) and 5.3° for rot. Maximal deviations of these components are 

12.2° (PDB ID 2B97 residues 55-56) and 16.6° (PDB ID 2BF6 residues 512-513) for 

N/2 and rot, respectively. On average N/2 contributes 40% to the total non-planarity, 

while rot contributes a slightly larger 46%, and C/2 contributes an average of 14%. 

These data highlight that at least for prolyl peptides, the non-planarity of the peptide bond 

is more extensive than is apparent using just  or even accounting for both  and 

the pyramidalization of the carbon. Instead, deviations from the planarity can be 

accounted by roughly equal contributions of rotation about the peptide bond and 

pyramidalization of the nitrogen. 

 Another interesting feature visible in these distributions is that all three 

components of non-planarity are asymmetric, preferentially showing deviations from 

planarity in the negative direction. Without chiral information, chemistry dictates that a 

solution be racemic, having an equal amount of each opposite chirality. The physical 

meaning of the preferred directions can be described for a trans peptide bond drawn 

horizontally on a plane going from left to right, and with the carbonyl oxygen at the top 

left. In this case, a negative C/2 corresponds to the prePro C carbon and oxygen 

bending away from the viewer, while a negative N/2 corresponds to the proline C and 

C carbons bending toward the viewer. The negative rot corresponds to a counter-

clockwise rotation about the peptide bond, when looking down the bond front to back. 

Analyses giving insight into the origins of this asymmetric behavior will be discussed 

further below. 
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The four omegas: OOand 

While none of the four  torsion angles is more valid than any other as a measure 

of the planarity of the peptide bond, their distributions are of interest. As seen in Figure 

3.4, the spread and average values for the -angles fall into two groups. The mean values 

of  and  are similar, 0.1° and 1.2° respectively, with rms deviations of 6.5° and 

5.3°. The two  angles involving the C atom however have shifted means of 4.5° for 

 and 5.6° for  with rms deviations of 5.5° and 6.3° about the mean. Observe 

that the essential physical difference between these two groups is which carbon atom 

from the proline is used in the torsion angle measurement. Recalling from chapter two 

that the mathematical difference between the  angles that share a common prePro 

atom (O versus O and versus ) is that N/2 is either added or subtracted from 

the other components, resulting in a total difference between the omega angle pairs of N 

– and reflects the pyramidalization at the prolyl nitrogen. Based on an argument 

analogous of that for the nitrogen pyramidalization above, the similarity of the 

distributions of  with  and  with  (omegas sharing the same prolyl 

atom) reflects the small values of C/2. These different distributions imply that, on 

average, when Max is large and positive, Max will most often be equal to either 

or  and conversely, it will most often be equal to and  when max 

is large and negative. For this reason, for the prolyl peptide data set, the distributions of 

non-planarity captured by  only weakly underestimate positive deviations from 

planarity but strongly underestimate negative deviations. This provides an explanation for   
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Figure 3.4: Distributions of the four omega values 

A histogram of the four omega torsion angles:  (orange trace), O (blue trace), 

O (purple trace), and  (green trace). All four torsion angles are valid measures of 

the conformation of the peptide unit, but individually none of them fully describe the 

position of all atoms. In the absence of pyramidalization, all four measures would have 

exactly the same distributions. The angles in the sets [ & O] & [O & ] 

differ by the value of C/2, while the angles in the sets [ & ] & [O & O] 

differ by the value of N/2. 
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the good match between the  and Max distributions on the positive side and the 

poor match for the negative direction of non-planarity (Figure 3.1). 

 

Cis-peptide non-planarity 

 Our analyses until this point have focused on the much more populated trans 

peptides. To test the behavior of cis-peptides, an equivalent (but smaller) dataset was 

generated consisting of 77 four-residue segments with a cis-peptide bond before the 

mandatory proline (i.e. between the residues i+1 and i+2). Based on distributions of 

Max, as well as the three components of non-planarity (Figure 3.5), cis-peptides behave 

similarly trans-peptides in these regards. The rms value for Max is just a slightly higher 

at 11.0° (vs. 10.0°), and the component rms values are also each slightly larger at 1.6° (vs. 

