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Abstract

To understand the function of biomolecules, we must first determine their three-dimensional
structures. Nuclear Magnetic Resonance (NMR) spectroscopy is a crucial technique for
studying molecular structures in solution, and it was first observed in 1944 by Nobel Laureate
Isidor Rabi. The nuclear overhauser effect (NOE) is used as a powerful structural anchor to
determine inter-atomic distances, but the translation of NOE intensities into restraints and
fitting them to molecular dynamics (MD) simulations is prone to error, specifically when
structurally equivalent protons have degenerate NOEs.

The Python code of NOEmd [https:/github.com/tsevisaggelos/nOeMD/ ], provided with this
dissertation, presents a unique framework that simplifies the analysis of NOE-derived
distance restraints, automating the process so that NOEs can be used with ease for
biomolecular modeling, validation, refinement, and structure analysis. It uses multiple,
commonly known and used file formats to parse the molecular data (.mr), the protein
structure (.psf), and the simulation files (.dcd), producing an accurate report of the
experimental and restraint data from the NOEs. As a result, this research provides a fast way
to parse experimental restraint files using a mapping based on established nomenclature of
the atom names to allow for a more reliable representation of the protein structure and a
consistent mapping of the experimental restraints with the simulation data. In addition, the
software offers the ability to deal with degenerate restraints in an accurate manner, as it uses
chemical and structural information to define and categorize the different degenerate groups,
using these groups to filter out the correct distances of the simulation for subsequent
comparisons. Finally, it offers a thorough NOE-violation analysis as the program calculates
both r? and r°® ensemble averages from the simulation, comparing these against the
experimental upper bound distances to produce a detailed and informative report listing the
deviation and violation of each restraint. Using standard Python libraries such as NumPy, it
attempts to efficiently process these averages, in a resource-lite manner. The program also
uses the carma commands [Glykos, N.M. (2006), Koukos, P.I. & Glykos, N.M. (2013)] to
read the MD files and produce the distances required for calculating the ensemble averages
for the analysis. With the use of the NOEmd script, it is demonstrated that the manual effort
required for NOE analysis is significantly reduced, and that this process becomes
significantly less complicated and tedious, while also resulting in accurate findings.


https://github.com/tsevisaggelos/nOeMD/
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Iepiinyn

lNo va xotovoncovue tn Aettovpyio Tov Plopopiov, TPEREL TPOTH VO TPOGOIOPIGOVUE TIG
TpLodtioToTeS dopéG Toug. H pacpotookomioo mupnvikod poyvntikov cvviovicpov (NMR) amotehel
L0 OTIOVTIKY TEYVIKN Y0 TN HEAETN HOPLOK®OV SOUMV 0€ dLIAVUA, Kol TopatnpnonKke yio mpdt
@opad 10 1944 and tov katoyo Tov Ppafeiov Noumel Isidor Rabi. To @avopevo Nuclear Overhauser
(NOE) ypnoyomoteitar ®g 1oyvpd SopKd onueio avapopds yio. ToV TPOGOOPIcHO TOV SUTOUKOV
amooTdoe®mV, OAAG M petoTponn Tev gvidcewv tov NOE og restraints Kol 1 Tpocapuoyn Tovg G€
TPOGOUOINCES Hoplak®v dvvapkov (MD) eivor emppenng oe opdipota, €01KA OTov dopukd
16odvuvapa TpOTovia Tapovstalovy ekpuiiocpuéva NOE.

O k®ddwag Python tov NOEmd [https://github.com/tsevisaggelos/nOeMD/ ], o omoiog mapéyetat
pali pe v mopodoa TTVYLOKY], TOPOLGLALEL VO LOVASTKO TAAIGLO OV OTAOTOLEL TNV avAALON TOV

restraints amodctaong mov mpoépyoviat and to NOE, avtopotonoldviog tn 0ladtkacio, £Tol OoTE T
NOE vo pmopodv va ypnoipomomBodyv pe €ukoAio yio TN HOVIEAOTOINOT, TNV EMKVPMCT, TN
Beltioon kot v avdivon g doung Propopiov. Xpnoiponolel TOAATAES, EVPEWDS YVOOTEG LOPPES
apyeiov yo MV aviAvon tov poplokodv oedouévoy (.mr), g doung e npwteivig (.psf) kot tov
apyeiov mpocopoimong (.ded), mopdyovtog o akpiPr] avaeopd TV TEWPILATIKOV dESOUEVOV Kot
TV 0edopUéveV TEPLopIGUAY TTov Ttpoépyovtol omd ta NOE. Q¢ amotédespa, 1 mapodoa Epgvval
TOPEXEL EVOV YPIYOPO TPOTO OVAALGNC TV OPYEIDOV TEPALOTIKAOV TEPLOPIGUDV YPNCULOTOLOVTUG LULOL
OVTIGTOTY(10T T®V OVOUATOV TV aTOU®Y PacIGUEVY] TNV OVOUOTOAOYio Tov £xel edpailwbel, dote va
emrtpéneton (o o aSldmIoT OVATOPAGTICT TG OOUNG TG TPOTEIVIC KoL UK. GUVETNG AVTIOTOlY oM
TOV TEPOUATIKOV TEPIOPICUAOV UE TO dESOUEVA TPooopoimong. Emimhéov, 10 Aoyioikd Tpocpépet T
duvatotnTa akpPodg YEPIOUOD TV EKPLAICUEVOV restraints, kaBmg ypNOWOTOlEl YNUKES Ko
SOpIKEG TANPOPOPIES VIO TOV OPIGUO KoL TNV KOTIYOPLOTOINGT TV S10pOP®V EKPLMGUEVOV OLAdOMV,
a&10TOIOVTOG OVTEG TIG OUAOES Y10 VO PIATPAPEL TIC COOTESG AMOGTAGELS TG TPOGOUOIMOTG LLE GKOTO
TIg emokoOAovbeg cuykpicelg. Téhog, mpoopépel pia 01e€odikn avaivon TV restraints tov Koavovo
NOE, ka0d¢ 10 mpdypoppo vroroyiler 1060 toug pécovg Opovg cuVOAOL 1 660 Kot r® amd v
TPOGOLOIMOT), GVYKPIVOVTAC TOVG LE TIG TEIPULOTIKES AVAOTUTEG ATOCTAGELS, TPOKELEVOL VO, TOPAYEL
M0 AETTOUEPT] KOl KOTOTOTIOTIKN Oovapopd mov amapduel v andkiion kot v mopafiocn kade
restraint. Xpnowonoidvrag tomkég Piprodnkeg Python, énwg to NumPy, emyeipei va enelepyaotel
OMOTEAEGLLATIKGA 0LTOVC TOVG HEGOVG OPOVC, LE TPOTO TTOV amattel EAAYLGTOVE TOPOLS. To TPOYpaLLLLOL
xpnoponotel emiong evrtorég g carma [Glykos, N.M. (2006), Koukos, P.I. & Glykos, N.M. (2013)]
Yy TV avlyvoon tov apyeiov MD Kot TV mopaymyr ToV 0ToGTACEMY TOV OTULTOVVIOL Y10 TOV
VTOAOYIGUO TOV UEGMY OP®V TOV GLVOAOL Yo TNV avdivon. Me t ypnomn tov script Tov NOEmd,
amodEKVVETAL OTL 1] XEWpOKivITTN gpyacio mov anatteitol Yo TNV avéivon NOE peudveratl onpovtikd
Kol 0Tl M ddkacio avTh yivetal ToAd AydTeEPO TEPIMAOKT KOl KOVPAGTIKY], EVO TopdAANAc 0dnyel
o€ avaAoyo axpifn amoTeEAEGHOTA.


https://github.com/tsevisaggelos/nOeMD/
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Chapter 1: Introduction

1.1 The Role of Structural Biology

e Biological macromolecules are functional to the extent that they can be accurately
folded in the three-dimensional space. The atomic structure of a protein or nucleic
acid determines how it binds to its ligands, how it acts as an enzyme, how it
transduces signals, and how it works with other molecular species in biological
pathways. Determining these structures, ideally at single-atom resolution, is thus
critical for a broad range of studies in biochemistry and molecular biology. X-ray
crystallography, cryo-electron microscopy (cryo-EM), and nuclear magnetic
resonance (NMR) spectroscopy have enabled determination of most protein
structures. Testing theoretical coordinate ensembles against experimental observables,
including NMR NOE distance restraints, is a critical element of bioinformatics studies
in the fields of structural biology and biophysics. While Molecular Dynamics (MD)
trajectories have much better time resolution than current NMR structure
determination methods, the accuracy of such simulations is limited both by the
empirical nature of force fields and the time-consuming nature of conformational
sampling. Thus, it is necessary to test theoretical MD trajectories against experimental
observables to determine the physical accuracy of computational approaches.

1.2 NMR Spectroscopy for Structure Determination

In contrast to X-ray crystallography and cryo-EM, NMR spectroscopy allows for the chance
to study molecules in the solution state, much like they exist physiologically. This means one
can also see how biomolecules behave dynamically, so you can get an idea of their flexibility,
conformational changes and intermolecular interactions. A main source of structural
information in NMR is NOE (Nuclear Overhauser Effect), which involves the transfer of
nuclear spin polarization from one nucleus to another across space. As NOE effects are
highly distance-dependent, and approximately proportional to r®, NMR measures short range
interatomic distances (typically less than 6 A). By collecting a large data set of proton-proton
distances restraints the structure can be calculated (Neuhaus & Williamson 2000).

1.3 Challenges in NOE Data Analysis

Transforming raw NOE spectral data into a good structural model typically consists of
several steps, which can often be fraught with difficulty.



1. Assignment and Nomenclature: As the first step, the NOE cross-peaks are assigned
to the proton pairs in the molecule. This assignment process can be a daunting task
because of the overlapping peaks and ambiguities. Also, there is variation in naming
of atoms due to different conventions used by the different softwares and labs. For
standardizing the name of each different proton, especially those found in the methyl
and methylene groups, the Markley nomenclature is used (Markley et al., 1998).

2. Degeneracy: Many of the protons in a protein are chemically and structurally
equivalent. The three protons in a methyl group, for instance, cannot be discriminated
from one another in most NMR experiments. An NOE to a methyl group could be due
to any of its three protons. We therefore refer to the three protons as degenerate. A
correct treatment of the NOE must take this degeneracy into account. The NOE
cannot be written as a restraint to one of the three protons, since this would not be
correct. The effective distance is the population-weighted distance to all the
equivalent protons.

3. Since NOE values represent an average over time, they need to be calculated as the
ensemble average over all of the different possible configurations of the molecule.
This is a consequence of the fact that biomolecules in solution are constantly in
motion; this movement includes thermal motions which occur on the order of the
NMR timescale. As a result, it is difficult to validate a given structural model in an
MD simulation by using the NOEs that would have been observed during an
experiment (Case, 1999).

4. Workflow Integration: Our analysis workflow uses multiple distinct data files, the
experimental restraints .mr file, system topology .psf file, and simulation trajectory
.dcd file, all from different sources. Bringing them together and doing the appropriate
analysis by hand is complicated, sometimes tedious, and can lead to mistakes.

1.4 Thesis Overview: The NOEmd Framework

To overcome the challenges listed above, this paper presents a new NOE-restraint-analysis
program called NOEmd that automates the entire analysis procedure. It functions as a
complete script with standardized input files that processes data from scratch, all the way to
an overall quantitative violation summary. These next few chapters describe the overall
architecture of NOEmd in depth:

e The second chapter will explain the procedures of parsing and mapping structural
data and how the script reads the .mr and .psf files to disambiguate the atom names
through documented nomenclature.

e Chapter 3 outlines calculating pairwise interatomic distances with subprocess
interfacing with carma, and how the script dynamically resolves proton degeneracies
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at runtime by using volatile system RAM to load in the necessary data columns
without the overhead of reading through intermediary files.

e In the fourth chapter, we delve into the analytical part of the program, describing the
progressive update of the r* and r® running sums during a single pass through a file,
the calculation of ensemble time averages based on a specific formula , and the output
of the comprehensive color-coded output analysis of the program.

Through this automation, NOEmd serves as a fast and dependable tool for more expedient
and thorough validation of biomolecular structures versus experimental NMR data.

Chapter 2 - Methods: Parsing and Mapping of Structural
Data

2.1 Introduction

Interpreting input data accurately and succinctly from different data sources constitutes the
most basic aspect of any automated analysis software. Regarding NOE analysis, the main
data inputs will usually be in the form of an experimental restraints file, providing the
distance information, and the protein structure file, providing all the atomic content and
connectivity of the structure. The NOEmd framework is compatible with the commonly used
.mr and .psf file types. At the data interpretation stage, there is also the crucial need to define
a naming convention that will be used to map the atom names between simulation and
experimental data.

2.2 Parsing the Experimental Restraint File (.mr)

The .mr file constitutes a list of experimentally extracted distance restraints. Each restraint
defines a pair of atoms and the upper bound for the distance between the two atoms. The
function for reading this file, parse mr _file, has been contracted in the source script.

Code Excerpt 2.1: parse_mr _file

def parse mr_file(mr_file path):

Returns atom pairs AND their experimental distances.
entries = []
entry pattern = re.compile(

r" (\d+) \s+(\w+)\s+(\w+)\s+(\d+)\s+(\w+)\s+(\w+)\s+([\d. ]+)"
)

with open(mr_file path, 'r') as mr_file:

11



for line in mr_file:
if line.startswith('*") or not line.strip():
continue
match = entry_pattern.search(line)
if match:

atoml (match.group(1), match.group(2),

match.group(3))

atom2 (match.group(4), match.group(5),

match.group(6))
distance = float(match.group(7))
entries.append((atoml, atom2, distance))
return entries

Explanation: This function uses a pre-compiled regular expression to achieve the desired
results. Lines are then iterated, and comments and blank lines are ignored. The compiled
regular expression object is used to find a match of seven groups of characters: residue
number and name of the first residue, residue number and name of the second residue, atom
name of the first atom, atom name of the second atom, and the measured distance. When the
regular expression does find a match, all characters belonging to each match are claimed and
grouped into variables, and each of these are appended to a list of all the entries and this list is
returned to the function that called it.

2.3 Parsing the Protein Structure File (.psf)

In CHARMM and NAMD, the .psf file contains an entry for each atom of the molecule. This
file contains information on the ID, type, charge, and connectivity for each atom,; it is thus a
“master” file. The function find all atom entries searches the .psf file looking for an ID of
an atom from its residue number, atom name, and residue number. Atom naming might
change, for example the protons on the methyl group can be designated as HB1, HB2, and
HB3 in a .psf file while they should be QB in a .mr file.

2.4 The Markley Nomenclature and Degeneracy Mapping

12



All this ambiguity is resolved by the use of a mapping table (also known as a dictionary)
based on the official Markley nomenclature defined by IUPAC-IUBMB. The Markley map,
(markley map), has been manually compiled with information on which pseudo-atom names
represent sets of atoms: QG (a pseudo-atom for a degenerate methyl) would map to HG11,
HG12, HG13, etc.

Code Excerpt 2.2: The markley _map and reverse _markley map

# Amino acid specific mappings from Markley nomenclature
markley map = {
"ALA": {"QB": ["HB1", "HB2", "HB3"]},
"VAL": {
"QG1": ["HG11", "HG12", "HG13"],
"QG2": ["HG21", "HG22", "HG23"]
¥

# ... and so on for all relevant amino acids

# Generate reverse mappings
reverse_markley map = {}
for res_name, mappings in markley map.items():
res_reverse_map = {}
for k, v in mappings.items():
if isinstance(v, list):
for item in v:
res_reverse_map[item] = k
else:
res_reverse_map[v] = k
reverse_markley map[res _name] = res_reverse_map

Explanation: The markley map takes each pseudo-atom name, for example "QB" for
Alanine, and maps it directly to a list of actual proton names. Subsequently, we create the
reverse_markley map so this mapping can work omnidirectionally. In case the input files use
either pseudo-atom names or proton names, it is useful to have the safeguard that either way,
the correct atom is identified. In the process of finding the entry of the atom, a search of the
.psf file is conducted using the following set of possibilities, atom_types to_try, which are
derived from forward and backward maps, and so if a .mr file contains a restraint of atom
VAL QGl, the .psf entry corresponding to atom HGI11 is found. And the same applies for
HG12 and HG13.

13



2.5 Generating the Master Atom Pair Table

The find atom ids for pairs function will go through the entries that are stored in the
memory to find a match. To make the process more efficient it first collects all of the atoms it
has encountered in the restrained lines and it will store those in a unique atoms set that
prevents the function from repeatedly searching within a file.

It then calls find all atom entries() on every atom in the unique atoms set, thereby storing a
local in-memory cache called atom_ entries cache. The function iterates through all the
entries of interest and stores that in atom entries cache. The function will also keep a
seen_pairs set to track the found matched pairs to then sort them so that redundant cross
assignments to unique IDs of atoms are prevented.

It stores the found atomic id mappings in formatted atom pairs set and checks if the set is
empty before passing the atomic id set and error flag named has unknown to the other steps.

Finally the printing of the master table to the screen and also the output file tablel.out (also a
printout of the first table) is made in the main() function at the end of the script. Any
discrepancy, for example, an atom that does not exist in structure data will trigger a script
abort in the form of an error and terminate the program in sys.exit(1) in order to prevent the
expensive computation load from going ahead which could also possibly result in memory
overflow at the end of the program.

Chapter 3 - Methods: Interatomic Distance Calculation and
Degeneracy Resolution

3.1 Introduction

Now that we’ve identified the restraint atom IDs for each experimental restraint in our protein
file, we’ll calculate how well a set of structures, e.g. from an MD simulation, satisfies the set
of restraints. In particular, for each frame of a simulation, we need to calculate the pairwise
atom distances for each restraints. How NOEmd computes these distances and, very

14



importantly, how the calculated distances are postprocessed so that we can accurately and
efficiently handle degenerate restraints in a memory-conservative manner, will be described
below.

3.2 Interfacing with carma for Distance Calculation

As some may have surmised, evaluating pair distances for thousands of atoms over the course
of thousands or more trajectory frames is a fairly costly and heavy-duty operation. Instead of
building the required functionality from scratch, the script relies on the well optimized stand
alone program carma, which was written by my supervisor N. M. Glykos for use in
biomolecular simulation studies of trajectory analysis. The framework first reserves a single,
stand alone text resource in the working directory called carmainput_for distcalc.txt and uses
that as a registry for the internal execution flow in carma.This file contains a sorted list of
pairs of atom IDs that match a master restraint map file. The script calls carma as an external
process and runs the commands one at a time. Carma is handed the .psf file which contains
topology information, the .dcd file which contains the simulation trajectory, and the newly
created file containing the list of pairs to be calculated. Since carma understands the
coordinates within the trajectory frames, all it needs to do is dump the resulting distance data
to a single output file called carma.distances. At the end of the calculation, the script then
deletes the text file that was used as an execution registry, carmainput for distcalc.txt, in
order to avoid unnecessary clutter in the working directory.