1.5˚) for C/2, 5.0 (vs. 4.3˚) for N/2 and 5.6 (vs. 5.3˚) for rot. This is consistent with the 

idea that the energetic landscape of peptide bond distortions is the same for both trans 

and cis geometries even though the absolute stabilities of the two isomers are different. 

The means of the component distributions were within 1° of the trans dataset with the 

exception of rot shifting from the trans value of -2.2° to -0.9° for cis.  

 

Global correlations  

 While it is helpful to document the extent of deviations from planarity and the 

contributions of various components towards these deviations, it is also important to 

identify the causes and/or correlations in which non-planarity can be predicted. Of the 

three components, only C/2 and rot show a significant correlation with each other, 

Figure 3.6, with a correlation coefficient (R) of approximately 0.47. Correlation 
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Figure 3.5: Cis-peptide non-planarity 

Histograms of the total deviation from planarity (Panel A) and the components of non-planarity (Panel B) [C/2 (green trace), N/2 

(orange trace), and rot (purple trace)] in peptides with a cis-peptide bond between residues i+1 and i+2. Although substantially fewer 

observations are available, the distribution of cis-peptides, is consistent with that of trans-peptides shown if Figures 3.1 and 3.3. 
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Figure 3.6: Correlations between the components of non-planarity 
The values of the three components of non-planarity are not all uncorrelated. The top-left 

panel (TL) shows no correlation between rot on the y-axis and N/2 on the x-axis, with a 

squared correlation coefficient of R
2

TL= 0.00004 and a fitted line of y=-0.010x - 2.21. 

The plot depicting the relationship between N/2 and C/2 (bottom-left: BL) has a very 

weak correlation with an R
2

BL = 0.018 and a fitted line y = -0.056x - 0.73. Finally, the 

rotation and carbon pyramidalization show a relatively strong correlation (top-right: TR) 

of R
2
=0.22 and a fitted line y = 1.7x - 1.2. 
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coefficients for the correlations between the s is approximately 0.01 and is 0.13 between 

N/2 and rot. A hypothesis consistent with these correlations is that N/2 is a relatively 

low-energy distortion that occurs largely independently of rot so as to optimize the 

packing of the prolyl peptide in its protein context, yet due to the strong sp
2
 character of 

the carbonyl carbon, it only becomes significantly pyramidalized as a mechanism to 

mitigate strain energy that is associated with twisting about the peptide bond (i.e. rot).  

 

The effect of local conformation on the non-planarity of the peptide unit 

The correlations of the components of non-planarity with (,angles 

 Calculations and empirical analyses by Esposito et al. 
14

, showed that C/2 has a 

notable sinusoidal-like dependence on the -value of the residue preceding the peptide in 

question (i.e. i+1 in this dataset) and Berkholz et al
13

 documented how  depends to 

some extent on the -values of both the residues before and after the peptide bond in 

question. In this section, we assess correlations of all three components of planarity with 

both i+1,i+1 and i+2,i+2. For C/2, our results show the expected relationship with i+1 

(Figure 3.7), with peptides in the  and PII regions (i+1~ 150˚) being negative and 

peptides in the upper i+1 pre-proline  region (i+1~ 90˚) being positive. However, there 

is also significant dependence on i+1, for instance, the ’ and  (,) regions (i+1~60°) 

display rather different average values. Carbon pyramidalization does not seem to be 

largely affected by the (,) values of residue i+2 (Figure 3.7 right hand panel). 

 Similarly to C/2, the components N/2 and rot show a dependence on (,) of 

residue i+1 with a stronger dependence on  (Figure 3.8 & 3.9). N/2, unlike the other 
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Figure 3.7: Dependence of C/2 on local (,) geometry 

Depicted is a plot of the (,)-dependent variation in C/2 for residue i+1 (left panel) and for residue i+2 (right panel) as calculated by 

a Fourier transform smoothing procedure (see Appendix: Methods). The rainbow color scheme of both plots give the local average 

value of C/2 as indicated by the bar in the center of the figure.  
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Figure 3.8: Dependence of N/2 on local (,) geometry 

Depicted is a plot of the (,)-dependent variation in N/2 for residue i+1 (left panel) and for residue i+2 (right panel) as described in 

Figure 3.7. 
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Figure 3.9: Dependence of rot on local (,) geometry 

Depicted is a plot of the (,)-dependent variation in rot for residue i+1 (left panel) and for residue i+2 (right panel) as described in 

Figure 3.7.  
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two fundamental components, shows a very strong dependence on the conformation of 

residue i+2 (the proline). Proline residues in the  and  regions tend toward negative 

nitrogen pyramidalization, while residues in the PII range tend to average near planarity. 

We also investigated correlations to what extent N/2 and rot correlated with the 

conformation of the proline side chain, 2 
17

. The rot component did correlate fairly 

strongly (R
2
 for the linear regression between ωrot and 2 is 0.19; data not shown), but the 

pyramidalization of the proline nitrogen showed a much weaker correlation with 2 

(R
2
=0.04). 

 

The effect of local (,conformation on the total non-planarity 

 The effects of local factors on Max are rather complex, because it is the sum of 

these three components that all display different local dependencies. The sign of Max is 

dependent only on rot, with the pyramidalization components then either added or 

subtracted to reach the total deviation from planarity. Therefore we expect the behavior 

of Max to be most similar to that of rot. The data indeed suggest that Max behaves 

most like rot in its correlation with local conformation (Figure 3.10), depending much 

more on  and  of residue i+1 than residue i+2. Max also correlates with 2 in a 

manner similar to that seen for rot (R
2
=0.15).  

 

A possible local cause of large negative pyramidalization of the prolyl nitrogen atom 

 We looked further into the uniquely strong dependence of N/2 on the 

conformation of residue i+2 (Figure 3.8). The subpopulation with the most extremely 

negative values of N/2 are those for which the prolyl i+2 main chain conformation falls 
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Figure 3.10: Dependence of Max on local (,) geometry 

Depicted is a plot of the (,)-dependent variation in Max for residue i+1 (left panel) and for residue i+2 (right panel) as described in 

Figure 3.7.  
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in the  region, to the left of the diagonal line defined by =90-(Figure 3.8). 

Interestingly, this region of the ,-plot has been previously noted as one that 

generates
12, 21, 22

 an electrostatically favorable interaction that places the peptide hydrogen 

of residue i+3 adjacent to the nitrogen of residue i+2 and directly above the peptide plane 

where the nitrogen atom’s pi-electrons (or lone pair) would be. An overlay of all of the 

peptides in the dataset for which the prolyl residue adopts a conformation near this line is 

depicted in Figure 3.11. The significant negative pyramidalization of the prolyl nitrogen 

moves its substituents away from the interacting hydrogen, implying that the lone pair of 

electrons on the nitrogen is pointing toward the hydrogen. Thus, the lone pair asymmetry 

associated with the pyramidalization may be induced to create a more favorable 

electrostatic interaction.  

 

Non-planarity in (, )2-motifs 

As the components of non-planarity show some systematic variations with the 

,-angles of both residues i+1 and i+2, we asked whether even higher correlations 

could be discovered if the two pairs of adjacent , torsion angles were considered at 

once. For this analysis, we used the clustering methodology and nomenclature of (,)2-

motifs as introduced by Hollingsworth et al
23

. (,)2-motifs designate the backbone 

geometry for a pair of adjacent amino acids, making them useful for studying protein 

elements that span more than one residue. As an example, using the Ramachandran 

regions nomenclature introduced in Figure 2.3, the  motif denotes that the torsion 

angles of residue i+1 occupy the Ramachandran space in the  region for and those for  
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Figure 3.11: Overlay of all database entries with the special Hi+3…Ni+2 electrostatic 

interaction 

In this overlay are all examples of peptides from the dataset that adopt the  or  

conformation for residue i+2 and thus have the described Hi+3…Ni+2 interaction. 

Structures were aligned to the plane of the peptide unit without any deviation from 

planarity. 
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residue i+2 are in the -region. The most observed (,)2-motifs for this dataset were PP 

(160 examples),  (99), P (87), P (74), P (59),  (58),  (48), ’ (9), P’ (9), 

’P (9) and P’P (7).  

This analysis reveals that various (,)2-motifs do indeed have distinct behavior. 