3.3 The Challenge of Degenerate Restraints

The carma.distances file stores an array matrix, in which each column refers to unique
atom-pair restraints and each row refers to the successive simulation frames. This raw data
trace is not useful for analyses directly, since the physical degeneracy of the proton has not
been taken into account. For example: an NOE between a backbone proton and a valine QG1
methyl group has the corresponding translational mapping of the QG1 target pseudo-atom
into 3 actual chemical proton atoms.

Consequently, carma will yield 3 distinct spatio-temporal distance arrays, all corresponding
to the same experimental NOE restraints. The observed intensity of a local NOE is related to
the ensemble time-average of %, in which “r” is the distance between two protons, implying
that the shorter distances have the most influence on the NOE.

Since the magnitude of a local NOE cross-peaks intensity scales with the ensemble
time-averaged of (r®), small fluctuations in “r” are more significant, in that their value of (1)
will be higher; in fact, as is often the case, the smallest (r) values will contribute the majority
to the sum (Z/r°). Thus, a fail-proof way of distinguishing (per frame) equivalent pairs is the

shortest (r) value among those pairs.
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3.4 The calculate noe sums in_memory Function

These multi-column degeneracies are avoided in the program design, and to further optimize
the runtime of the distance matrices a space-efficient computational, an exclusive
memory-dependent step has been implemented within the calculate noe sums in_memory
function. As a result, file 10 operations and disk-based text parsing and filtering is
eliminated, leading to faster processing speed and reduced runtime.

Code Excerpt 3.1: calculate_noe_sums_in_memory

def calculate_noe_sums_in_memory(formatted_atom_pairs,
carma_file="carma.distances'):

Reads the raw carma.distances file, resolves degeneracies for

each frame
in memory, and directly calculates the sum of r~-3 and r*-6

without

writing an intermediate file.

# Step 1: Group columns by their restraint definition.
column_groups = defaultdict(list)
unique_restraint_keys = []

raw_col to_unique_group_idx = {}

temp_unique_id pairs_for_carma = set()
col idx_counter = 0
for pair_desc in formatted_atom_pairs:

# ... [Parses columns & isolates matching ID pairs]
# Define the group key using residue/atom names

k1l (left_psf[2], left_psf[3], left psf[4])

k2 (right_psf[2], right_psf[3], right_psf[4])
group_key = tuple(sorted((kl, k2)))

if group_key not in column_groups:
unique_restraint_keys.append(group_key)

group_idx = unique_restraint_keys.index(group_key)
column_groups[group_key].append(col_idx_counter)

raw_col to_unique_group_idx[col_idx_counter] = group_idx
col_idx_counter += 1
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Explanation - Dynamic Restraint Grouping: It retrieves from context’s internal
formatted atom_pairs list residue sequence numbers, residue names and original atom-types
and links them together into a group key set that maps all the individual degenerate
atom-pair columns in the distance file to the original single experimental restraint.

Optimized File Parsing: The script opens the carma.distances file and reads it line by
line (one frame per line). It skips the frame number on each line and reads the values
as the distances.

On-The-Fly Minimum Resolution: Instead of caching a large text matrix for storing
the computed result or writing intermediate files to disk, we simply process the frame
by using only system memory. When running the loop over each compiled restraint
group for the given frame, the user retrieves the distance entries that correspond to the
current frame group from the raw array containing the frame data. Subsequently, the
minimum distance is identified with the built-in function min() in the Python
language.

The minimum distance between each degenerate group in the frame is directly used to
update the tracking variable matrices and is also included in a running numerical total.
These data are then compiled into a summary Python dictionary (containing a global
frame limit [nof values], a summary map of the pairwise distances [pairs_data], and
the column index mapping from the original to the filtered
[column_mapping_original to filtered]) which can then be used in subsequent
quantitative analysis.
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Chapter 4 - Methods: NOE Averaging and Violation Analysis

4.1 Introduction

Once the grouping has been implemented so that each cluster of atoms can be traced to an
individual, unambiguous experimental constraint (in other words, the constraints have no
degeneracy), the process proceeds to the final part of the work, the quantitative analysis
phase. Here the software will read the distance matrix and determine group averages, as
described in this chapter, and compare them to the upper limit distance values from the
constraints to produce a complete NOE violation list.

4.2 The Theory of NOE Averaging

How intense an NOE signal is, approximately, is proportional to the ensemble average of the
inverse sixth power of the inter-proton distance, noted as “r®’. The effective distance of this
average can be calculated from the formula: { r® }"

We must then compare this to the upper bound of the restraint, which is experimental data for
the distance restraint. The script also computes the (r*)'?, or the inverse third average. The
difference between the two averages gives you a measure of the distribution of the data, as
discussed further below. If the difference is large, there is local flexibility/dynamics and the
conformations will be spread out (wide conformational ensemble, possibly quite
asymmetric).

4.3 The calculate noe sums_in_memory Function

The steps of the numerical averaging process are embedded within the
calculate noe sums in_memory function. Note that rather than searching through a text file,
the function loops frame by frame through the carma.distances data and executes the
frame-level degeneracy resolution (min()) and the inverse-power accumulations
simultaneously.

Code Excerpt 4.1: Running Sum Accumulation in calculate_noe sums_in_memory
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sum_r3 = np.zeros(num_unique_groups)
sum_ré6 = np.zeros(num_unique_groups)
n_frames = 0

n_frames += 1

for i, group_key in enumerate(unique_restraint_keys):
raw_indices_for_group = column_groups[group key]
try:
group_distances = [float(distances[j]) for j
in raw_indices_for_group]
except (ValueError, IndexError) as e:
continue
if not group_distances:
continue

min_dist = min(group_distances)

sum_r3[i] += 1.0 / ((min_dist + 1le-9) ** 3)
sum_r6[i] += 1.0 / ((min_dist + 1le-9) ** 6)

Explanation: This function is done in large part with a little help from Numpy (Harris, C.R.,
Millman, K.J., van der Walt, S.J. (2020)), a free open-source Python package for numerical
computation. Numpy contains fast and clean C-code under the surface allowing for efficient
and optimized multi-dimensional arrays and mathematical functions. The functions above
first assign 2 flat Numpy arrays (sum r3 and sum r6), each with initial value 0. Then, the
number of frames (n_frames) is kept count by a running number during the iteration through
each feasible line of the trajectory. Within the loop over each line of the trajectory, the lowest
resolved distance (min_dist) in each restraint-group is determined, and that distance is
inverted to a 3rd and 6th power, respectively, to calculate the inverse distance of this line at
the appropriate place in the array. To avoid numerical errors resulting from a division-by-zero
crash (e.g. from atom-centers coinciding at a specific frame), a tiny numerical constant is
continuously added to the denominator.
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4.4 The run_noe averaging Function: Generating the Final Report

Here the post-processing translation engine starts a series of functions to return the data to a
format which 1is suitable for presentation. This series starts with the function
run_noe_averaging which collects all of the values of our packed mathematical summation
structure. This is a repetitive function that will perform all of the following operations for
each experimental datapoint successfully mapped:

e Ensemble Distance Derivation: The script computes the final physical time-average
metrics from the total accumulated array elements using the target biophysical
equations (Daura, X., Antes, I., van Gunsteren, W.F., Thiel, W. and Mark, A.E.
(1999)):

o avg_r3_dist = (Zr* — 3 /Nframes)" — 1/3
o avg_ré6_dist = (Xr* — 6 /Nframes) — 1/6

e Quantifying Deviations and Violations:

o Deviation: Calculated explicitly as avg r6 dist - exp distance. A negative
value reveals that the simulated ensemble trajectory remains well within the
boundary limits of the experimental constraint, whereas a positive profile
signifies an inflation away from the targeted upper limit

o Violation: Defined rigorously as max(0, deviation) to filter out compliant
assignments and isolate only the exact structural errors exceeding the
experimental limit.

e Structured Terminal Output Rendering: The function maps structural definitions
using an internal dictionary tracker (column mapping original to filtered). It uses a
loop through the verified entries and outputs an aligned terminal table. Each row
displays the experimental limit, the r* and r® simulation bounds, the formal deviation
metric, and the final violation threshold. If a violation is observed, the value is
automatically color-coded using system terminal ANSI escape sequences based on
structural severity to organize and condense troubleshooting.
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e Compiling Global Statistics: To provide an instantaneous overview of global model
accuracy, the script calculates summary values at the footer of the output. These
include the absolute count and relative percentage of violated restraints, the absolute
maximum violation detected, and a stratified frequency distribution profiling errors
across strict severity boundaries (e.g. 0-0.5 A, >0.5 A, >1.0 A, etc.). This localized
profiling helps users quickly identify mismatched domains, effectively guiding further
molecular refinements.
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Chapter 5 - Results: Case Study - Analysis of the Chignolin
Variant CLNO025

As a case study of the proposed framework on a dynamic system, we choose CLN025,
a 10-residue variant of chignolin (a former 10-residue peptide developed three years
prior by the same group [Honda, S., Yamasaki, K., Sawada, Y., & Morii, H. (2004).]),
which is an artificial designed miniprotein with very fast folding rate (Honda et al.,
2008). Due to the small size, defined secondary structures, and B-hairpin topology of
CLNO025 (which consist of the sequence: YYDPETGTWY), it is a useful test for the
principle of protein folding, and a standard system to evaluate the force field in
molecular simulation. The variant of CLNO025 that was engineered (with its attributes
granted by the swapping of terminal glycine with tyrosine residues) features greater
thermal stability and higher thermal resilience allowing it to be much more easily used
as a model system. Since CLNO025 consists of only ten amino acids and subsequently
around 170 atoms including hydrogen, it allows us to examine its complete folding
and unfolding pathway utilizing molecular dynamic simulations in silico in a
time-saving manner that would be impossible while proceeding with the same test
using larger protein models, at least within the scope of this dissertation. The tyrosine
residues mentioned above lead to strong aromatic interactions and thus high structural
stability in a B-hairpin turn. With all of the factors above accounted for, we can
surmise that if NOEmd’s results don’t align with the predicted NMR chemical shifts
of the protein, certain calibration errors must have been made and the program would
be unreliable.

However, comparing the data derived from a previous study with how the program
handles the residues below, we can see that the automation workflow results from the
script completely track with the predicted results.

Data from previous calculations [Table 5.1] conducted by (Athanasia-Panagiota
Serafeim; Georgios Salamanos; Kalliopi K. Patapati; Nicholas M. Glykos, 2016) were
used as a baseline to compare and contrast with the NOEmd experimentally derived
findings of the second table [Table 5.2].

Going back and forth whilst checking each entry pair manually, it is determined that
the output table results align with the previous study’s findings, further proving the
fail-proof nature of the scripting, especially with how it concerns the parsing function
of the program.
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Table 5.1: NOEs from the calculations conducted in the 2016 study.

CLNO025 : experimental vs MD-derived NOEs and their estimated standard deviations

Proton NOE (EXP) |NOE(STAR)| o(STAR) |NOE(ILDN)| o(ILDN) [NOE(NMR)| o(NMR)
Indices
122-126 3.75 2611263 | 0.538095 | 2.589342 | 0494052 | 2.534155 | 0.314964
126-146 4.66 3.597264 | 0.556447 | 3.685342 | 0.510994 | 4020951 | 0.316087
108-112 36l 2. 781489 | 0484556 | 2.771055 | 0472551 | 2.742704 | 0.443714
127-130 3.82 293632 | 0580237 | 2.923893 | 0.577842 | 2.889541 | 0.569727
126-130 3.82 3125396 | 0.54962 | 3.143341 | 0.545991 | 3.189156 | 0.534267
108-114 4.51 4214299 | 0.544288 | 4.244267 | 0.528531 | 4.358816 | 0.478145
93-101 4.75 5064103 | 0423772 | 5.08835 | 0415293 | 5102678 | 0.412836
114-146 482 5.875258 | 1.170809 | 5824237 | 1.164016 | 5.582342 | 1.154325
30-46 482 4.019499 | 0.273389 | 4.05379 | 0.241924 | 4.034287 | 0.264627
29-46 4.82 4.02309 | 026051 4.02234 | 0269612 | 4064283 | 0.238731
46-50 356 3.036333 | 028654 | 3.009743 | 0.268291 | 2990794 | 0.236223
46-51 356 2.557921 | 0.257028 | 2.536876 | 0.232684 | 2.512684 | 0.197046
59-72 366 2980893 | 0.386405 | 2974821 | 0.379217 | 2.968205 | 0.344784
33-65 426 6.469092 | 1.647051 | 6.483796 | 1.582267 | 6.603936 | 1.556512
33-132 5.02 5.032921 | 2489723 | 4941119 | 2527135 | 4716088 | 2.421841
35-132 4.68 5288005 | 2.774603 | 5148759 | 2.871302 | 4998808 | 2.783247
35-139 5.50 5.944403 | 2.796608 | 5862881 | 2.656843 | 5549402 [ 2.272082
6-12 381 3284419 | 0.819923 | 3.205452 | 0.816888 | 3.504374 | 0.721132
112-156 4.39 3.63943 | 2489036 | 3.526713 | 2.257834 | 3356214 | 2.140418
114-156 4.66 4371134 | 2537939 | 4282522 | 2.233512 | 4.244754 | 2.160627
27-35 4.51 5.339021 | 0.599355 | 5306223 | 0.607211 | 5232895 | 0.615931
146-163 374 3.591461 | 1.000734 | 3.662933 | 1.004141 | 3.518086 | 1.036651
122-130 4.74 3.502382 | 1.084235 | 3550816 | 1.072898 | 3.618254 | 1.065333
101-108 344 2687964 | 0.701233 | 2.663091 | 0.632297 | 2.663896 | 0.351343
122-141 537 3365842 | 1317315 | 3354144 | 1.321774 | 3.346444 | 1.339449
87-101 2.82 216851 | 0310808 | 2.156553 | 0.329216 | 2.299892 | 0.29949
72-87 329 2483315 | 0301629 | 2.483952 | 0.287789 | 2.66302 | 0267832
46-154 497 4838374 | 2594991 | 4564385 | 2.664167 | 4506604 | 2.266764
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40-46 437 4736105 | 0.779407 | 4770073 | 0.748001 | 4.833017 | 0.739288
122-127 3.75 3189703 | 0463282 | 3.142397 | 0.487015 31216 0.508849
127-146 4.66 3146561 | 0578307 | 3.151062 | 0.568785 | 3.211784 | 0.545467
112-122 4.16 3499187 | 0590874 | 3.521502 | 0.580679 | 3.544805 | 0.566839
112-146 5.02 5925225 | 0589784 | 5949238 | 0.588982 | 5.770388 | 0.544264
110-146 550 5964486 | 0502432 | 6.034735 | 0427114 | 6.016305 | 0.362318

27-46 3.13 2207062 | 0.172952 | 2198623 | 0.147315 | 219668 | 0.151263
110-122 294 2230195 | 0292339 | 2215435 | 0.220633 | 2213718 | 0228635

33-62 485 5.825221 | L.BB3518 | 5.874074 | 1.828302 | 5.704595 | 1.868715

35-65 322 5315469 | 2.127923 | 5339321 | 1.970031 | 5598151 | 1.959192
27-124 4.10 259508 | 2.084526 | 2.545076 | 1.827179 | 2.47893 | 1.337663

87-93 4.06 3542166 | 066625 | 3530442 | 0.656217 | 3.335784 | 0.648174
114-122 4.14 3294734 | 0.856329 | 3280386 | 0.826915 | 3.216308 | 0.808561

6-19 4.74 5454479 | 0684971 | 5435217 | 0.686303 | 5695744 | 0.676185
148-154 .64 3285968 | 0.694244 | 3344444 | 0.675751 | 3.282436 | 0.677179
148-156 550 5336914 | 0548913 | 5377438 | 0.541925 | 5303504 | 0.509195

14-48 396 4 863568 | 2.748349 | 4657779 | 2.64969 | 4696577 | 2373711

12-48 432 5787922 | 1731603 | 5643744 | 1.690827 | 5293448 | 1.79898
124-141 393 3. 706897 | 0.658395 | 3.688694 | 0.655497 | 3.622124 | 0.655022
124-130 4.55 3582732 | 0573457 | 3.569232 | 0.566882 | 3.52859 | 0.542416

35-62 521 563619 | 2133514 | 5705709 | 1.997492 | 5669815 | 2.040834

33-68 376 4781491 | 1.242232 | 4784082 | 1.149071 | 4794126 | 1.13406

35-68 4.78 3316197 | 1.803932 | 3351003 | 1.592067 | 3.348361 | 1.633349

33-59 5.01 546119 | 1494116 | 5496767 | 1451313 | 5.546737 | 1.441237
35-124 441 6.032474 | 2.130528 | 5910521 | 2.045829 | 5.689949 | 1.664222
27-163 5.50 4402874 | 2441918 | 4486989 | 2.522242 | 4453093 | 2213683
112-154 493 5.180383 1.6504 5.003461 | 1.543339 | 4876362 | 1.469618
91-108 4.87 4.137942 | 0907928 | 4.101326 | 0.860539 | 4.071301 | 0.596155
124-163 494 4179185 | 1.479934 | 4273717 | 1466191 | 4270643 | 1.43551
35-141 482 5706337 | 2.555284 | 5567262 | 2446804 | 5356828 | 2.129189
35-130 398 5881998 | 2383553 | 5.744857 | 2470663 | 5571386 | 2.317395
33-141 445 4571872 | 2588202 | 4423927 | 2518171 | 4190296 | 2.264338

74-79 4.00 2806485 | 0460675 | 2.797467 | 0462702 | 2884604 | 0.459471

48-59 3.25 2343479 | 029979 | 2331307 | 0.290712 | 2.372057 | 027804

19-50 4.73 3767346 | 293328 | 3760237 | 2.761316 | 3.663907 | 2.590303
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25-29 368 3077913 | 0297201 | 3.079197 | 029583 | 2979677 | 0.287676
29-59 442 7201415 | 0526587 | 7.173263 | 051028 | 7.132571 | 0.458847
29-141 4.53 3715266 | 2.537746 | 3.640735 | 236437 | 3.434512 | 2.109242
29-139 427 4157322 | 2.894416 | 4.100192 | 2723361 | 3.862507 | 2.490748
33-126 5.04 4 879706 | 2512838 | 4.698596 | 2.503227 | 4421095 | 2.328356
46-50 310 3036333 | 028654 | 3.009743 | 0268291 | 2990794 | 0.236223
50-72 4.62 4582001 | 0.473684 | 4.657972 | 0405883 | 4.741895 | 0.401063
50-91 452 5629558 | 1.056132 | 5792717 | 0.898546 | 6.164707 | 0.63425
50-108 36l 4729146 | 1.350505 | 4.64359 117846 | 4523274 | 0.73378
50-112 4.33 4501912 | 2.134667 | 4398521 | 1.907666 | 4.327387 | 1.377877
50-154 4.66 4607829 | 2916911 | 4331876 | 2.846053 | 4.175363 | 2.258976
50-156 376 3717754 | 3418357 | 3501133 | 3.290203 | 3.423573 | 2591413
122-126 304 2611263 | 0538095 | 2.589342 | 0494052 | 2534155 | 0.314964
126-130 333 3125396 | 0.54962 | 3.143341 | 0.545991 | 3.189156 | 0.534267
126-141 RIEE 3028881 | 0.724638 | 3.011334 | 0.720955 | 2.972841 | 0.706843
126-146 4.03 3597264 | 0556447 | 3.685342 | 0510994 | 4.020951 | 0.316087
146-150 354 2675047 | 0424641 | 2.676857 | 0434719 | 2575172 | 0.339306

Table 5.2: Results derived from the NOEmd analysis, presented each time the first output is
printed when the run concludes.
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29 141 ok 29 A 2 TYR QB <==> 141 A 9 TRP HE3 (Degenerate)
30 141 ¥*x 30 A 2 TYR QB <==> 141 A 9 TRP HE3 (Degenerate)
29 139 ok 29 A 2 TYR QB <==> 139 A 9 TRP HzZ3 (Degenerate)
30 139 ¥*x o 30 A 2 TYR QB <==> 139 A 9 TRP HZ3 (Degenerate)
33 126 *kk 33 A 2 TYR QD <==> 126 A 9 TRP QB (Degenerate)
33 127 ¥*kx o 33 A 2 TYR QD <==> 127 A 9 TRP QB (Degenerate)
42 126 ok 42 A 2 TYR QD <==> 126 A 9 TRP QB (Degenerate)
42 127 ¥Rk 42 A 2 TYR QD <==> 127 A 9 TRP QB (Degenerate)
50 72 *¥*k 5@ A 3 ASP QB <==> 72 A 5 GLU H (Degenerate)
51 72 ¥*x 51 A 3 ASP QB <==> 72 A 5 GLU H (Degenerate)
50 91 ok 50 A 3 ASP QB <==> 91 A 6 THR HB (Degenerate)
51 91 ¥*x 51 A 3ASP QB <==> 091A 6 THR  HB (Degenerate)
50 108 ¥**x 5@ A 3 ASP QB <==> 108 A 8 THR H (Degenerate)
51 108 ¥**x 51 A 3 ASP QB <==> 108 A 8 THR H (Degenerate)
50 112 ok 50 A 3 ASP QB <==> 112 A 8 THR HB (Degenerate)
51 112 ¥*x 51 A 3 ASP QB <==> 112 A 8 THR  HB (Degenerate)
50 154 ok 50 A 3 ASP QB <==> 154 A 10 TYR QD (Degenerate)
50 163 ¥*¥x 59 A 3 ASP QB <==> 163 A 10 TYR QD (Degenerate)
51 154 ok 51 A 3 ASP QB <==> 154 A 10 TYR QD (Degenerate)
51 163 ¥**x 51 A 3 ASP QB <==> 163 A 10 TYR QD (Degenerate)
50 156 *xx 50 A 3 ASP QB <==> 156 A 10 TYR QE (Degenerate)
50 161 ¥**x 59 A 3 ASP QB <==> 161 A 10 TYR QE (Degenerate)
51 156 *xx 51 A 3 ASP QB <==> 156 A 10 TYR QE (Degenerate)
51 161 o 51 A 3 ASP QB <==> 161 A 10 TYR QE (Degenerate)
126 141 ¥** 126 A 9 TRP QB <==> 141 A 9 TRP HE3 (Degenerate)
127 141 ¥** 127 A 9 TRP QB <==> 141 A 9 TRP HE3 (Degenerate)
146 150 ¥** 146 A 10 TYR H <==> 150 A 10 TYR QB (Degenerate)

146 151 *¥** 146 A 10 TYR H <==> 151 A 10 TYR QB (Degenerate)



Comparative Result Analysis: CLN025 Trajectories

This analysis evaluates the structural performance of two molecular dynamics
simulation trajectories: the ILDN Trajectory (cIn025 adapt ILDN COMPLETE.dcd)
and the STAR-ILDN Trajectory (cIn025 adapt STAR ILDN COMPLETE.dcd).
Performance is measured against Nuclear Overhauser Effect (NOE) experimental
distance restraints, which serve as metrics for structural accuracy in protein folding
simulations.

Summary Statistics

A direct comparison of the global NOE violation profiles reveals that both
frameworks accurately capture the overall conformational complex of CLNO025,
though they exhibit subtle differences in their error distributions:

76 76 0 {ldentical datasat)

T (9.2%) B (10.5%) +1 violation in STAR
O3BA 0307 A” =0.011 A” (Shightly lower in STAR)
0436 A" 0516 A +0.080 A" (Higher peak arror in STAR)
7 T 0

0 1 +1in STAR

Table 5.3 : Presentation of the shifts between the ILDN and STAR-ILDN trajectories.

Key Structural Differences and Variations

While the majority of the sub-angstrom distance averages (1) and (r°) match very
closely between the two datasets, specific regions highlight structural divergence:

1. The Core Divergent Anchor: Tyr2 — Pro4

Both datasets explicitly flag the interaction between 2 TYR QD and 4 PRO HA as a
primary "Divergent" zone.

e ILDN Trajectory: Deviation of 0.430 A (with an ensemble distance r® 4.190
A versus an EXP of 3.76 A).

e STAR-ILDN Trajectory: The violation increases to 0.516 A (r® = 4.276 A),
pushing this specific restraint into the 0.5 A severity bracket.

In the meantime, while examining the 2 TYR QD <==> 4 PRO QB neighbor
interaction:
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e The ILDN Trajectory manages to satisfy this without violation (Deviation:

-0.037 A).
e The STAR-ILDN Trajectory appears to have a small violation of 0.048 A.

2. Long-Range Aromatic Packing: Tyr2 — Trp9

The tertiary hydrophobic core of CLNO025 is stabilized by aromatic stacking
interactions involving Tyr2 and Trp9, and while each trajectory incurs relatively small
violations in this respect, the distributions differ:

e 2 TYR QE <==> 9 TRP HDI: Produced a violation of 0.435 A in ILDN, and
slightly higher at 0.472 A in STAR-ILDN.

e 2 TYR QE <==> 9 TRP HA: Produced a violation of 0.302 A in ILDN, but
appeared lower at 0.261 A in STAR-ILDN.

3. Backbone Terminal Regions

Interactions involving the termini (such as 1 TYR QD <==> 3 ASP HA) show a slight
increase in violation in the STAR-ILDN trajectory (0.479 A) compared to the ILDN
trajectory (0.436 A).

The complete trajectory tables are formatted below with each divergent pair
emphasized in bold and underlined text next to each line for clear identification.

> ILDN Trajectory of CLN025
(cIn025_adapt ILDN _COMPLETE.dcd):

NOE Analysis Results:

EXP <r"h-3> <rh-6> Deviation Violation Atoms Involved

3.75 2.692 2.601 -1.149 0.000 9 TRP H <==> 9 TRP HB2
4.66 3.566 3.275 -1.385 0.000 9 TRP HB2 <==> 10 TYR H
3.61 2.935 2.825 -0.785 0.000 8 THR H <==> 8 THR HB
3.82 2.988 2.872 -0.948 0.000 9 TRP HB3 <==> 9 TRP HD1
3.82 3.104 2.969 -0.851 0.000 9 TRP HB2 <==> 9 TRP HD1
4.51 3.338 3.049 -1.461 0.000 8 THR H <==> 8 THR QG2
4.75 4.530 4,271 -0.479 0.000 6 THR QG2 <==> 7 GLY H
4,82 5.007 4.194 -0.626 0.000 8 THR QG2 <==> 10 TYR H
4.82 3.959 3.759 -1.061 0.000 2 TYR HB3 <==> 3 ASP H
4.82 3.934 3.711 -1.109 0.000 2 TYR HB2 <==> 3 ASP H
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3.76 3.112 2.722 -1.038 0.000 3 ASP QB <==> 10 TYR QE
3.44 2.665 2.635 -0.805 0.000 9 TRP QB <== 9 TRP HE3
3.54 2.658 2.606 -0.934 0.000 10 TYR H <==> 10 TYR QB

SUMMARY: 76 unique NOE restraints displayed.

Violations (>0.001A): 7 (9.2%)

Average violation (for violated restraints): ©.318 A

Maximum violation: ©0.436 A

Violation severity distribution:
0-0.5A: 7 restraints

> STAR-ILDN Trajectory of CLNO025
(cIn025_adapt STAR ILDN_COMPLETE.dcd):

NOE Analysis Results:
EXP <rh-3> <r~-6>  Deviation Violation Atoms Involved
3.75 2.719 2.620 -1.130 0.000 9 TRP H <==> 9 TRP HB2
4.66 3.519 3.227 -1.433 0.000 9 TRP HB2 <==> 10 TYR H
3.61 2.977 2.859 -0.751 0.000 8 THR H <==> 8 THR HB
3.82 3.000 2.882 -0.938 0.000 9 TRP HB3 <==> 9 TRP HD1
3.82 3.094 2.961 -0.859 0.000 9 TRP HB2 <==> 9 TRP HD1
4.51 3.270 2.995 -1.515 0.000 8 THR H <==> 8 THR QG2
4.75 4.514 4.277 -0.473 0.000 6 THR QG2 <==> 7 GLY H
4.82 5.095 4.253 -0.567 0.000 8 THR QG2 <==> 10 TYR H
4.82 3.880 3.620 -1.200 0.000 2 TYR HB3 <==> 3 ASP H
4,82 3.899 3.659 -1.161 0.000 2 TYR HB2 <==> 3 ASP H
3.56 3.082 2.999 -0.561 0.000 3 ASP H <==> 3 ASP HB2
3.56 2.702 2.638 -0.922 0.000 3 ASP H <==> 3 ASP HB3
3.66 3.019 2.925 -0.735 0.000 4 PRO QD <==> 5 GLU H
4.26 4.832 4.308 0.048 0.048 2 TYR QD <==> 4 PRO QB Divergent
5.02 4.862 4.191 -0.829 0.000 2 TYR QD <==> 9 TRP HE1
4.68 5.053 4.125 -0.555 0.000 2 TYR QE <==> 9 TRP HE1
5.50 5.472 4.465 -1.035 0.000 2 TYR QE <==> 9 TRP HZ3
3.81 2.755 2.627 -1.183 0.000 1 TYR HA <==> 1 TYR QD
4.39 3.638 3.089 -1.301 0.000 8 THR HB <==> 10 TYR QE
4.66 3.952 3.432 -1.228 0.000 8 THR QG2 <==> 10 TYR QE
4.51 4,883 4.843 0.333 0.333 2 TYR HA <==> 2 TYR QE
3.74 3.191 3.014 -0.726 0.000 10 TYR H <==> 10 TYR QD
4.74 3.489 3.107 -1.633 0.000 9 TRP H <==> 9 TRP HD1
3.44 2.800 2.673 -0.767 0.000 7 GLY H <==> 8 THR H
5.37 3.530 3.039 -2.331 0.000 9 TRP H <==> 9 TRP HE3
2.82 2.254 2.179 -0.641 0.000 6 THR H <==> 7 GLY H
3.29 2.458 2.385 -0.905 0.000 5 GLU H <==> 6 THR H
4.97 4,585 4.024 -0.946 0.000 3 ASP H <==> 10 TYR QD
4.37 4.776 4.560 0.190 0.190 2 TYR QE <==> 3 ASP H
3.75 3.094 2.948 -0.802 0.000 9 TRP H <==> 9 TRP HB3
4.66 3.293 3.087 -1.573 0.000 9 TRP HB3 <==> 10 TYR H
4.16 3.415 3.104 -1.056 0.000 8 THR HB <==> 9 TRP H
5.02 5.271 4.391 -0.629 0.000 8 THR HB <==> 10 TYR H
5.50 5.104 4.658 -0.842 0.000 8 THR HA <==> 10 TYR H
3.13 2.315 2.270 -0.860 0.000 2 TYR HA <==> 3 ASP H
2.94 2.391 2.316 -0.624 0.000 8 THR HA <==> 9 TRP H
4.85 4,055 3.491 -1.359 0.000 2 TYR QD <==> 4 PRO QG
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SUMMARY: 76 unique NOE restraints displayed.

Violations (>0.001A): 8 (10.5%)
Average violation (for violated restraints): ©.307 A

Maximum violation: ©.516 A
Violation severity distribution:
0-0.5A: 7 restraints

>0.5A: 1 restraints
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Chapter 6 - Results: Case Study 2 - Analysis of 2N0X

2NOX (Zirafi, O., Kim, K. A., Standker, L., Mohr, K. B., Sauter, D., Heigele, A. &
Miinch, J. (2015)) corresponds to the 3D NMR solution structure of EPI-X4
(Endogenous Peptide Inhibitor of CXCR4), a 16-residue (~1.83 kDa) fragment
derived from human serum albumin. It is derived from an experimental NMR solution
method and its primary function is to act as an antagonist for the CXCR4 chemokine
receptor (a class-A GPCR) which regulates cell migration, homing and embryonic
development. EPI-X4 has the key structural feature of an unusual lasso-like
conformational loop which is essential for selective receptor binding, where the basic
N-terminal acts as the primary recognition motif, while the C-terminal plays the role
of a stabilizer for the fold.

File Name # Frames Processed Viclated Restraints # Awg Violation (&) # Max, Viglation (A)
dpcall 263919 36 (34.3%) 3475 7.024
dpcal? 170517 39(37.1%) 6.805 19.950
dpcal3d 130,588 41 (39.0%) 2918 8.476
dpcald 120401 37 (35.2%) 3,599 7.216
dpcals 133,577 41 (39.0%) 2.850 9.841
dpcalih 123575 40(3B.1%) 5.354 16.938
ipcal? 159039 33 (31.4%) £.962

dpcalf 73,061 37 (35.2%) 4,134 Q418

dpcally 106573 16 [(34.3%) 2.28% &.700

dpcall 17756 47 (30.0%) 2.174 & A0

Full Simulation (results_2n0x) 26 (74 8%) 1.182 4081

Table &.1: Presentation of divergences derived from the results of each cluster’s analysis and that
of the full sitmulation, concerning differences in violated restraints and their respective violations

The Table presented above displays grcarma runs from each individual cluster’s
analysis derived by comparing different frame data sizes for 2n0x simulations. The
results strongly indicate that the Full Simulation has an overall substantially more
accurate presentation, displaying fewer violated restraints, a lower violation
percentage and much smaller average and maximum violations. On average the other
runs have about a 46% difference of violated restraints on average compared to the
full results. Particularly the average violation magnitude is worse: 3.616 A vs. 1.182
A, signaling that DPCAs’ average violation is almost 3.06 times larger. The worst case
violation is 2.44 times larger (9.95 A vs. 4.081 A) suggesting that overall the full
simulation is more constraint-compliant and produces significantly less geometric
variation.
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Comparison of Representative MD Clusters with the
Experimental NMR Structure

Figure 6.1 Structural superposition of the representative dPCA clusiers onto the
experimental solution NMR ensemble (FDB; 2NOX), The backbone atoms of the 20 NMR
moadels are rendered as thin gray lines with CPK elemental coloring. The representative
MDD structures are highlighted in green for cluster 10 and cyan for cluster 09,
corresponding to the clusters with the lowest restraint violations. The overlay demonstrates
strong conservation along the central structural core, with conformational variability
localized primarily at the flexible peptide termini,

For an assessment of whether or not the conformational ensembles sampled during
molecular dynamics simulations agree with the experimental data, a structural
superposition was performed between the representative structures of the clusters that
appeared to display the lowest NOE violations (dPCA cluster 09 and cluster 10) and
the experimental NMR structure from PDB (2NOX.pdb).
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As shown in Figure 6.1, the representative clusters capture the overall fold and
backbone topology of the experimental structure reasonably well.

e Core Backbone Fold: Both representative models adopt the characteristic
U-turn loop geometry defined by the experimental NMR bundle, with their
backbones embedded directly within the conformational envelope sampled
across the 20 NMR models. This confirms that the clusters characterized by
minimal NOE restraint violations reflect stable, experimentally supported
conformational states rather than simulation artifacts.

e Local Deviations and Terminal Flexibility: Noticeable conformational
divergence between the two clusters, and relative to the NMR bundle, is
primarily concentrated at the unconstrained N- and C-termini. For instance,
cluster 09 (cyan) displays a more extended conformation toward one terminus,
whereas cluster 10 (green) remains noticeably more compact. This deviation is
entirely consistent with the increased thermal mobility and conformational
freedom characteristic of terminal residues in solution, which is likewise
mirrored by the structural fanning of the NMR ensemble in those same
segments.

Backbone ¢ alignment yielded a root-mean-square deviation of RMSD = 2.85A

(following outlier rejection of the flexible terminal positions). Structural convergence
is notably pronounced along the central structural core, whereas the primary
deviations are localized at the flexible N- and C-termini as is above stated. This
behavior is in line with the heightened thermal fluctuations and intrinsic
conformational freedom typical of terminal residues in solution. Consequently, this
alignment demonstrates that the MD clusters used with minimal restraint violations
reflect physically realistic conformations compatible with the experimental NMR
constraints rather than computational artifacts.
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Core Divergence Insights
1. The Ensemble Averaging Effect (r® Weighting)

The data displays a phenomenon where the Full Simulation yields significantly fewer
total violations (24.8%) and a lower maximum violation (4.081 A) than any single
isolated cluster. That is particularly encouraging and not necessarily indicative of a
more rigid or homogenous structure. Instead it’s consistent with the time averaging
inherent in NOE measurements, where experimental NOEs present on the ensemble
averaged distances sampled by the peptide over different time checkpoints of the
experiment. In a flexible peptide different conformations can therefore contribute to
the satisfaction of a given NOE restraint, with the short-distance conformations having
a particularly strong contribution under the r° distance dependence. The fact that the
best agreement with the experimental restraints is obtained for the complete trajectory
is consequently an encouraging result: it indicates that the simulation samples the
structural heterogeneity of the peptide in a manner that is consistent with the
experimentally observed ensemble. By contrast, when the trajectory is partitioned into
individual dPCA clusters using grcarma [Koukos & Glykos, 2013], this ensemble
averaging 1is substantially reduced. Individual clusters preferentially represent
particular conformational substates, including more open or alternative conformations
in which some of the short-range contacts required by the NOEs are less frequently
sampled. Their apparent increase in restraint violations therefore reflects, at least in
part, the loss of conformational averaging rather than a failure of the overall
simulation to reproduce the experimental data.

For a flexible peptide, better agreement of the complete trajectory than of any
individual cluster is therefore a positive result: it suggests that the simulation
reproduces not merely a particular structure, but the conformational ensemble sampled
by the peptide.

2. Extreme Qutliers in Specific Clusters (DPCA02 & DPCAO06)

e The DPCAO02 and DPCAO06 clusters represent heavily distorted or nonnative
conformational subsets.

e DPCAO02 also exhibits a serious max violation of 19.959 A involving the
terminal hydrophobic pairing (1 LEU QD2 <==>9 PRO HB2).

e A similar topology is observed with DPCA06, with a maximum violation of
16.938 A between exactly the same two atoms.