Of the motifs containing 48 examples or more, two have distributions markedly different 

from the whole dataset analysis. Peptides adopting the  (,)2-motif show a distinct 

negative shift for Max compared to the overall distribution. The percent of residues 

with negative deviations from planarity goes from 69% for the whole dataset to 94% for 

 (Figure 3.12, left panels). In contrast, for the  (,)2-motif, 83% of the peptides 

have positive deviations from planarity (Figure 3.12, right panels). As discussed in 

chapter 2, the sign of Max is entirely determined by the direction of rot, and indeed the 

distributions of rot match the asymmetry. Peptides with conformations in the P,  or 

P domains show roughly 50:50 positive and negative deviations from planarity, and the 

PP and P populations show nearly identical distributions as the whole dataset; data not 

shown. 

 

Tertiary factors 

 As seen in the previous sections, local conformation does play a role in defining 

the nature of deformations from planarity, but they are far from accounting for the full 

story. A glance at Figure 3.12 shows that even if one specifies the regions of the ,-

angles of both residues bordering the peptide, there is still a large variation seen in total 

non-planarity as well as the components making it up. Thus, the majority of non-planarity 

cannot be predicted from local factors. This is consistent with previous conclusions that  
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Figure 3.12: Non-planarity for segments adopting the  and  (,)2-motifs 
In the top-left and top-right panels are histograms of the total non-planarity for the 

defined (,)2-motifs  and  respectfully. Below each total non-planarity histogram 

is a corresponding histogram of the components of non-planarity for the same subset of 

data [C/2 (green trace), N/2 (orange trace), and rot (purple trace)].  
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only about a quarter of non-planarity as measured by  could be explained via local 

factors
13

. To investigate the effect of tertiary factors on non-planarity, we inspected the 

environments of selected peptides from the dataset, and used the tool MolProbity
24

 to 

visualize any surrounding close atomic contacts (or even clashes) that might reflect the 

existence of strained packing interactions. Here we present two examples having extreme 

values of non-planarity, and show how they both have packing environments in which 

potentially worse collisions are mitigated by the deviations from planarity that are 

present. Thus, in these examples, packing and tertiary stresses provide a plausible 

justification for the non-planarity observed. 

 The first example peptide, from the 0.66 Å resolution crystal structure of human 

aldose reductase (PDB code 1US0), was chosen because it is a large positive deviation 

from planarity in the dataset. It is between Tyr309 and Pro310 of chain A. This peptide 

adopts the P (,)2-motif and deviates from planarity by 16.5° (, C/2 = 0.27°, N/2 

= -11.88° and rot = 4.39). Figure 3.13 presents a stereo-image of the peptide and its 

environment. The tight packing and conformational restriction of the large side chain of 

residue i+1 Tyr is made visible by the MolProbity contact dots. Additionally, the large 

side chain of the i+3 Phe is similarly packed tightly in its pocket. The need for these two 

large side chains to simultaneously pack into their respective pockets rationalizes the rot 

deviation that is seen. Additionally, this peptide is an example of the special H(i+3)…N(i+2) 

interaction that would help stabilize the negative pyramidalization of the nitrogen. The 

MolProbity steric clash dots, Figure 3.13, indicate that the extreme magnitude of the 

nitrogen pyramidalization can be explained by the close contacts of both the Tyr(i+1) and  
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Figure 3.13: Tertiary effects causing an extreme positive deviation from planarity 
Pictured in stereo is the environment of residues Tyr309-Pro310 from human aldose 

reductase (PDB code 1US0, chain A). The peptide bond in question is on the left, and has 

adopted the PII (,)2-motif with a non-planarity of Max=16.5° (, C/2=0.3°, 

N/2=-11.9°, and rot=4.4°). Steric contact dots were generated using the program 

MolProbity
24

. 
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Phe(i+3) side chains with the prolyl side chain: the Tyr side chain pushing directly on the 

C atom and the phenylalanine pushing similarly on the C atom, directly and indirectly 

push the C atom in a direction that enhances the pyramidalization.  