3. Population and Resolution Trends
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e In addition, DPCAO1 still shows high violations of 34.3% despite having the
largest amount of frames (263,919) and a max deviation of 7.024 A. These

results prove that even the most populated structural state in the simulation is
not sufficient enough to reproduce the spatial averages of the experimental

values.

Even the tightest cluster by average violation scale (DPCA10 at 2.174 A
demonstrates a 39.0% total restraint violation rate, illustrating that structural
refinement cannot rely on a single dominant dPCA conformer cluster to explain
the experimental solution state.

Once again as with the previous case, the tabular results of each analysis are formatted

and presented below for clear identification:

2NOX Full Simulation:

NOE Analysis Results:

EXP <r~-3> <rh-6> Deviation Violation Atoms Involved

5.14 5.180 4.511 -0.629 0.000 10 GLN HB2 <==> 12 SER H
5.14 4,721 3.949 -1.191 0.000 10 GLN HB3 <==> 12 SER H
5.41 3.237 2.956 -2.454 0.000 11 VAL HB <==> 12 SER H
5.50 2.956 2.768 -2.732 0.000 10 GLN H <==> 10 GLN QG
5.50 5.294 4,128 -1.372 0.000 10 GLN QG <==> 12 SER H
5.50 7.614 5.486 -0.014 0.000 5 THR H <==> 13 THR QG2
5.50 3.083 2.864 -2.636 0.000 13 THR H <==> 13 THR QG2
4.92 2.963 2.810 -2.110 0.000 15 THR H <==> 15 THR QG2
5.50 2.924 2.726 -2.774 0.000 7 LYS H <==> 7 LYS QG
5.50 3.938 3.583 -1.917 0.000 6 LYS QG <==> 7 LYS H
5.50 4,359 4.045 -1.455 0.000 7 LYS H <==> 7 LYS QD
5.50 2.874 2.708 -2.792 0.000 6 LYS H <==> 6 LYS QG
5.50 4,285 3.921 -1.579 0.000 6 LYS H <==> 6 LYS QD
5.50 5.048 4.775 -0.725 0.000 6 LYS H <==> 6 LYS QE
3.75 4.610 4,143 0.393 0.393 7 LYS HA <==> 7 LYS QE
3.08 4,573 4,063 0.983 0.983 6 LYS HA <==> 6 LYS QE
2.97 2.455 2.443 -0.527 0.000 6 LYS HB2 <==> 6 LYS QG
2.88 2.459 2.446 -0.434 0.000 7 LYS HB2 <==> 7 LYS QG
5.50 3.271 2.955 -2.545 0.000 3 ARG H <==> 3 ARG HG2
5.50 3.211 2.982 -2.518 0.000 3 ARG H <==> 3 ARG HG3
4.33 3.547 3.063 -1.267 0.000 3 ARG HA <==> 3 ARG QD
3.86 3.197 2.958 -0.902 0.000 7 LYS HB3 <==> 8 VAL H
4.08 2.421 2.343 -1.737 0.000 8 VAL H <==> 8 VAL QG2
5.15 3.257 3.021 -2.129 0.000 10 GLN HB3 <==> 11 VAL H
3.11 2.365 2.306 -0.804 0.000 9 PRO HA <==> 10 GLN H
3.18 2.429 2.360 -0.820 0.000 14 PRO HA <==> 15 THR H
3.36 2.764 2.633 -0.727 0.000 12 SER HA <==> 13 THR H
5.50 4,917 4.620 -0.880 0.000 8 VAL H <==> 9 PRO HD2
5.50 2.833 2.681 -2.819 0.000 5 THR H <==> 5 THR QG2
2.92 2.552 2.440 -0.480 0.000 15 THR HA <==> 16 LEU H

40



A W NUIWDRAUUVUVIUVIUVWWAEDRSEPASEPMMN P PUUVIUVUVUDRSDWWNNDUNWUDRDWWU WWNNWWWNNMNDUUUUDWOULUELSEWWPAMUUuPRASPDSDMDPDMDNDUULUN

.92
.50
.50
.86
.28
.28
.65
.65
.50
.50
.77
.65
.65
77
.29
.17

11

.50
.84
.40
.88
.82
.79
.63
.97
.40
.63
.45
.50
.86
.68
.56
.50
.86
.85
.50
.40
.41
.46
.46
.23
.11
.01
.01
.50
.50
.47
.47
47
.47
.08
.23
.23
.15
.50
.14
.20
.23
.05
.34
.24
.03
.97

NN BN WUTWWNUNWNNNNWNDNDMNNUOUOUNDNDDUNMDNDUNOGOOOODONDNDWWNN

[
[SIRS)

.634
.880
.220
.234
.915
.590
.141
.707
.317
.026
.283
.990
.867
.602
.511
.727
.744
.353
.526
.370
.459
.438
.484
.636
.460
.370
.451
.649
.691
.703
.267
.288
.051
.558
.636
.733
.267
.573
.088
.209

8.187

N

.665

9.375

[y
®

A NN NOO0UT NN WNWWOWSN 000 v

.706
.460
.971
.174
.670
.731
.491
.082
.130
471
.511
.392
.229
.851
.649
.690
.062
.375
477
.229

W NNO D UEUITUVUWNNNUDDSUUOOOOONUNNNDNEAENWDRWWNUNWNNNWNNDNMNMNWRAENMEAEPEAENDNMMAUDBDEDBENMNNWNDNN

.597
.705
.827
.043
.601
.405
.437
.797
.495
.000
.467
.870
.754
.676
.045
.627
.415
.916
.484
.363
.447
.409
.038
.570
.448
.363
.015
.579
.545
.624
.073
.031
.600
.316
.502
.434
.229
.506
.541
.260
.476
.502
.540
.929
.787
.334
.238
.532
.840
.274
.861
.945
442
.289
.792
.598
.156
.835
.503
.722
.368
.451
.663

oo
R ® 00

|
(]

R OO R OORRPRRERRERRLRWHMAO®

oo
® o

.323
.795
.673
.183
.679
.875
.213
.147
.005
.500
.303
.780
.896
.094
.245
.543
.695
.584
.356
.037
.433
.411
.752
.060
.522
.037
.615
.871
.045
.236
.607
.529
.900
.544
.348
.066
171
.096
.081
.800
.246
.608
.530
.919
.287
.834
.768
.062
.370
.804
.219
.285
.788
-1.
.292
.458
.044
.605
.453
.382
.128
.579
.307

861

O OO R P RFPOOOODOOOOOFROORFRRFRPRPRPRORFRFWMAEAOIOIODOOEOOO OO0 O OO0 OO0 OO0

.000
.000
.000
.183
.000
.000
.000
.147
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.045
.000
.000
.000
.000
.000
.000
.000
.000
.096
.081
.800
.246
.000
.530
.919
.287
.834
.768
.062
.370
.804
.000
.000
.000
.000
.292
.458
.000
.605
.453
.382
.128
.000
.000

=
A AP WWWWWERRRPRRPRRPRROOPANDW

[any
N O OO0 O NN NN Nw

[
NNNRO

THR
VAL
TYR
VAL
LEU
LEU
LEU
LEU
LEU
LEU
ARG
ARG
ARG
ARG
ARG
TYR
TYR
TYR
THR
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
GLN
VAL
SER
LYS
LYS

7 LYS

=
H

0 0000k F PP PP RPRPPRFEOWU U U O

1

(]

W wWwweRkuudNDD

PRO
VAL
VAL
THR
THR
THR
VAL
LEU
LEU
LEU
LEU

LEU
LEU
LEU
VAL
VAL
VAL
GLN
TYR
TYR
TYR
THR
THR
LEU
ARG
ARG
ARG

HA
HB

HA
HA
QD1
QD2
QD1
QD2
HB3
HA
HA
HB2
HA
HA
QD
QE
HA
QG
HB3
QG
HA
HA
HB3
QG
HA
HA
HA
HA

QB
QD
HB2
HA
HA
HA
HA
HA
HA
QG2
HB
QD1
QD2
QD2
QD1
QD1
QD2
QD1
QD2

HA
HA
HB2
QD
QE
QD
QG2
QG2
HA
QB
QB
QB

=
w

VW OUDDDPDWWDEMDAEDIMDMRAERRELOUW

1

00 OO OO NN NN NWwW

B R R = BB R
B DD O OONOMNO®ONWR ®

00 0000 W W W W W WLV WL

[any
[N

THR
ARG
THR
VAL
LEU
LEU
TYR
TYR
TYR
TYR
TYR
ARG
ARG
TYR
TYR
TYR
PRO
PRO
THR
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
VAL
GLN
VAL
THR
VAL
VAL
VAL
LEU
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
VAL
VAL
VAL
VAL

9 PRO

13
14
13

AW wWww

PRO
THR
PRO
THR
ARG
ARG
ARG
TYR

HB

HB
QD1
QD2
QD
QD
QE
QE
QE
HG3
HG2
QE
QD
QD
HD3
HD3
QG2
QD
QG
QE
QD
QG
QG
QD
QD
QG
HB
QG

I T T T T

HD3
HD2
HD2
HD3
HD2
HD2

HA

HA
HD3
HD3
HB3
HB3
HB2
HB2
QG1
QG2
QG1

HG2
HG2
QG2
HD3
QG2
QB
QG
QD
QD

41



5.34 4.840 4.072 -1.268 0.000 3 ARG QG <== 4 TYR QD
5.34 5.392 4.069 -1.271 0.000 4 TYR QD <==> 9 PRO QB
4.33 9.093 7.100 2.770 2.770 5 THR H <==> 14 PRO QD
3.76 9.639 6.660 2.900 2.900 5 THR HB <==> 14 PRO QD
5.35 7.718 5.058 -9.292 0.000 5 THR QG2 <==> 14 PRO QG
2.73 2.479 2.458 -9.272 0.000 6 LYS QB <==> 6 LYS QD
3.64 3.108 2.732 -0.908 0.000 6 LYS QB <==> 6 LYS QE
2.74 2.477 2.456 -0.284 0.000 7 LYS QB <==> 7 LYS QD
2.53 3.112 2.736 0.206 0.206 7 LYS QB <== 7 LYS QE
5.32 4.604 4.558 -0.762 0.000 9 PRO QB <==> 10 GLN HA
2.63 2.457 2.445 -0.185 0.000 10 GLN HA <==> 10 GLN QB
5.34 4.604 4.568 -0.772 0.000 14 PRO QB <==> 15 THR HA

SUMMARY: 105 unique NOE restraints displayed.
Violations (>0.001A): 26 (24.8%)
Average violation (for violated restraints): 1.182 A
Maximum violation: 4.081 A
Violation severity distribution:

0-0.5A: 10 restraints

>0.5A: 4 restraints
>1.0A: 8 restraints
>2.0A: 2 restraints
>3.0A: 2 restraints

e DPCA CLUSTERING ANALYSIS (OF THE FIRST 10
CLUSTERS) ON 2N0X:

1. DPCAOI (FIRST CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 ©1:53:20
Defined 105 unique restraint groups from 257 calculated distances.
Processing 263,919 frames from 'carma.distances' in memory...
Progress: 263919/263919 (100.0%) | Elapsed: 23.5s | Remaining: 0.0s
Finished processing 263,919 frames.

NOE Analysis Results:

EXP <r~-3> <rh-6> Deviation Violation Atoms Involved
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5.50 4.428 4.294 -1.206 (<]
3.86 3.753 3.718 -0.142 (<]
2.85 2.372 2.353 -0.497 (4]
5.50 6.404 6.396 0.896 (4]
2.40 2.238 2.202 -0.198 (<]
2.41 2.421 2.372 -0.038 (<]
3.46 8.526 8.436 4.976 4
3.46 9.737 9.649 6.189 6
4.23 9.551 9.430 5.200 5
4.11 4.106 3.673 -0.437 (<]
5.01 10.513 9.698 4.688 4
5.01 9.890 9.079 4.069 4
5.50 9.140 7.463 1.963 1
5.50 10.302 8.941 3.441 3
4.47 8.863 7.071 2.601 2
4.47 8.103 6.228 1.758 1
4.47 10.103 8.049 3.579 3
4.47 9.348 7.369 2.899 2
4.08 4.213 3.911 -0.169 (<]
3.23 2.551 2.518 -0.712 (4]
3.23 2.548 2.525 -0.705 (4]
5.15 3.511 3.367 -1.783 (4]
5.50 10.890 10.213 4.713 4
5.14 12.439 9.637 4.497 4
5.20 4.839 4.492 -0.708 0
4.23 10.978 10.876 6.646 6
3.05 6.785 6.651 3.601 3
5.34 8.159 8.126 2.786 2
2.24 2.380 2.374 0.134 (4]
3.03 2.511 2.486 -0.544 (4]
4.97 3.405 3.261 -1.709 (<]
5.34 3.705 3.473 -1.867 (<]
5.34 9.285 9.062 3.722 3
4.33 7.854 7.798 3.468 3
3.76 10.558 10.486 6.726 6
5.35 10.974 10.817 5.467 5
2.73 2.472 2.452 -0.278 (<]
3.64 3.078 2.711 -0.929 (4]
2.74 2.486 2.469 -0.271 (4]
2.53 3.826 3.390 0.860 (<]
5.32 5.086 5.067 -0.253 (<]
2.63 2.436 2.424 -0.206 0
5.34 4.620 4.603 -0.737 (<]
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SUMMARY: 105 unique NOE restraints displayed.
Violations (>0.001R): 36 (34.3%)

Average violation (for violated restraints): 3.475 A

Maximum violation: 7.024 A
Violation severity distribution:
0-0.5A: 2 restraints
>0.5A: 6 restraints
>1.0A: 4 restraints
>2.0A: 3 restraints
>3.0A: 21 restraints

2. DPCA02 (SECOND CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 ©1:52:04
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Defined 105 unique restraint groups from 257 calculated distances.
Processing 170,517 frames from 'carma.distances' in memory...
Progress: 170517/170517 (100.0%) | Elapsed: 15.5s | Remaining: 0.0s
Finished processing 170,517 frames.

NOE Analysis Results:

EXP <r~-3> <r~-6> Deviation Violation Atoms Involved

5.14 5.376 5.337 0.197 0.197 10 GLN HB2 <==> 12 SER H
5.14 5.552 5.505 0.365 0.365 10 GLN HB3 <==> 12 SER H
5.41 4.055 3.961 -1.449 0.000 11 VAL HB <==> 12 SER H
5.50 3.183 3.072 -2.428 0.000 10 GLN H <==> 10 GLN QG
5.50 6.150 6.108 0.608 0.608 10 GLN QG <==> 12 SER H
5.50 9.660 9.512 4.012 4,012 5 THR H <==> 13 THR QG2
5.50 3.538 3.176 -2.324 0.000 13 THR H <==> 13 THR QG2
4.92 3.144 3.023 -1.897 0.000 15 THR H <==> 15 THR QG2
5.50 3.110 2.998 -2.502 0.000 7 LYS H <==> 7 LYS QG
5.50 3.610 3.346 -2.154 0.000 6 LYS QG <==> 7 LYS H
5.50 4.627 4.294 -1.206 0.000 7 LYS H <==> 7 LYS QD
5.50 2.993 2.870 -2.630 0.000 6 LYS H <==> 6 LYS QG
5.50 3.846 3.254 -2.246 0.000 6 LYS H <==> 6 LYS QD
5.50 4.623 4,304 -1.196 0.000 6 LYS H <==> 6 LYS QE
3.75 4,978 4.907 1.157 1.157 7 LYS HA <==> 7 LYS QE
3.08 4,951 4.744 1.664 1.664 6 LYS HA <==> 6 LYS QE
2.97 2.461 2.447 -0.523 0.000 6 LYS HB2 <==> 6 LYS QG
2.88 2.481 2.470 -0.410 0.000 7 LYS HB2 <==> 7 LYS QG
5.50 3.331 2.954 -2.546 0.000 3 ARG H <==> 3 ARG HG2
5.50 3.529 3.233 -2.267 0.000 3 ARG H <==> 3 ARG HG3
4.33 3.223 2.809 -1.521 0.000 3 ARG HA <==> 3 ARG QD
3.86 2.998 2.886 -0.974 0.000 7 LYS HB3 <==> 8 VAL H
4.08 2.304 2.265 -1.815 0.000 8 VAL H <==> 8 VAL QG2
5.15 3.550 3.362 -1.788 0.000 10 GLN HB3 <==> 11 VAL H
3.11 2.238 2.223 -0.887 0.000 9 PRO HA <==> 10 GLN H
3.18 2.225 2.213 -0.967 0.000 14 PRO HA <==> 15 THR H
3.36 3.086 3.065 -0.295 0.000 12 SER HA <==> 13 THR H
5.50 5.175 5.158 -0.342 0.000 8 VAL H <==> 9 PRO HD2
5.50 3.164 3.095 -2.405 0.000 5 THR H <==> 5 THR QG2
2.92 2.321 2.300 -0.620 0.000 15 THR HA <==> 16 LEU H
2.92 2.866 2.826 -0.094 0.000 13 THR HA <==> 13 THR HB
5.50 2.806 2.679 -2.821 0.000 2 VAL HB <==> 3 ARG H
5.50 4,427 4,418 -1.082 0.000 4 TYR H <==> 5 THR H
2.86 2.605 2.556 -0.304 0.000 8 VAL H <==> 8 VAL HB
4.28 2.850 2.562 -1.718 0.000 1 LEU HA <==> 1 LEU QD1
4.28 2.631 2.430 -1.850 0.000 1 LEU HA <==> 1 LEU QD2
4.65 10.287 8.499 3.849 3.849 1 LEU QD1 <==> 4 TYR QD
4.65 10.310 8.301 3.651 3.651 1 LEU QD2 <==> 4 TYR QD
5.50 10.864 8.201 2.701 2.701 1 LEU QD1 <==> 4 TYR QE
5.50 10.848 8.395 2.895 2.895 1 LEU QD2 <==> 4 TYR QE
4.77 4,293 4,006 -0.764 0.000 3 ARG HB3 <==> 4 TYR QE
3.65 2.909 2.789 -0.861 0.000 3 ARG HA <==> 3 ARG HG3
3.65 3.043 2.912 -0.738 0.000 3 ARG HA <==> 3 ARG HG2
4.77 4.756 4,372 -0.398 0.000 3 ARG HB2 <==> 4 TYR QE
5.29 5.335 5.277 -0.013 0.000 3 ARG HA <==> 4 TYR QD
3.17 2.711 2.598 -0.572 0.000 4 TYR HA <==> 4 TYR QD
5.11 11.532 11.399 6.289 6.289 4 TYR QD <==> 9 PRO HD3
5.50 12.441 12.143 6.643 6.643 4 TYR QE <==> 9 PRO HD3
2.84 2.482 2.459 -0.381 0.000 13 THR HA <==> 13 THR QG2
2.40 2.371 2.364 -0.036 0.000 7 LYS QG <==> 7 LYS QD
2.88 2.460 2.449 -0.431 0.000 7 LYS HB3 <==> 7 LYS QG
3.82 2.425 2.400 -1.420 0.000 7 LYS QG <==> 7 LYS QE
3.79 4.318 4.116 0.326 0.326 7 LYS HA <==> 7 LYS QD
3.63 2.640 2.576 -1.054 0.000 7 LYS HA <==> 7 LYS QG
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SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001A): 39 (37.1%)

Average violation (for violated restraints): 6.805 A
Maximum violation: 19.959 A

Violation severity distribution:

0-0.5A: 7 restraints
2 restraints
4 restraints
2 restraints
24 restraints

>0.5A:
>1.0A:
>2.0A:
>3.0A:
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3. DPCAO3 (THIRD CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 01:54:26

Defined 105 unique restraint groups from 257 calculated distances.
Processing 130,588 frames from 'carma.distances' in memory...

Progress: 130588/130588 (100.0%) | Elapsed: 11.7s | Remaining: ©.0s
Finished processing 130,588 frames.

NOE Analysis Results:

EXP <r"h-3> <r~-6> Deviation Violation Atoms Involved

5.14 6.444 6.381 1.241 1.241 10 GLN HB2 <==> 12 SER H
5.14 6.005 5.934 0.794 0.794 10 GLN HB3 <==> 12 SER H
5.41 2.562 2.492 -2.918 0.000 11 VAL HB <==> 12 SER H
5.50 3.056 2.967 -2.533 0.000 10 GLN H <==> 10 GLN QG
5.50 7.543 7.024 1.524 1.524 10 GLN QG <==> 12 SER H
5.50 4,173 4.036 -1.464 0.000 5 THR H <==> 13 THR QG2
5.50 2.609 2.542 -2.958 0.000 13 THR H <==> 13 THR QG2
4.92 2.757 2.639 -2.281 0.000 15 THR H <==> 15 THR QG2
5.50 2.926 2.722 -2.778 0.000 7 LYS H <==> 7 LYS QG
5.50 4.040 3.930 -1.570 0.000 6 LYS QG <==> 7 LYS H
5.50 4,286 4,062 -1.438 0.000 7 LYS H <==> 7 LYS QD
5.50 2.908 2.837 -2.663 0.000 6 LYS H <==> 6 LYS QG
5.50 4.430 4,325 -1.175 0.000 6 LYS H <==> 6 LYS QD
5.50 5.217 5.104 -0.396 0.000 6 LYS H <==> 6 LYS QE
3.75 4.478 3.960 0.210 0.210 7 LYS HA <==> 7 LYS QE
3.08 4.662 4.168 1.088 1.088 6 LYS HA <==> 6 LYS QE
2.97 2.459 2.449 -0.521 0.000 6 LYS HB2 <==> 6 LYS QG
2.88 2.458 2.446 -0.434 0.000 7 LYS HB2 <==> 7 LYS QG
5.50 2.943 2.708 -2.792 0.000 3 ARG H <==> 3 ARG HG2
5.50 2.816 2.684 -2.816 0.000 3 ARG H <==> 3 ARG HG3
4,33 3.907 3.372 -0.958 0.000 3 ARG HA <==> 3 ARG QD
3.86 3.320 3.159 -0.701 0.000 7 LYS HB3 <==> 8 VAL H
4.08 2.189 2.149 -1.931 0.000 8 VAL H <==> 8 VAL QG2
5.15 2.681 2.602 -2.548 0.000 10 GLN HB3 <==> 11 VAL H
3.11 2.238 2.224 -0.886 0.000 9 PRO HA <==> 10 GLN H
3.18 2.340 2.322 -0.858 0.000 14 PRO HA <==> 15 THR H
3.36 2.842 2.811 -0.549 0.000 12 SER HA <==> 13 THR H
5.50 5.184 5.167 -0.333 0.000 8 VAL H <==> 9 PRO HD2
5.50 3.157 3.092 -2.408 0.000 5 THR H <==> 5 THR QG2
2.92 2.258 2.242 -0.678 0.000 15 THR HA <==> 16 LEU H
2.92 2.505 2.491 -0.429 0.000 13 THR HA <==> 13 THR HB
5.50 2.492 2.435 -3.065 0.000 2 VAL HB <==> 3 ARG H
5.50 4.356 4.268 -1.232 0.000 4 TYR H <==> 5 THR H
2.86 3.580 3.476 0.616 0.616 8 VAL H <==> 8 VAL HB
4.28 3.484 2.988 -1.292 0.000 1 LEU HA <==> 1 LEU QD1
4.28 2.354 2.270 -2.010 0.000 1 LEU HA <==> 1 LEU QD2
4.65 7.621 6.750 2.100 2.100 1 LEU QD1 <==> 4 TYR QD
4.65 7.352 6.819 2.169 2.169 1 LEU QD2 <==> 4 TYR QD
5.50 6.794 5.560 0.060 0.060 1 LEU QD1 <==> 4 TYR QE
5.50 6.277 5.684 0.184 0.184 1 LEU QD2 <==> 4 TYR QE
4.77 7.226 6.802 2.032 2.032 3 ARG HB3 <==> 4 TYR QE
3.65 3.141 3.037 -0.613 0.000 3 ARG HA <==> 3 ARG HG3
3.65 2.839 2.730 -0.920 0.000 3 ARG HA <==> 3 ARG HG2
4.77 7.181 6.718 1.948 1.948 3 ARG HB2 <==> 4 TYR QE
5.29 3.970 3.777 -1.513 0.000 3 ARG HA <==> 4 TYR QD
3.17 2.614 2.530 -0.640 0.000 4 TYR HA <==> 4 TYR QD
5.11 7.977 7.286 2.176 2.176 4 TYR QD <==> 9 PRO HD3
5.50 7.642 6.440 0.940 0.940 4 TYR QE <==> 9 PRO HD3
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SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001R): 41 (39.0%)

Average violation (for violated restraints): 2.518 A

Maximum violation: 8.476 A
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Violation severity distribution:
0-0.5A: 9 restraints
>0.5A: 8 restraints
>1.0A: 6 restraints
>2.0A: 7 restraints
>3.0A: 11 restraints

4. DPCA04 (FOURTH CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 01:55:16
Defined 105 unique restraint groups from 257 calculated distances.
Processing 120,401 frames from 'carma.distances' in memory...
Progress: 120401/120401 (100.0%) | Elapsed: 11.0s | Remaining: ©.0s
Finished processing 120,401 frames.

NOE Analysis Results:

EXP <r"h-3> <r~-6> Deviation Violation Atoms Involved

5.14 5.939 5.903 0.763 0.763 10 GLN HB2 <==> 12 SER H
5.14 6.166 6.116 0.976 0.976 10 GLN HB3 <==> 12 SER H
5.41 2.685 2.606 -2.804 0.000 11 VAL HB <==> 12 SER H
5.50 3.158 3.073 -2.427 0.000 10 GLN H <==> 10 GLN QG
5.50 6.653 6.608 1.108 1.108 10 GLN QG <==> 12 SER H
5.50 5.910 5.877 0.377 0.377 5 THR H <==> 13 THR QG2
5.50 2.662 2.624 -2.876 0.000 13 THR H <==> 13 THR QG2
4.92 2.729 2.645 -2.275 0.000 15 THR H <==> 15 THR QG2
5.50 3.010 2.879 -2.621 0.000 7 LYS H <==> 7 LYS QG
5.50 4.799 4.734 -0.766 0.000 6 LYS QG <==> 7 LYS H
5.50 4,273 4.042 -1.458 0.000 7 LYS H <==> 7 LYS QD
5.50 2.943 2.866 -2.634 0.000 6 LYS H <==> 6 LYS QG
5.50 4,252 3.720 -1.780 0.000 6 LYS H <==> 6 LYS QD
5.50 5.093 4,881 -0.619 0.000 6 LYS H <==> 6 LYS QE
3.75 4.608 4,308 0.558 0.558 7 LYS HA <==> 7 LYS QE
3.08 4.600 4.178 1.098 1.098 6 LYS HA <==> 6 LYS QE
2.97 2.457 2.445 -0.525 0.000 6 LYS HB2 <==> 6 LYS QG
2.88 2.439 2.426 -0.454 0.000 7 LYS HB2 <==> 7 LYS QG
5.50 4,324 4,086 -1.414 0.000 3 ARG H <==> 3 ARG HG2
5.50 4,182 3.832 -1.668 0.000 3 ARG H <==> 3 ARG HG3
4.33 4,373 3.900 -0.430 0.000 3 ARG HA <==> 3 ARG QD
3.86 2.515 2.468 -1.392 0.000 7 LYS HB3 <==> 8 VAL H
4.08 2.457 2.407 -1.673 0.000 8 VAL H <==> 8 VAL QG2
5.15 3.968 3.770 -1.380 0.000 10 GLN HB3 <==> 11 VAL H
3.11 2.135 2.122 -0.988 0.000 9 PRO HA <==> 10 GLN H
3.18 2.358 2.343 -0.837 0.000 14 PRO HA <==> 15 THR H
3.36 3.321 3.295 -0.065 0.000 12 SER HA <==> 13 THR H
5.50 5.076 5.053 -0.447 0.000 8 VAL H <==> 9 PRO HD2
5.50 2.566 2.495 -3.005 0.000 5 THR H <==> 5 THR QG2
2.92 3.472 3.418 0.498 0.498 15 THR HA <==> 16 LEU H
2.92 2.392 2.383 -0.537 0.000 13 THR HA <==> 13 THR HB
5.50 2.794 2.745 -2.755 0.000 2 VAL HB <==> 3 ARG H
5.50 4.447 4.440 -1.060 0.000 4 TYR H <==> 5 THR H
2.86 2.558 2.526 -0.334 0.000 8 VAL H <==> 8 VAL HB
4.28 3.034 2.661 -1.619 0.000 1 LEU HA <== 1 LEU QD1
4.28 2.491 2.349 -1.931 0.000 1 LEU HA <==> 1 LEU QD2
4.65 11.841 11.604 6.954 6.954 1 LEU QD1 <==> 4 TYR QD
4.65 11.767 11.623 6.973 6.973 1 LEU QD2 <==> 4 TYR QD
5.50 12.875 12.679 7.179 7.179 1 LEU QD1 <==> 4 TYR QE
5.50 12.883 12.716 7.216 7.216 1 LEU QD2 <==> 4 TYR QE
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2.63 2.436 2.424 -0.206 0.000 10 GLN HA <==> 10 GLN QB
5.34 4.767 4,755 -0.585 0.000 14 PRO QB <==> 15 THR HA

SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001A): 37 (35.2%)

Average violation (for violated restraints): 3.599 A

Maximum violation: 7.216 A

Violation severity distribution:
0-0.5A: 4 restraints
>0.5A: 5 restraints
>1.0A: 2 restraints
>2.0A: 5 restraints
>3.0A: 21 restraints
5. DPCAOS5 (FIFTH CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 01:56:01

Defined 105 unique restraint groups from 257 calculated distances.

Processing 133,577 frames from 'carma.distances' in memory...

Progress: 133577/133577 (100.0%) | Elapsed: 12.0s | Remaining: 0.0s

Finished processing 133,577 frames.

NOE Analysis Results:
EXP <rh-3> <r~-6>  Deviation Violation Atoms Involved
5.14 6.219 6.178 1.038 1.038 10 GLN HB2 <== 12 SER H
5.14 5.689 5.656 0.516 0.516 10 GLN HB3 <== 12 SER H
5.41 2.930 2.780 -2.630 0.000 11 VAL HB <== 12 SER H
5.50 2.682 2.623 -2.877 0.000 10 GLN H <== 10 GLN QG
5.50 7.674 7.446 1.946 1.946 10 GLN QG <== 12 SER H
5.50 8.485 8.317 2.817 2.817 5 THR H <== 13 THR QG2
5.50 2.914 2.804 -2.696 0.000 13 THR H <== 13 THR QG2
4.92 2.489 2.427 -2.493 0.000 15 THR H <== 15 THR QG2
5.50 2.993 2.921 -2.579 0.000 7 LYS H <== 7 LYS QG
5.50 4.814 4.781 -0.719 0.000 6 LYS QG <== 7 LYS H
5.50 4.308 3.796 -1.704 0.000 7 LYS H <== 7 LYS QD
5.50 2.973 2.881 -2.619 0.000 6 LYS H <== 6 LYS QG
5.50 4.447 3.927 -1.573 0.000 6 LYS H <== 6 LYS QD
5.50 5.216 5.027 -0.473 0.000 6 LYS H <== 6 LYS QE
3.75 4.612 4,213 0.463 0.463 7 LYS HA <== 7 LYS QE
3.08 4.821 4.512 1.432 1.432 6 LYS HA <== 6 LYS QE
2.97 2.467 2.456 -0.514 0.000 6 LYS HB2 <== 6 LYS QG
2.88 2.456 2.445 -0.435 0.000 7 LYS HB2 <== 7 LYS QG
5.50 3.645 3.443 -2.057 0.000 3 ARG H <== 3 ARG HG2
5.50 2.755 2.688 -2.812 0.000 3 ARG H = 3 ARG HG3
4.33 4,041 3.618 -0.712 0.000 3 ARG HA <== 3 ARG QD
3.86 4,394 4.346 0.486 0.486 7 LYS HB3 <== 8 VAL H
4.08 2.522 2.473 -1.607 0.000 8 VAL H <== 8 VAL QG2
5.15 2.567 2.505 -2.645 0.000 10 GLN HB3 <== 11 VAL H
3.11 2.240 2.227 -0.883 0.000 9 PRO HA <== 10 GLN H
3.18 2.334 2.317 -0.863 0.000 14 PRO HA <== 15 THR H
3.36 2.884 2.827 -0.533 0.000 12 SER HA <== 13 THR H
5.50 5.057 5.045 -0.455 0.000 8 VAL H <== 9 PRO HD2
5.50 3.904 3.742 -1.758 0.000 5 THR H <== 5 THR QG2
2.92 3.301 3.155 0.235 0.235 15 THR HA <== 16 LEU H
2.92 2.486 2.472 -0.448 0.000 13 THR HA <== 13 THR HB
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5.34 3.499 3.248 -2.092 0.000 4 TYR QD <== 9 PRO QB
4.33 11.369 11.265 6.935 6.935 5 THR H <== 14 PRO QD
3.76 11.409 11.186 7.426 7.426 5 THR HB <== 14 PRO QD
5.35 11.748 11.138 5.788 5.788 5 THR QG2 <== 14 PRO QG
2.73 2.459 2.442 -0.288 0.000 6 LYS QB <== 6 LYS QD
3.64 3.152 2.761 -0.879 0.000 6 LYS QB <== 6 LYS QE
2.74 2.468 2.449 -0.291 0.000 7 LYS QB <== 7 LYS QD
2.53 3.150 2.760 0.230 0.230 7 LYS QB <== 7 LYS QE
5.32 4,699 4.678 -0.642 0.000 9 PRO QB <== 10 GLN HA
2.63 2.488 2.481 -0.149 0.000 10 GLN HA <== 10 GLN QB
5.34 4.948 4.930 -0.410 0.000 14 PRO QB <== 15 THR HA

SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001A): 41 (39.0%)

Average violation (for violated restraints): 2.850 A

Maximum violation: 9.841 A

Violation severity distribution:
0-0.5A: 12 restraints
>0.5A: 3 restraints
>1.0A: 4 restraints
>2.0A: 5 restraints
>3.0A: 17 restraints
6. DPCA06 (SIXTH CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 01:56:59

Defined 105 unique restraint groups from 257 calculated distances.

Processing 123,575 frames from 'carma.distances' in memory...

Progress: 123575/123575 (100.0%) | Elapsed: 11.1s | Remaining: ©.0s

Finished processing 123,575 frames.

NOE Analysis Results:
EXP <rh-3> <r~-6> Deviation Violation Atoms Involved
5.14 5.358 5.317 0.177 0.177 10 GLN HB2 <== 12 SER H
5.14 5.554 5.506 0.366 0.366 10 GLN HB3 <== 12 SER H
5.41 4.022 3.910 -1.500 0.000 11 VAL HB <== 12 SER H
5.50 3.157 3.052 -2.448 0.000 10 GLN H <== 10 GLN QG
5.50 6.135 6.093 0.593 0.593 10 GLN QG <== 12 SER H
5.50 9.695 9.015 3.515 3.515 5 THR H <== 13 THR QG2
5.50 3.368 3.049 -2.451 0.000 13 THR H <== 13 THR QG2
4.92 3.292 3.149 -1.771 0.000 15 THR H <== 15 THR QG2
5.50 3.094 2.954 -2.546 0.000 7 LYS H <== 7 LYS QG
5.50 3.598 3.280 -2.220 0.000 6 LYS QG <== 7 LYS H
5.50 4.616 4.263 -1.237 0.000 7 LYS H <== 7 LYS QD
5.50 3.025 2.891 -2.609 0.000 6 LYS H <== 6 LYS QG
5.50 4.234 3.636 -1.864 0.000 6 LYS H <== 6 LYS QD
5.50 4.668 4.342 -1.158 0.000 6 LYS H <== 6 LYS QE
3.75 4,970 4.884 1.134 1.134 7 LYS HA <== 7 LYS QE
3.08 4,892 4.663 1.583 1.583 6 LYS HA <== 6 LYS QE
2.97 2.474 2.460 -0.510 0.000 6 LYS HB2 <== 6 LYS QG
2.88 2.477 2.466 -0.414 0.000 7 LYS HB2 <== 7 LYS QG
5.50 3.211 2.911 -2.589 0.000 3 ARG H <== 3 ARG HG2
5.50 3.279 3.047 -2.453 0.000 3 ARG H <== 3 ARG HG3
4.33 3.679 3.197 -1.133 0.000 3 ARG HA <== 3 ARG QD
3.86 2.986 2.870 -0.990 0.000 7 LYS HB3 <== 8 VAL H
4.08 2.306 2.264 -1.816 0.000 8 VAL H <== 8 VAL QG2
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5.20 7.354 6.500 1.300 1.300 4 TYR QD <== 13 THR QG2
4.23 11.305 10.804 6.574 6.574 5 THR QG2 <== 14 PRO HD3
3.05 12.291 10.610 7.560 7.560 5 THR QG2 <== 13 THR QG2
5.34 7.216 6.962 1.622 1.622 1 LEU HA <== 3 ARG QB
2.24 2.372 2.364 0.124 0.124 3 ARG QB <== 3 ARG QG
3.03 2.481 2.455 -0.575 0.000 3 ARG QB <== 3 ARG QD
4.97 5.434 5.136 0.166 0.166 3 ARG QB <== 4 TYR QD
5.34 5.933 5.514 0.174 0.174 3 ARG QG <== 4 TYR QD
5.34 13.889 13.501 8.161 8.161 4 TYR QD <== 9 PRO QB
4.33 8.561 8.250 3.920 3.920 5 THR H <== 14 PRO QD
3.76 11.153 10.732 6.972 6.972 5 THR HB <== 14 PRO QD
5.35 9.637 8.816 3.466 3.466 5 THR QG2 <== 14 PRO QG
2.73 2.475 2.454 -0.276 0.000 6 LYS QB <== 6 LYS QD
3.64 2.726 2.461 -1.179 0.000 6 LYS QB <== 6 LYS QE
2.74 2.460 2.444 -0.296 0.000 7 LYS QB <== 7 LYS QD
2.53 3.096 2.728 0.198 0.198 7 LYS QB <== 7 LYS QE
5.32 4.756 4.731 -0.589 0.000 9 PRO QB <== 10 GLN HA
2.63 2.440 2.428 -0.202 0.000 10 GLN HA <== 10 GLN QB
5.34 4.444 4.415 -0.925 0.000 14 PRO QB <== 15 THR HA

SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001A): 40 (38.1%)

Average violation (for violated restraints): 5.356 A

Maximum violation: 16.938 A

Violation severity distribution:
0-0.5A: 8 restraints
>0.5A: 3 restraints
>1.0A: 5 restraints
>2.0A: 2 restraints
>3.0A: 22 restraints

7. DPCAO07 (SEVENTH CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 01:57:47

Defined 105 unique restraint groups from 257 calculated distances.