 The other example peptide, from the 0.88Å resolution structure of Micrococcus 

lysodeikticus catalase (PDB code 1GWE), was chosen because it is a large negative 

deviation from planarity in the dataset. It is the peptide between Ser331 to Pro332 in 

Chain A and its environment is pictured in Figure 3.14. Adopting the  (,)2-motif, the 

total non-planarity of the peptide is -24.8° (; C/2 = -3.00°, N/2 = -9.36° and rot = -

12.41°). The negative pyramidalization of the nitrogen, as in the previous example, is 

stabilized by the H(i+3)…N(i+2) interaction. A notable environmental packing factor is a 

hydrogen bond between the Ser hydroxyl of residue i+1 and the amide nitrogen of the 

i+3 Asn, and it appears the alignment of this hydrogen bond is made more optimal by the 

observed deviations from planarity of the peptide. 

 

Conclusion 

 An analysis of peptide linkages that occur before Pro residues in ultra-high 

resolution crystal structures of proteins have allowed us to fully characterize all three 

components contributing to peptide non-planarity. By accounting for the additional 

component of nitrogen pyramidalization, rather than just considering the standard -

torsion angle (i.e. ) and the pyramidalization of the carbonyl carbon atom in 

assessing non-planarity, we have discovered that non-planarity – at least for prolyl 

peptides – is substantially more extensive than has been appreciated. The Max 

distribution indicates that, contrary to the planar peptide paradigm, all prolyl peptide  
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Figure 3.14: Tertiary effects causing an extreme negative deviation from planarity 

Pictured in stereo is the environment of residues Ser331-Pro332 from the protein catalase 

(PDB code 1GWE, chain A). The peptide bond in question is on the right, and has 

adopted the  (,)2-motif  with a non-planarity of Max=-24.8° (, C/2=-3.0°, 

N/2=-9.4°, rot=-12.4°). Contact dots were generated as described in Figure 3.13. 
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bonds actually deviate to some degree from planarity. The prolyl peptide data show that 

virtually all peptides show some pyramidalization of the peptide nitrogen, that this 

pyramidalization is asymmetric, and that both nitrogen pyramidalization and pure 

rotation make nearly equal contributions to generating the total non-planarity of a given 

peptide. This ‘discovery’ of the importance of nitrogen pyramidalization as a major 

component of peptide non-planarity in proteins is actually the rediscovery of a principle 

that was well documented in small molecule peptides especially by the Dunitz group 

around 40 years ago
5, 25

. Although it remains to be proven, the work done on small 

molecules leads us to expect that levels of nitrogen pyramidalization seen in this study 

are also representative of the behavior of non-prolyl peptides.  

 Some of the variation in the overall non-planarity and its components can be 

described by correlations with local backbone conformation, especially when several 

local factors are considered simultaneously, as in the case of (,)2-motifs. Ultimately 

however, local factors only explain a minor portion of the natural variations in the 

components of non-planarity, as evidenced most directly by the fact that for any given 

local conformation there is a wide range of non-planarity observed. We showed through 

examining two extreme examples of non-planarity that consideration of the specific 

packing environment unique to each peptide allows the details of the non-planarities to be 

rationalized by factors such as optimizing hydrogen bonds and minimizing steric strain. It 

is not until tertiary structure is considered that a full picture of non-planarity can be 

described.  
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Outlook 

 We hope that this study will help those in the field of protein structural biology to 

begin to think more actively about the ability of the peptide bond to not only deviate from 

planarity, but for some non-planarity to be the average state. Our data match well with 

the data from small molecule peptides, indicating that there is a good possibility that our 

work should transfer over to the other 19 standard amino acids. Future studies planned 

for inclusion in the more extended write-up of this work being prepared for submission to 

a journal will include analyses of non-prolyl peptides for which there is difference 

electron density peaks, peaks where there is a difference between the measured signal and 

the signal that would be created by the current protein model, describing the position of 

the amide hydrogen. For a few of the structures in this dataset there are fairly significant 

difference density peaks for hydrogen atoms in the structure. For these structures, non-

riding hydrogen atoms could be placed and analyzed. 