Processing 159,039 frames from 'carma.distances' in memory...

Progress: 159039/159039 (100.0%) | Elapsed: 14.4s | Remaining: ©.0s

Finished processing 159,039 frames.

NOE Analysis Results:
EXP <rth-3> <r~-6> Deviation Violation Atoms Involved
5.14 6.529 5.688 0.548 0.548 10 GLN HB2 <== 12 SER H
5.14 6.187 4.980 -0.160 0.000 10 GLN HB3 <== 12 SER H
5.41 2.956 2.803 -2.607 0.000 11 VAL HB <== 12 SER H
5.50 2.855 2.691 -2.809 0.000 10 GLN H <== 10 GLN QG
5.50 6.770 4.925 -0.575 0.000 10 GLN QG <== 12 SER H
5.50 10.169 9.615 4.115 4.115 5 THR H <== 13 THR QG2
5.50 3.305 3.089 -2.411 0.000 13 THR H <== 13 THR QG2
4.92 3.080 3.001 -1.919 0.000 15 THR H <== 15 THR QG2
5.50 2.730 2.558 -2.942 0.000 7 LYS H <== 7 LYS QG
5.50 3.605 3.300 -2.200 0.000 6 LYS QG <== 7 LYS H
5.50 4.214 3.981 -1.519 0.000 7 LYS H <== 7 LYS QD
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5.50 13.218 11.319 5.819 5.819 1 LEU QD2 <== 9 PRO HD3
5.50 12.968 11.201 5.701 5.701 1 LEU QD1 <== 9 PRO HD3
4.47 11.782 9.897 5.427 5.427 1 LEU QD1 < 9 PRO HB3
4.47 12.136 10.088 5.618 5.618 1 LEU QD2 < 9 PRO HB3
4.47 11.345 9.133 4.663 4.663 1 LEU QD1 < 9 PRO HB2
4.47 11.808 9.509 .039 5.039 1 LEU QD2 < 9 PRO HB2
4.08 3.068 2.885 .195 0.000 8 VAL H 8 VAL QG1
3.23 3.169 3.000 .230 0.000 8 VAL HA 8 VAL QG2
3.23 2.402 2.382 .848 0.000 8 VAL HA 8 VAL QG1
5.15 3.474 3.336 .814 0.000 10 GLN HB2 <== 11 VAL H
5.50 4,229 3.748 .752 0.000 4 TYR QD <== 9 PRO HG2
5.14 4.467 4.077 .063 0.000 4 TYR QE <== 9 PRO HG2
5.20 7.538 5.795 .595 0.595 4 TYR QD <= 13 THR QG2
4.23 10.173 9.613 .383 5.383 5 THR QG2 <= 14 PRO HD3
3.05 11.113 9.790 .740 6.740 5 THR QG2 <= 13 THR QG2
5.34 5.942 5.766 .426 0.426 1 LEU HA 3 ARG QB
2.24 2.378 2.371 .131 0.131 3 ARG QB <= 3 ARG QG
3.03 2.483 2.461 .569 0.000 3 ARG QB <= 3 ARG QD
4.97 4,718 4,395 .575 0.000 3 ARG QB <= 4 TYR QD
5.34 5.118 4.736 .604 0.000 3 ARG QG <= 4 TYR QD
5.34 3.681 3.285 .055 0.000 4 TYR QD <= 9 PRO QB
4.33 8.875 8.688 .358 4.358 5 THR H 14 PRO QD
3.76 10.589 9.494 .734 5.734 5 THR HB <= 14 PRO QD
5.35 8.724 7.660 .310 2.310 5 THR QG2 <== 14 PRO QG
2.73 2.479 2.460 .270 0.000 6 LYS QB «<== 6 LYS QD
3.64 2.950 2.620 .020 0.000 6 LYS QB <== 6 LYS QE
2.74 2.468 2.450 .290 0.000 7 LYS QB <== 7 LYS QD
2.53 3.102 2.730 .200 0.200 7 LYS QB <== 7 LYS QE
5.32 4.605 4.575 .745 0.000 9 PRO QB < 10 GLN HA
2.63 2.457 2.445 .185 0.000 10 GLN HA 10 GLN QB
5.34 4.629 4.611 .729 0.000 14 PRO QB < 15 THR HA

SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001A): 33 (31.4%)

Average violation (for violated restraints): 2.962 A

Maximum violation: 7.090 A

Violation severity distribution:
0-0.5A: 8 restraints
>0.5A: 7 restraints
>1.0A: 1 restraints
>2.0A: 1 restraints
>3.0A: 16 restraints
8. DPCA08 (EIGHTH CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 01:58:40

Defined 105 unique restraint groups from 257 calculated distances.

Processing 73,161 frames from 'carma.distances' in memory...

Progress: 73161/73161 (100.0%) | Elapsed: 6.7s | Remaining: 0.0s

Finished processing 73,161 frames.

NOE Analysis Results:
EXP <rh-3> <r~-6> Deviation Violation Atoms Involved
5.14 4.653 4,598 -0.542 0.000 10 GLN HB2 <==> 12 SER H
5.14 3.252 3.196 -1.944 0.000 10 GLN HB3 12 SER H
5.41 3.896 3.768 -1.642 0.000 11 VAL HB <== 12 SER H
5.50 3.131 3.094 -2.406 0.000 10 GLN H <==> 10 GLN QG
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SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001A): 37 (35.2%)

Average violation (for violated restraints): 4.134 A

Maximum violation: 9.418 A
Violation severity distribution:
0-0.5A: 6 restraints
>0.5A: 5 restraints
>1.0A: 1 restraints
>3.0A: 25 restraints

9. DPCA09 (NINTH CLUSTER) :

Starting NOE processing using 'carma.distances' at 2025-11-13 01:59:25
Defined 105 unique restraint groups from 257 calculated distances.
Processing 106,973 frames from 'carma.distances' in memory...
Progress: 106973/106973 (100.0%) | Elapsed: 9.8s | Remaining: 0.0s

Finished processing 106,973 frames.

NOE Analysis Results:
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EXP <r"h-3> <r~-6> Deviation Violation Atoms Involved

5.14 5.470 5.141 0.001 0.001 10 GLN HB2 <==> 12 SER H
5.14 5.596 5.330 0.190 0.190 10 GLN HB3 <==> 12 SER H
5.41 3.764 3.504 -1.906 0.000 11 VAL HB <==> 12 SER H
5.50 3.046 2.874 -2.626 0.000 10 GLN H <==> 10 GLN QG
5.50 5.537 5.338 -0.162 0.000 10 GLN QG <==> 12 SER H
5.50 8.160 7.218 1.718 1.718 5 THR H <==> 13 THR QG2
5.50 2.791 2.687 -2.813 0.000 13 THR H <==> 13 THR QG2
4.92 3.632 3.319 -1.601 0.000 15 THR H <==> 15 THR QG2
5.50 2.501 2.415 -3.085 0.000 7 LYS H <==> 7 LYS QG
5.50 3.765 3.503 -1.997 0.000 6 LYS QG <==> 7 LYS H
5.50 3.998 3.779 -1.721 0.000 7 LYS H <==> 7 LYS QD
5.50 2.665 2.582 -2.918 0.000 6 LYS H <==> 6 LYS QG
5.50 4,212 4,031 -1.469 0.000 6 LYS H <==> 6 LYS QD
5.50 4.760 4.566 -0.934 0.000 6 LYS H <==> 6 LYS QE
3.75 4.726 4,338 0.588 0.588 7 LYS HA <==> 7 LYS QE
3.08 4,853 4.614 1.534 1.534 6 LYS HA <==> 6 LYS QE
2.97 2.484 2.474 -0.496 0.000 6 LYS HB2 <==> 6 LYS QG
2.88 2.463 2.451 -0.429 0.000 7 LYS HB2 <==> 7 LYS QG
5.50 2.894 2.682 -2.818 0.000 3 ARG H <==> 3 ARG HG2
5.50 3.259 3.090 -2.410 0.000 3 ARG H <==> 3 ARG HG3
4.33 4,142 3.691 -0.639 0.000 3 ARG HA <==> 3 ARG QD
3.86 2.644 2.528 -1.332 0.000 7 LYS HB3 <==> 8 VAL H
4.08 2.997 2.878 -1.202 0.000 8 VAL H <==> 8 VAL QG2
5.15 3.829 3.649 -1.501 0.000 10 GLN HB3 <==> 11 VAL H
3.11 3.428 3.343 0.233 0.233 9 PRO HA <==> 10 GLN H
3.18 2.349 2.331 -0.849 0.000 14 PRO HA <==> 15 THR H
3.36 2.396 2.364 -0.996 0.000 12 SER HA <==> 13 THR H
5.50 3.497 3.386 -2.114 0.000 8 VAL H <==> 9 PRO HD2
5.50 3.014 2.893 -2.607 0.000 5 THR H <==> 5 THR QG2
2.92 2.251 2.230 -0.690 0.000 15 THR HA <==> 16 LEU H
2.92 2.558 2.538 -0.382 0.000 13 THR HA <==> 13 THR HB
5.50 2.683 2.559 -2.941 0.000 2 VAL HB <==> 3 ARG H
5.50 4.369 4,232 -1.268 0.000 4 TYR H <==> 5 THR H
2.86 3.805 3.757 0.897 0.897 8 VAL H <==> 8 VAL HB
4.28 2.908 2.599 -1.681 0.000 1 LEU HA <==> 1 LEU QD1
4.28 2.597 2.413 -1.867 0.000 1 LEU HA <==> 1 LEU QD2
4.65 7.427 5.766 1.116 1.116 1 LEU QD1 <==> 4 TYR QD
4.65 7.759 6.060 1.410 1.410 1 LEU QD2 <==> 4 TYR QD
5.50 7.026 5.181 -0.319 0.000 1 LEU QD1 <==> 4 TYR QE
5.50 7.460 5.597 0.097 0.097 1 LEU QD2 <==> 4 TYR QE
4.77 6.449 5.361 0.591 0.591 3 ARG HB3 <==> 4 TYR QE
3.65 3.204 3.048 -0.602 0.000 3 ARG HA <==> 3 ARG HG3
3.65 3.101 2.936 -0.714 0.000 3 ARG HA <==> 3 ARG HG2
4.77 6.830 6.109 1.339 1.339 3 ARG HB2 <==> 4 TYR QE
5.29 3.579 3.430 -1.860 0.000 3 ARG HA <==> 4 TYR QD
3.17 3.004 2.936 -0.234 0.000 4 TYR HA <==> 4 TYR QD
5.11 5.213 5.041 -0.069 0.000 4 TYR QD <==> 9 PRO HD3
5.50 5.959 5.711 0.211 0.211 4 TYR QE <==> 9 PRO HD3
2.84 2.460 2.437 -0.403 0.000 13 THR HA <==> 13 THR QG2
2.40 2.375 2.369 -0.031 0.000 7 LYS QG <==> 7 LYS QD
2.88 2.462 2.450 -0.430 0.000 7 LYS HB3 <==> 7 LYS QG
3.82 2.431 2.407 -1.413 0.000 7 LYS QG <==> 7 LYS QE
3.79 3.536 3.080 -0.710 0.000 7 LYS HA <==> 7 LYS QD
3.63 2.657 2.585 -1.045 0.000 7 LYS HA <==> 7 LYS QG
2.97 2.454 2.444 -0.526 0.000 6 LYS HB3 <==> 6 LYS QG
2.40 2.375 2.369 -0.031 0.000 6 LYS QG <==> 6 LYS QD
3.63 3.823 3.357 -0.273 0.000 6 LYS HA <==> 6 LYS QD
3.45 2.576 2.535 -0.915 0.000 6 LYS HA <==> 6 LYS QG
5.50 5.568 5.506 0.006 0.006 7 LYS HA <==> 8 VAL HB
3.86 2.874 2.739 -1.121 0.000 10 GLN HA <==> 10 GLN QG
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SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001A): 36 (34.3%)

Average violation (for violated restraints): 2.286 A

Maximum violation: 6.709 A
Violation severity distribution:
0-0.5A: 9 restraints

>0.5A:
>1.0A:
>2.0A:
>3.0A:

4 restraints
7 restraints
2 restraints
14 restraints

10. DPCAI10 (TENTH CLUSTER) :
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Starting NOE processing using 'carma.distances' at 2025-11-13 02:00:07
Defined 105 unique restraint groups from 257 calculated distances.
Processing 37,756 frames from 'carma.distances' in memory...

Progress: 37756/37756 (100.0%) | Elapsed: 3.4s | Remaining: 0.0s
Finished processing 37,756 frames.

NOE Analysis Results:

EXP <r~-3> <r~-6> Deviation Violation Atoms Involved

5.14 6.413 6.363 1.223 1.223 10 GLN HB2 <==> 12 SER H
5.14 6.041 5.935 0.795 0.795 10 GLN HB3 <==> 12 SER H
5.41 2.537 2.470 -2.940 0.000 11 VAL HB <==> 12 SER H
5.50 3.026 2.937 -2.563 0.000 10 GLN H <==> 10 GLN QG
5.50 7.376 6.941 1.441 1.441 10 GLN QG <==> 12 SER H
5.50 4,063 3.902 -1.598 0.000 5 THR H <==> 13 THR QG2
5.50 2.578 2.515 -2.985 0.000 13 THR H <==> 13 THR QG2
4.92 2.859 2.782 -2.138 0.000 15 THR H <==> 15 THR QG2
5.50 2.920 2.720 -2.780 0.000 7 LYS H <==> 7 LYS QG
5.50 4.051 3.956 -1.544 0.000 6 LYS QG <==> 7 LYS H
5.50 4.274 4.040 -1.460 0.000 7 LYS H <==> 7 LYS QD
5.50 2.898 2.832 -2.668 0.000 6 LYS H <==> 6 LYS QG
5.50 4.424 4,327 -1.173 0.000 6 LYS H <==> 6 LYS QD
5.50 5.178 5.079 -0.421 0.000 6 LYS H <==> 6 LYS QE
3.75 4,472 3.977 0.227 0.227 7 LYS HA <==> 7 LYS QE
3.08 4,820 4,590 1.510 1.510 6 LYS HA <==> 6 LYS QE
2.97 2.458 2.448 -0.522 0.000 6 LYS HB2 <==> 6 LYS QG
2.88 2.460 2.449 -0.431 0.000 7 LYS HB2 <==> 7 LYS QG
5.50 2.884 2.716 -2.784 0.000 3 ARG H <==> 3 ARG HG2
5.50 3.411 3.181 -2.319 0.000 3 ARG H <==> 3 ARG HG3
4.33 2.770 2.553 -1.777 0.000 3 ARG HA <==> 3 ARG QD
3.86 3.334 3.175 -0.685 0.000 7 LYS HB3 <==> 8 VAL H
4.08 2.185 2.147 -1.933 0.000 8 VAL H <==> 8 VAL QG2
5.15 2.690 2.603 -2.547 0.000 10 GLN HB3 <==> 11 VAL H
3.11 2.243 2.229 -0.881 0.000 9 PRO HA <==> 10 GLN H
3.18 2.276 2.257 -0.923 0.000 14 PRO HA <==> 15 THR H
3.36 2.842 2.806 -0.554 0.000 12 SER HA <==> 13 THR H
5.50 5.162 4.979 -0.521 0.000 8 VAL H <==> 9 PRO HD2
5.50 3.137 3.077 -2.423 0.000 5 THR H <==> 5 THR QG2
2.92 3.302 3.244 0.324 0.324 15 THR HA <==> 16 LEU H
2.92 2.481 2.468 -0.452 0.000 13 THR HA <==> 13 THR HB
5.50 3.274 2.988 -2.512 0.000 2 VAL HB <==> 3 ARG H
5.50 4,298 4,072 -1.428 0.000 4 TYR H <==> 5 THR H
2.86 3.620 3.547 0.687 0.687 8 VAL H <==> 8 VAL HB
4.28 2.760 2.521 -1.759 0.000 1 LEU HA <==> 1 LEU QD1
4.28 2.729 2.487 -1.793 0.000 1 LEU HA <==> 1 LEU QD2
4.65 6.955 5.989 1.339 1.339 1 LEU QD1 <==> 4 TYR QD
4.65 7.353 6.547 1.897 1.897 1 LEU QD2 <==> 4 TYR QD
5.50 6.269 5.068 -0.432 0.000 1 LEU QD1 <==> 4 TYR QE
5.50 6.952 5.772 0.272 0.272 1 LEU QD2 <==> 4 TYR QE
4.77 7.161 6.796 2.026 2.026 3 ARG HB3 <==> 4 TYR QE
3.65 3.219 3.049 -0.601 0.000 3 ARG HA <==> 3 ARG HG3
3.65 2.986 2.874 -0.776 0.000 3 ARG HA <==> 3 ARG HG2
4.77 7.116 6.993 2.223 2.223 3 ARG HB2 <==> 4 TYR QE
5.29 3.949 3.794 -1.496 0.000 3 ARG HA <==> 4 TYR QD
3.17 2.546 2.491 -0.679 0.000 4 TYR HA <==> 4 TYR QD
5.11 7.778 7.116 2.006 2.006 4 TYR QD <==> 9 PRO HD3
5.50 7.414 6.038 0.538 0.538 4 TYR QE <==> 9 PRO HD3
2.84 2.480 2.459 -0.381 0.000 13 THR HA <==> 13 THR QG2
2.40 2.374 2.368 -0.032 0.000 7 LYS QG <==> 7 LYS QD
2.88 2.454 2.443 -0.437 0.000 7 LYS HB3 <==> 7 LYS QG
3.82 2.446 2.418 -1.402 0.000 7 LYS QG <==> 7 LYS QE
3.79 3.321 2.919 -0.871 0.000 7 LYS HA <==> 7 LYS QD
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SUMMARY: 105 unique NOE restraints displayed.

Violations (>0.001A): 41 (39.0%)

Average violation (for violated restraints): 2.174 A

Maximum violation: 6.830 A
Violation severity distribution:

0-0.5A: 11 restraints

>0.5A: 5 restraints
>1.0A: 9 restraints
>2.0A: 5 restraints
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>3.0A: 11 restraints

Chapter 7: Conclusion and Final Remarks

7.1 Summary of Contributions

The NOEmd program, as it’s presented in this dissertation, is a concise and rapid, automated
computational tool for the validation of molecular dynamics (MD) trajectories against nuclear
overhauser effect (NOE) distance restraints obtained experimentally. By merging structural
bioinformatics tools with solution-state NMR data, NOEmd addresses a number of the
traditional limitations associated with the refinement process in structural biology. The
primary technical and methodological innovations of this work are summarized as follows:

1.

IUPAC Naming Automization: A major cornerstone of the NOEmd is to automate
standard file-level parsing of topology (PSF) and restraint (MR) file types. Using an
active translation mechanism based on established nomenclature and utilizing
omni-directional forward and reverse dictionaries, it links pseudo atom labels to
atomic structure names explicitly defined in memory, thus avoiding human error and
guaranteeing data consistency on a core level.

Unified Degeneracy Resolution: One of the key features of this architecture is the
use of an extremely efficient chemical and structure proton degeneracy resolution
strategy. This program maps individual degenerate atom-pair columns from an
internal, structure tracking dictionary. Using a single pass algorithm, trajectory
segments are evaluated in memory to reduce the multi-column matrix into a single
minimum distance per restraint group per frame that provides the correct physical
basis for the actual ensemble averaging.

Precise analytical validation is also performed by having the analytical core execute
two consecutive numerical integrations that compute, in one pass, the inverse third
and inverse sixth time-ensemble averages using the raw trajectory data file. The
run_noe_averaging function compares these values to experimental values and returns
an exact deviations array. This is compiled into a properly tabulated, color coded
report of summary global violations distributions.

High-Performance command-line Integration: By unifying data aggregation,
structural indexing, sub-process conjunction with the external carma passthrough,
data matrix down-sampling, and physical error quantification into a singular cohesive
script, NOEmd transforms a historically cumbersome multi-step workload into a rapid
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command-line function. It greatly increases calculation reproducibility, reducing
hours of manual manipulation into seconds of processing time.

7.2 Final Remarks

Unraveling and cross-validating the three-dimensional structures of biomolecules remains an
indispensable and fundamental part of modern molecular biology and structure-based drug
design. NOEmd provides an advanced structural computational biology asset that automates
the laborious tasks of multi-source data merging and physical degeneracy grouping. By
combining meticulous nomenclature dictionary translation with rapid in-memory processing
and clear quantitative error auditing , this work makes the critical task of validating
theoretical molecular trajectories against real-world solution-state NMR data vastly more
accessible, efficient, and reproducible.
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Source Code

Please note that the version of the source code provided below is constantly subject to change. For versions that are up to date, as well as to keep
up with improvements, new implementations and otherwise changes that may not be documented on the snapshot that’s attached please visit the

Github repository at : https://github.com/tsevisaggelos/nOeMD/

NOEmd : a computer program to automate the comparison between experimental NMR data and molecular dynamics
simulations

This script processes molecular dynamics simulation data against experimental restraints,
typically from NMR (NOE) experiments. It performs the following key functions:

1. Parses a STAR/.mr file for distance restraints and a PSF file for system topology.
2. Maps the atom names from the restraint file (e.g., using Markley nomenclature)
to the corresponding atom IDs in the PSF file.
3. Handles degenerate restraints (e.g., methyl groups) by identifying all
possible atom pairs.
4. Generates an input file for CARMA to calculate distances for these pairs
across a DCD trajectory.
5. (Optional) Invokes CARMA to perform the distance calculations.
6. Processes the output from CARMA, resolving degeneracies by selecting the
minimum distance for each restraint group in each frame.
7. Calculates <r”-3> and <r”-6> time averages for each restraint directly in memory.
8. Generates a final report comparing the experimental distances to the
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simulation-derived averages and calculates violations.

import re

import sys

import os

import subprocess

import time

import math

import numpy as np

from collections import defaultdict
import mmap

import datetime

import concurrent.futures

from multiprocessing import cpu_count

# Color codes

class Colors:
HEADER = '\0@33[95m'
OKBLUE '\033[94m"
OKCYAN '\@33[96m"
OKGREEN = '\@33[92m’'
WARNING = '\@33[93m'

FAIL = '\@33[91m’
ENDC = '\@33[em’
BOLD = '\@33[1m'

UNDERLINE = '\@33[4m'

# Amino acid specific mappings from Markley nomenclature



markley map =

{

"ALA": {IIQBII: [IIHBllI, "HBZH) IIHB3II]},

"VAL": {
"QGl n
"0G2"

}s
"LEU": {

: ["HG11",
: ["HG21",

"Qb1": ["HD11",
"QD2": ["HD21",
}s
"ILE": {
"QG1": ["HG12",
"QG2": ["HG21",
"QD1": ["HD11",
}s
"THR": {
"QG1": ["HG1"],
"HG2": "HG2",
"QG2": ["HG21",
"HG3": "HG3"

}s
"SER": {

"HG12",
"HG22",

"HD12",
"HD22",

"HG13"],
"HG22",
"HD12",

"HG22",

IIQBII: [IIHlel’ IIHB3II],

(1] HG n :
}s
"CYS (1] . {

n HG n

IIQBII: [IIHleIJ IIHBBII],

IIHG n .
}s

n HG n

"HG13"],
IIHGZ3II]

“HD13" ] ,
"HD23"]

"HG23"],
"HD13"]

"HGZ3" ] B
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"MET": {
TQB":
:QG":

s o

"PHE": {
TQB":
:QD":
"QE":

N HZ" :

"TYR": {
TQB":
"QD":
o

N HH" :

"TRP": {
"QB":

"QD1":
"QEB":
"QZZ":
"QZ3":
"QHZ":

}s

"GLN": {
TQB":
:QG":
"QE":

[ "HBZH

[ IIHGle ’

['HEl",
J

[ IIHBZII

['HD1",

E'HEl",
HZ" J

[ IIHBZII

['HDl")

E'HEl",
HH" ,

["HB2"
"HD1"’
"HE3"J
"HZZ",
"HZ3")
"HH2")

[ "HBZH
[ IIHGzll ’
J

"HB3"]
J
"HGB"]
HE2" ,

J

"HBB"]
"HDZ"]’
HE2"]’
J

"HBB"]
"HDZ"],
HE2"],
J

HB3"]
J

"HBB"]
HGB"],
J

"HE3"]

[IIH
E2 n
1", "HE22"]



}s
"GLU": {

"QB":
"QG":
"QD":

¥
"ASN": {

"QB":
"QD":

}s
"ASP": {

"QB":
"QD":

}s
"LYS": {

"QB":
"QG":
"QD":
"QE":
"QZ":

}s
"ARG": {

"QB":
"QG":
"QD":
"QH":

}s
"HIS": {

"QB":

["HBZ",
["HGZH,
["HD21",

["HBZ",
["HD21",

[IIHBZII,
["HD21",

["HB2",
["HG2",
["HD2",
["HE2",
["HZ1",

["HB2",
["HG2",
["HD2",
["HH11",

["HBZH,

"HB3"],
"HGBH]J
"HD22"]

IIHBBII]"
"HD22"]

IIHB3II]-’
"HD22"]

"HB3"],
"HG3"],
"HD3"],
"HE3"],
"Hz2", "HZ3"]

"HB3"],
"HG3"],
"HD3"],
"HH12", "HH21", "HH22"]

"HB3"]J
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"QD": ["HD1"],

"QE": ["HE1"]
}s
"PRO": {
"QB": ["HB2", "HB3"],
"QG": ["HG2", "HG3"],
"QD": ["HD2", "HD3"]
}

# Generate reverse mappings
reverse_markley map = {}
for res_name, mappings in markley_map.items():
res_reverse map = {}
for k, v in mappings.items():
if isinstance(v, list):
for item in v:
res_reverse map[item] = k
else:
res_reverse_map[v] = k
reverse_markley map[res_name] = res_reverse_map

def parse_mr_file(mr_file path):
"""Returns atom pairs AND their experimental distances.
entries = []
entry pattern = re.compile(
P (\d+) \s+(\w+) \s+(\w+)\s+(\d+) \s+(\w+) \s+(\w+)\s+([\d.]+)"

)

with open(mr_file path, 'r') as mr_file:
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for line in mr_file:

if line.startswith('*') or not line.strip():
continue

match = entry_pattern.search(line)

if match:
atoml = (match.group(1), match.group(2), match.group(3))
atom2 = (match.group(4), match.group(5), match.group(6))
distance = float(match.group(7))
entries.append((atoml, atom2, distance))

return entries

def find_all atom_entries(psf file path, residue_number, residue_name, atom_type):
Optimized PSF file parser with precompiled regex"""

entries = []

atom_types_to_try = {atom_type}

if residue_name in markley _map and atom_type in markley map[residue_name]:
mapped = markley map[residue_name][atom_type]
if isinstance(mapped, list):
atom_types_to_try.update(mapped)
else:
atom_types_to_try.add(mapped)

if residue_name in reverse_markley map and atom_type in reverse_markley map[residue_name]:
atom_types_to_try.add(reverse markley map[residue name][atom_type])

pattern =
re.compile(rf"~\s*(\d+)\s+\w\s+{residue_number}\s+{residue name}\s+({'|'.join(atom_types to_try)})\s")
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with open(psf_file path, 'r') as psf file:
for line in psf_file:
match = pattern.match(line)
if match:
parts = line.strip().split()
parts[4] = atom_type # Keep original atom name
entries.append("” ".join(parts))

return entries if entries else [f"???? ? {residue_number:>4} {residue_name:>3} {atom_type:>4}"]

def find_atom_ids for pairs(mr_file path, psf file path):
"""Returns formatted pairs with their experimental distances.
entries = parse_mr_file(mr_file_path)
formatted output = []
seen_pairs = set()

# Build cache for all unique atoms

unique_atoms = set()

for atoml, atom2, _ in entries:
unique_atoms.add(atoml)
unique_atoms.add(atom2)

atom_entries_cache = {}
for atom in unique_atoms:
atom_entries = find _all atom _entries(psf_file path, *atom)
if not any("????" in entry for entry in atom_entries):
atom_entries_cache[atom] = atom_entries

# Process pairs with distances
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for atoml, atom2, exp_distance in entries:
if atoml not in atom_entries_cache or atom2 not in atom_entries_cache:
continue

atoml_entries = atom_entries_cache[atoml]
atom2_entries = atom_entries_cache[atom2]

for al_entry in atoml_entries:
for a2_entry in atom2_entries:
atoml_id = al_entry.split()[0]
atom2_id = a2 _entry.split()[Q]

pair_id = tuple(sorted((atoml_id, atom2_id)))
if pair_id in seen_pairs:

continue
seen_pairs.add(pair_id)

al parts = al_entry.split()
a2_parts = a2_entry.split()

is_degenerate = (len(atoml_entries) > 1 or len(atom2_entries) > 1)

formatted_line = (
f"{atoml_id:>4} {atom2_id:>4} {exp_distance:6.2f} *** "
f"{al_parts[0]:>4} {al_parts[1]:<1} {al_parts[2]:>4} {al_parts[3]:>3} {atoml[2]:>4} <==> "
f"{a2_parts[0]:>4} {a2_parts[1]:<1} {a2_parts[2]:>4} {a2_parts[3]:>3} {atom2[2]:>4}"
f"{' (Degenerate)' if is_degenerate else ''}"

)
formatted output.append(formatted line)



def

return formatted_output, len(formatted output) == ©

calculate noe_sums_in_memory(formatted_atom pairs, carma_file='carma.distances'):

Reads the raw carma.distances file, resolves degeneracies for each frame

in memory, and directly calculates the sum of r~-3 and r~-6 without

writing an intermediate file.

if not os.path.exists(carma_file):
print(f"{Colors.FAIL}ERROR: {carma_file} not found for NOE processing.{Colors.ENDC}")
return None

# Step 1: Group columns by their restraint definition. This tells us which

# columns in the carma.distances file belong to the same restraint.

# We also create a list of the unique restraint keys in the order they appear.
column_groups = defaultdict(list)

unique_restraint_keys = []

# This map will link the index of a column in the raw carma file to the

# index in our unique_restraint_keys list.

raw_col to_unique_group_idx = {}

temp_unique_id pairs_for_carma = set()
col idx _counter = 0
for pair_desc in formatted_atom pairs:
parts = pair_desc.split("***")
id_parts = parts[@].strip().split()
atom_idl, atom id2 = id parts[@], id parts[1]
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# This logic must match how carmainput_for_distcalc.txt is created
try:

id pair = tuple(sorted((int(atom_id1l), int(atom_id2))))

if id_pair in temp_unique_id pairs_for_carma:

continue # This atom ID pair is a duplicate, skip

temp_unique_id_pairs_for_carma.add(id_pair)
except (ValueError, IndexError):

continue # Skip error/malformed lines

# Define the group key using residue/atom names

detail parts = parts[1].split("<==>")

left_psf = detail parts[@].strip().split()

right_psf_part = detail parts[1].strip()

right_psf = right_psf_part.split(" (Degenerate)")[@].strip().split()

if len(left_psf) < 5 or len(right_psf) < 5:

continue
kil = (left_psf[2], left_psf[3], left psf[4])
k2 = (right_psf[2], right_psf[3], right_psf[4])

group_key = tuple(sorted((kl, k2)))

if group_key not in column_groups:
unique_restraint_keys.append(group_key)

# The current raw column index corresponds to this group
group_idx = unique_restraint_keys.index(group_key)
column_groups[group_key].append(col_idx_counter)

raw_col to unique_group_idx[col idx_counter] = group_idx
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col_idx_counter += 1

num_raw_cols = col idx_counter
num_unique_groups = len(unique_restraint_keys)

print(f"{Colors.OKCYAN}Defined {num unique_groups} unique restraint groups from {num _raw_cols} calculated
distances.{Colors.ENDC}")

# Step 2: Initialize sum arrays and frame counter

sum_r3 = np.zeros(num_unique_groups)

sum_r6 = np.zeros(num_unique_groups)

n_frames = ©

total lines = sum(1l for line in open(carma_file, 'r') if line.strip())

if total_lines ==
print(f"{Colors.FAIL}ERROR: Distance file '{carma_file}' is empty.{Colors.ENDC}")
return None

print(f"{Colors.OKBLUE}Processing {total lines:,} frames from '{carma_file}' in memory...{Colors.ENDC}")
start_time = time.time()

# Step 3: Process the carma.distances file line by line
with open(carma_file, 'r') as f:
for line_num, line in enumerate(f, 1):
line_strip = line.strip()
if not line_strip or line_strip.startswith('#'):
continue
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parts = line_strip.split()
distances = parts[1l:] # parts[@] is frame index

if len(distances) != num_raw _cols:
print(f"\n{Colors.WARNING}Line {line_num}: Expected {num_raw_cols} distances, found

{len(distances)}. Skipping line.{Colors.ENDC}")
continue

n_frames += 1

# For each unique group, find the minimum distance among its members for this frame
for i, group_key in enumerate(unique_restraint_keys):

# Get the raw column indices for this group

raw_indices_for_group = column_groups[group_key]

# Extract the distances for this group from the full list of distances
try:
group_distances = [float(distances[j]) for j in raw_indices_for_group]

except (ValueError, IndexError) as e:
print(f"\n{Colors.WARNING}Error processing distances for group {i} on line {line_num}.

Details: {e}. Skipping group for this frame.{Colors.ENDC}")
continue

if not group_distances:
continue

# Find the minimum distance for this group in this frame
min_dist = min(group_distances)
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# Add to the sums (with an epsilon to prevent division by zero)
sum_r3[i] += 1.0 / ((min_dist + 1e-9) ** 3)
sum_r6[i] += 1.0 / ((min_dist + 1e-9) ** 6)

# Progress reporting
if n_frames % 100 == © or n_frames == total_lines:
elapsed = time.time() - start_time
remaining = (elapsed / n_frames) * (total lines - n_frames) if n_frames > © else ©
print(
f"\r{Colors.OKBLUE}Progress: {n_frames}/{total lines} "
" ({n_frames/total lines*100:.1f}%) | "
f"Elapsed: {elapsed:.1f}s | "
f"Remaining: {remaining:.1f}s{Colors.ENDC}",
end="", flush=True
)
print(f"\n{Colors.OKGREEN}Finished processing {n_frames:,} frames.{Colors.ENDC}")
if n_frames ==
print(f"{Colors.FAIL}No valid frames were processed from {carma_file}. Cannot calculate
averages.{Colors.ENDC}")
return None

# Step 4: Package the results into the required data structure for the next function

# Create the mapping from the original formatted_atom_pairs index to the
# index in our unique_restraint_keys list. This is vital for the report generation.
column_mapping original to filtered = {}
for original_idx, pair_desc in enumerate(formatted_atom_pairs):
parts = pair_desc.split("***")
detail parts = parts[1].split("<==>")
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left _psf = detail parts[0@].strip().split()
right _psf = detail parts[1].strip().split(" (Degenerate)")[0].strip().split()

if len(left_psf) < 5 or len(right psf) < 5: continue

atoml_key tuple = (left_psf[2], left_psf[3], left_psf[4])
atom2_key tuple = (right _psf[2], right psf[3], right psf[4])
current_restraint_key = tuple(sorted((atoml_key tuple, atom2_ key tuple)))

if current_restraint_key in unique_restraint_keys:
filtered_idx = unique_restraint_keys.index(current_restraint_key)
column_mapping original to_filtered[original_ idx] = filtered_idx

noe_data_results = {
'nof_values': n_frames,
'pairs_data': [],
'filtered_keys_definition': unique_restraint_keys,
'column_mapping original to filtered': column_mapping original to filtered