Non-planarity of the peptide bond is an important piece of protein structure, and 

will likely improve sampling of predictive protein structural programs. In addition, these 

components of non-planarity clearly show that the energetics for deviations from 

planarity for rotation and pyramidalization are low. Releasing or relaxing the tight 

restraints on the peptide bond will likely help the modeling of protein structure for both 

NMR and low to mid-resolution X-ray crystallography which both rely on assumptions of 

protein structure. Currently prediction software has come a long way, but still these 

programs when given a structure solved from a 1.0 Å resolution crystal structure, the 

prediction software moves the protein away from the true structure. Without correctly 

modeling the small yet important details that guide the formation of protein structure, 
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these programs will continue to fall short of this 1 Å resolution modeling barrier. For 

example, if non-prolyl peptides can pyramidalize as readily as the prolyl peptides studied 

here, small shifts in the hydrogen position via pyramidalization could optimize hydrogen 

bonds that seem in need of alignment by prediction software. This is comparison to the 

current program solution to shift the backbone away from the hidden ‘known’ solution to 

optimize the bonds without compromising the assumed geometry. Finally, we hope that 

the study of the non-planarity of the amide bond, well known to small molecule 

crystallographers, will finally be regained in the field of protein crystallography. 
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APPENDIX I: 

METHODS 

The dataset 

Our dataset was gathered using the Protein Geometry Database
19

 (PGD) using a four 

residue search. Note that the PGD uses the nomenclature i-1, i, i+1, and i+2 for a four 

residue segment, rather than the nomenclature utilized in this thesis. Resolution was 

limited to 1.0 Å or better. The i+1 residue was restricted to proline only. The threshold 

was set to 25% identity, and the standard omega angle was limited to ±40° from the trans 

180° torsion angle for residues i-1, i, and i+1. Additional filtering was done with a 

python script limiting the B-factors in the peptide unit of interest to < 20 Å
2
. A cis-

peptide dataset was obtained using the same criteria but with the omega angle prior to the 

proline being ±40° from the 0° cis value. Both datasets were collected from the PGD 

from the current protein database in October 2012. A copy of our datasets will be 

submitted as supplementary material associated with the journal manuscript to be 

submitted. 

 

Coordinate error analyses 

Glutathione reductase test re-refinement analysis 

Ten re-refined structures of glutathione reductase were obtained from Berkholz et al. 

(2009)
20

. In the Berkholz et al. study, all atoms were subjected to a random mean shift of 

0.2 Å and were then refined. Differences between related torsion angle measures were 

then a result of coordinate uncertainty. 16 sets of prolyl peptides in the structures were 
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analyzed for differences between each of the four omega torsion angles as well as 

|Max|. 

 

Non-crystallographic symmetry copy analysis 

 Using the list of ultra-high resolution structures containing non-crystallographic 

symmetry (NCS) mates from Berkholz et al. 2012
13

, an analysis of the variation of the 

four different omega angles and |Max| was completed. 

 

Simulated coordinate error in Max 

 Using the high value for the standard deviation of the coordinate error (1.3°) three 

sets of 10,000 coordinate error values were obtain using Excel’s Random Number 

Generator, with a Gaussian distribution of standard deviation 1.3°. The fourth omega 

angle coordinate error was calculated from the three independent observations. From 

these 10,000 simulated sets of omega coordinate errors a distribution of the coordinate 

error for Max was obtained, shown in Figure 3.2. 

 

(,)-dependence analyses 

Using a least squares optimization of a 2-D Fourier summation
26

, programmed by Dr. 

Dale Tronrud in Mathematica, each of the components of non-planarity and Max were 

analyzed. Substituting the variable u for the variable whose (,) dependence is being 

analyzed, the Fourier sum can be described by the equation: 
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C(h,k) is a complex constant that is solved via least squares minimization. A restraint was 

added to keep the values of the solved constants low. An hMax of 6 was chosen for the 

graphs of this thesis. 

 

Analysis of (,)2-motifs 

Using the Everest method and the program Cuevas, as described in Hollingsworth et al.
23

, 

the most densely populated (,)2-motifs were identified. Peptides falling into the motifs 

with 48 or more examples were further analyzed. Histograms of the total deviation from 

planarity, the components of non-planarity and the four omega angles were created for 

each motif. Only the total and component histograms for  and  are shown.



 

 

 