# Populate the pairs_data with the final sums
for i in range(num_unique_groups):
pair_summary = {
'filtered col index': i,
'restraint_definition _key':
"sum_r3': sum_r3[i],
‘sum_r6': sum_r6[i]

unique_restraint_keys[i],

}

noe_data_results['pairs_data'].append(pair_summary)
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return noe_data_results

def run_noe_averaging(noe data, formatted atom pairs):
"""Generate NOE analysis report.
noe_data: Contains sums (from process_noe_data) and mapping.
formatted _atom _pairs: The original list from find_atom_ids for_pairs, used to define unique display lines.
if not noe_data or not noe_data.get('pairs_data'):
print(f"\n{Colors.FAIL}ERROR: No NOE data available to analyze.{Colors.ENDC}")
return

print(f"\n{Colors.HEADER}NOE Analysis Results:{Colors.ENDC}")

print(f"{Colors.OKBLUE}{ '=" * 100}{Colors.ENDC}")

print(f"{Colors.BOLD} EXP <r™-3> <r~-6> Deviation Violation Atoms
Involved{Colors.ENDC}")

print(f"{Colors.OKBLUE}{'=" * 100}{Colors.ENDC}")

unique_display _entries = {}

if not formatted_atom pairs:
print(f"{Colors.WARNING}formatted atom pairs is empty. Cannot generate detailed NOE analysis
table.{Colors.ENDC}")
return

for original idx, pair_desc_full line in enumerate(formatted atom pairs):

if "ERROR PARSING" in pair_desc_full line:
continue
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try:
initial_parts = pair_desc_full line.split("***")
if len(initial_parts) < 2:
print(f"{Colors.WARNING}Malformed formatted atom pair line (missing '***'):
"{pair_desc_full line}'. Skipping.{Colors.ENDC}")
continue

dist _part_split = initial parts[0].strip().split()
if len(dist_part_split) < 3:
print(f"{Colors.WARNING}Malformed distance part in formatted_atom_pair line:
"{initial parts[@].strip()}'. Skipping.{Colors.ENDC}")
continue
distance_str = dist_part_split[2]

interaction_part_full = initial parts[1].strip()
is_line_marked_degenerate = "(Degenerate)" in interaction_part_full # Still track this for internal
logic if needed later

interaction_halves = interaction_part_ full.split("<==>")
if len(interaction_halves) < 2:
print(f"{Colors.WARNING}Malformed interaction part (missing
Skipping.{Colors.ENDC}")
continue

<==>"): '{interaction_part_full}'.

left _half full desc = interaction_halves[0].strip()
right _half full desc_maybe degen = interaction_halves[1].strip()
right_half full desc = right_half_ full desc_maybe_degen.split(" (Degenerate)")[@0].strip()

1_parts = left_half_full desc.split() # [ID, CHAIN, RESSEQ, RESNAME, ATOMNAME_MR]
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r_parts = right_half_full desc.split()

if len(1l_parts) < 5 or len(r_parts) < 5:
print(f"{Colors.WARNING}Could not parse atom details from: '{interaction_part full}'. Expected 5
parts per side. Got L:{len(l_parts)}, R:{len(r_parts)}. Skipping.{Colors.ENDC}")
continue

# Key components for display grouping: (ResSeq, ResName, AtomName_ MR)

atoml_key details = (1 _parts[2], 1 _parts[3], 1 _parts[4])

atom2_key details = (r_parts[2], r_parts[3], r_parts[4])

display_key = (distance_str, tuple(sorted((atoml_key details, atom2_key details))))

# Construct the shortened atom description for display

# Format: RESSEQ RESNAME ATOMNAME MR

atoml_desc_short = f"{1 parts[2]:>4} {1 parts[3]:>3} {1 parts[4]:>4}"
atom2_desc_short = f"{r_parts[2]:>4} {r_parts[3]:>3} {r_parts[4]:>4}"
final_atom_details_for_print = f"{atoml _desc_short} <==> {atom2_desc_short}"

if display_key not in unique_display_entries:
unique_display entries[display key] = {
"atom_details_for_print': final_atom_details_ for_ print, # Store the shortened version
'is_group_degenerate': is_line_marked_degenerate, # Store if *any* original line for this
group was degenerate
‘first original formatted pair_idx': original idx
}
else:
if is_line_marked_degenerate: # If any line contributing to this unique display is degenerate,
mark the group



unique_display_entries[display key]['is_group_degenerate'] = True

except Exception as e:
print(f"{Colors.FAIL}Error parsing formatted _atom pair line for display: '{pair_desc_full line}'.
Error: {e}{Colors.ENDC}")
continue

stats = {
'total_displayed _noes': @,
‘violation count': 0,
'total violation sum': 0.0,
'max_violation': ©.0,
'by_severity': defaultdict(int)

for display_key, data in unique_display _entries.items():
exp_distance = float(display_key[©@])
line_to print_atom_part = data['atom details for_print']

representative_original_idx = data['first_original_ formatted_pair_idx']

999.0
999.0

avg r3 dist
avg_r6_dist

if noe_data.get('column_mapping original to filtered') is None:
print(f"{Colors.WARNING}column_mapping original to filtered is missing in noe_data. Cannot map
restraints for averaging.{Colors.ENDC}")
elif representative_original_idx in noe_data['column_mapping_original to_filtered']:
idx_in_noe pairs_data = noe_data['column_mapping original to filtered'][representative_original idx]

84



if idx_in_noe_pairs_data < len(noe_data['pairs_data']):
noe_sums = noe_data['pairs_data'][idx_in_noe pairs_data]
current_sum _r3 = noe_sums['sum_r3"']
current_sum_r6 = noe_sums['sum_r6"']

if noe_data[ 'nof values'] > @:
avg_r3 dist = (current_sum_r3 / noe_data['nof_values'])**(-1/3) if current_sum r3 > le-9 else
999.0
avg_r6_dist = (current_sum_r6 / noe_data['nof_values'])**(-1/6) if current_sum_r6 > le-9 else
999.0
else:
print(f"{Colors.WARNING}Mapped index {idx_in_noe_pairs_data} out of bounds for
noe_data.pairs_data (len {len(noe_data['pairs_data'])}). Restraint key for display: {display_key}{Colors.ENDC}")
else:
print(f"{Colors.WARNING}Original index {representative_original_idx} (key: {display_key}) not found
in noe_data's column_mapping. Cannot retrieve averaged distances.{Colors.ENDC}")

deviation
violation

avg r6_dist - exp_distance if avg r6 _dist != 999.0 else 999.0
max(@, deviation) if deviation != 999.0 else 999.0

stats['total displayed noes'] += 1

if violation > 1e-3 and violation != 999.0:
stats['violation_count'] += 1
stats['total violation sum'] += violation
stats[ 'max_violation'] = max(stats['max_violation'], violation)

if violation > 3.0: stats['by severity']['>3.0A'] += 1
elif violation > 2.0: stats['by severity']['>2.0A'] += 1
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elif violation > 1.0: stats['by severity']['>1.0A'] += 1
elif violation > ©.5: stats['by severity']['>0.5A'] += 1
else: stats['by severity']['0-0.5A'] +=1

v_color = Colors.ENDC

if violation == 999.0: v_color = Colors.FAIL
elif violation > 3.0: v_color = Colors.FAIL

elif violation > 1.0: v_color = Colors.WARNING
elif violation > 1le-3 : v_color = Colors.OKGREEN

print(
f" {exp_distance:5.2f} {avg_r3 dist:6.3f} {avg_r6_dist:6.3f} "
f"{deviation:7.3f} {v_color}{violation:7.3f}{Colors.ENDC} "
f"{line_to_print_atom_part}"

print(f"\n{Colors.OKBLUE}{'=" * 100}{Colors.ENDC}")
if stats['total displayed noes'] > @:
violation pct = (stats['violation count'] / stats['total displayed noes']) * 100 if
stats[ 'total_displayed_noes'] > @ else @

avg _viol = stats['total _violation_sum'] / stats['violation_count'] if stats['violation_count'] > @ else
0.0

summary_color = Colors.OKGREEN
if violation pct > 30: summary_color = Colors.FAIL
elif violation_pct > 15: summary_color = Colors.WARNING

print(f"{Colors.BOLD}SUMMARY: {stats['total displayed noes']} unique NOE restraints
displayed.{Colors.ENDC}")



print(f"{summary color}Violations (>0.001A): {stats['violation_count']}
({violation_pct:.1f}%){Colors.ENDC}")

print(f"Average violation (for violated restraints): {avg viol:.3f} A")
print(f"Maximum violation: {stats['max_violation']:.3f} A")
print("Violation severity distribution:")
severity order = ['0-0.5A", '>0.5A', '>1.0A', '>2.0A', '>3.0A']
sorted _severity keys = [key for key in severity order if key in stats['by severity']]
for severity range in sorted_severity keys:

print(f" {severity range}: {stats['by_severity'][severity_range]} restraints")
for sev_key, count in stats['by_severity'].items():

if sev_key not in sorted _severity keys:

print(f" {sev_key}: {count} restraints")
else:

print(f"{Colors.WARNING}No NOEs were displayed in the analysis.{Colors.ENDC}")

def identify files(args):
"""Identify input files by extension
mr_file = psf _file = dcd_file = None
for arg in args:
if arg.lower().endswith('.mr"):
mr_file = arg
elif arg.lower().endswith('.psf'):
psf_file = arg
elif arg.lower().endswith('.dcd"):
dcd_file = arg
if not mr_file or not psf_file:
print(f"{Colors.FAIL}Error: Both .mr and .psf files are required.{Colors.ENDC}")
sys.exit(1)
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return mr_file, psf_file, dcd_file

def main():
if len(sys.argv) < 3:
print(f"{Colors.FAIL}Usage: python3 {sys.argv[@]} <mr_file> <psf file> [<dcd_file>]{Colors.ENDC}")
sys.exit(1)

mr_file path, psf file path, dcd_file _path = identify_ files(sys.argv[1:])

print(f"{Colors.OKCYAN}Processing MR file: {mr_file_path}, PSF file: {psf_file_path}{Colors.ENDC}")
if dcd _file path: print(f"{Colors.OKCYAN}DCD file provided: {dcd file path}{Colors.ENDC}")

# Generate the atom pair list, which includes experimental distances and detailed atom info.
# This list is used throughout the script to define restraints.
formatted_atom_pairs, has_unknown = find_atom _ids_for_pairs(mr_file path, psf_file path)

print(f"\n{Colors.OKBLUE}Atom Pair Table (from MR and PSF):{'='*43}{Colors.ENDC}")
if not formatted_atom pairs:
print(f"{Colors.WARNING}No atom pairs could be formatted. Check MR/PSF files and parsing
logic.{Colors.ENDC}")

# Print the table to the console (without experimental distance)
for line in formatted_atom_pairs:
line_to_print_console = line
if "FF*" in line:
parts = line.split("***", 1)
first_part_elements = parts[0].strip().split()
if len(first_part_elements) ==
line_to_print _console = f"{first part elements[@]:>4}
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{first_part_elements[1]:>4}{" ":4s}***{parts[1]}"

if "????" in line or "ERROR" in line.upper():
print(f"{Colors.FAIL}{line_to print console}{Colors.ENDC}")
else:
print(line_to_print_console)
print(f"{Colors.OKBLUE}{ ' '="*77}{Colors.ENDC}")

tablel_out_path = "tablel.out”
with open(tablel_out_path, "w") as table_file:
table file.write("="*85 + "\n")
for line in formatted_atom_pairs:
line_to_write_file = line
if "FF*" in line:
parts = line.split("***", 1)
first_part_elements = parts[0].strip().split()
if len(first_part_elements) ==
line_to write file = f"{first part elements[0]:>4}
{first_part_elements[1]:>4}{" ":4s}***{parts[1]}"
table file.write(line_to_write file + "\n")
table file.write("="*85 + "\n")
print(f"\n{Colors.OKGREEN}Full atom pair table saved to {tablel out_path}{Colors.ENDC}")

if has_unknown:
print(f"\n{Colors.FAIL}Unknown atoms or parsing errors encountered during PSF lookup. Aborting before
CARMA. {Colors.ENDC}")
sys.exit(1)
if not formatted_atom pairs:
print(f"\n{Colors.FAIL}No valid atom pairs generated. Aborting before CARMA.{Colors.ENDC}")
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sys.exit(1)

carma_input_dist_file = "carmainput_for_distcalc.txt"
try:
# Write only the unique atom ID pairs for CARMA's -dist flag.
with open(carma_input_dist_file, "w") as f_carma_in:
unique_id pairs_for_carma = set()
for line in formatted_atom_pairs:
if "ERROR" in line.upper() or "????" in line: continue
parts = line.split()
if len(parts) >= 2:
try:
id_pair = tuple(sorted((int(parts[@]), int(parts[1]))))
if id_pair not in unique_id_pairs_for_carma:
f _carma_in.write(f"{parts[@]} {parts[1]}\n")
unique_id_pairs_for_carma.add(id_pair)
except ValueError:
pass # Silently skip malformed lines

carma_distances_file = "carma.distances”

if dcd_file_path:
run_carma_calc = True
if os.path.exists(carma_distances file):
resp = input(f"\n{Colors.WARNING}File '{carma_distances file}' already exists. Regenerate with
CARMA? (y/n, default y): {Colors.ENDC}").lower().strip()
if resp in ('n', 'no'):
run_carma_calc = False
print(f"{Colors.OKCYAN}Skipping CARMA calculation, using existing
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"{carma_distances file}'.{Colors.ENDC}")

if run_carma_calc:
print(f"\n{Colors.OKBLUE}Starting CARMA calculation at
{datetime.datetime.now().strftime('%Y-%m-%d %H:%M:%S"')}{Colors.ENDC}")
# Use the generated input file for the -dist argument
carma_cmd = ["carma"”, "-v", "-atmid", "ALLID", "-dist", carma_input _dist file, psf_file_ path,
dcd_file path]
print(f"Executing: {' '.join(carma_cmd)}")
try:
subprocess.run(carma_cmd, check=True)
print(f"{Colors.OKGREEN}CARMA calculation finished successfully at
{datetime.datetime.now().strftime('%Y-%m-%d %H:%M:%S"')}{Colors.ENDC}")
except subprocess.CalledProcessError as e:
print(f"{Colors.FAIL}CARMA execution failed with error: {e}{Colors.ENDC}")
sys.exit(1)
except FileNotFoundError:
print(f"{Colors.FAIL}CARMA command not found. Please ensure CARMA is installed and in your
PATH.{Colors.ENDC}")
sys.exit(1)

# Proceed with analysis if the distance file exists.
if os.path.exists(carma_distances_file):
print(f"\n{Colors.OKBLUE}Starting NOE processing using '{carma_distances_file}' at
{datetime.datetime.now().strftime('%Y-%m-%d %H:%M:%S"')}{Colors.ENDC}")

# The new function combines filtering and processing. No user input is needed.
# It takes the full atom pair list to understand the structure of the raw distance file.
noe_data_struct = calculate noe_sums_in_memory(formatted atom pairs, carma_distances_file)

91



if noe_data_struct:
# The final report generation uses the processed sums.
run_noe_averaging(noe_data_struct, formatted_atom pairs)

else:
print(f"{Colors.FAIL}NOE data processing failed. Cannot run averaging.{Colors.ENDC}")

print(f"\n{Colors.OKGREEN}NOE processing completed at {datetime.datetime.now().strftime('%Y-%m-%d
%H:%M:%S"')}{Colors.ENDC}")

elif dcd _file path:
print(f"{Colors.FAIL}'{carma_distances file}' is missing. Cannot proceed.{Colors.ENDC}")

else:
print(f"{Colors.WARNING}No DCD file provided and no existing '{carma_distances file}'. Cannot

perform NOE analysis.{Colors.ENDC}")

finally:
# Clean up the temporary input file for CARMA.
if os.path.exists(carma_input_dist file):
try:
os.remove(carma_input dist file)
except OSError as e:
print(f"{Colors.WARNING}Could not remove temporary file {carma_input_dist file}:

{e}{Colors.ENDC}")

if _name__ == " main__ ":
main()

92



93



References

e Brooks, B. R., Brooks, C. L., III, Mackerell, A. D., Jr., Nilsson, L., Petrella, R. J.,
Roux, B., ... & Karplus, M. (2009). CHARMM: The biomolecular simulation
program. Journal of  Computational — Chemistry, 30(10), 1545-1614.
https://doi.org/10.1002/jcc.21287 [1]

e Lindorft-Larsen, K., Piana, S., Palmo, K., Maragakis, P., Klepeis, J. L., Dror, R. O., &
Shaw, D. E. (2010). Improved side-chain torsion potentials for the Amber ff99SB
protein force field. Proteins: Structure, Function, and Bioinformatics, 78(8),
1950-1958. https://doi.org/10.1002/prot.22711 [1]

e Honda, S., Akiba, T., Kato, Y. S., Sawada, Y., Sekijima, M., Ishimura, M., Ooishi, A.,
Watanabe, H., Odahara, T., & Harata, K. (2008). Crystal structure of a ten-amino acid
protein. Journal of the American Chemical Society, 130(46), 15327-15331.
https://doi.org/10.1021/ja8030533

e Honda, S., Yamasaki, K., Sawada, Y., & Morii, H. (2004). 10 residue folded peptide
designed by segment statistics. Structure (London, England : 1993), 12(8),

1507-1518. https://doi.org/10.1016/j.str.2004
o Glykos, N.M. (2006), Software news and updates carma: A molecular dynamics
analysis program. J. Comput. Chem., 27: 1765-1768.

https://doi.org/10.1002/jcc.20482
e Koukos, P. I., & Glykos, N. M. (2013). Grcarma: A fully automated task-oriented

interface for the analysis of molecular dynamics trajectories. Journal of computational
chemistry, 34(26), 2310-2312. https://doi.org/10.1002/jcc.23381

e Athanasia-Panagiota Serafeim, Georgios Salamanos, Kalliopi K. Patapati, and
Nicholas M. Glykos (2016),Journal of Chemical Information and Modeling 2016 56
(10), 2035-2041. https://doi.org/10.1021/acs.jcim.6b00493

e Markley, J. L., Bax, A., Arata, Y., Hilbers, C. W., Kaptein, R., Sykes, B. D., Wright, P.
E., & Wiithrich, K. (1998). Recommendations for the presentation of NMR structures
of proteins and nucleic acids. [UPAC-IUBMB-IUPAB Inter-Union Task Group on the
Standardization of Data Bases of Protein and Nucleic Acid Structures Determined by
NMR  Spectroscopy. Journal of biomolecular NMR, 12(1), 1-23.
https://doi.org/10.1023/a:1008290618449

e Zirafi, O., Kim, K. A., Stiandker, L., Mohr, K. B., Sauter, D., Heigele, A., ... & Miinch,
J. (2015). Discovery and characterization of an endogenous CXCR4 antagonist. Cell

Reports, 11(5), 737-747. https://doi.org/10.1016/j.celrep.2015.03.061
e Neuhaus, D. (2011). Nuclear Overhauser Effect. In eMagRes (eds R.K. Harris and

R.L. Wasylishen). https://doi.org/10.1002/9780470034590.emrstm0350.pub2

e Williamson, M.P. (2008). The Nuclear Overhauser Effect. In: Webb, G.A. (eds)
Modern Magnetic Resonance. Springer, Dordrecht.
https://doi.org/10.1007/1-4020-3910-7_50

e V. Sanchez, A.G. Redfield, P.D. Johnston, & J. Tropp (1980), Nuclear Overhauser
effect in specifically deuterated macromolecules: NMR assay for unusual base pairing

94


https://doi.org/10.1002/jcc.21287
https://doi.org/10.1002/jcc.21287
https://experts.umn.edu/en/publications/charmm-the-biomolecular-simulation-program/
https://doi.org/10.1002/prot.22711
https://github.com/OMaraLab/Pgp_forcefields
https://doi.org/10.1021/ja8030533
https://doi.org/10.1016/j.str.2004.05.022
https://doi.org/10.1002/jcc.20482
https://doi.org/10.1002/jcc.23381
https://doi.org/10.1021/acs.jcim.6b00493
https://doi.org/10.1023/a:1008290618449
https://doi.org/10.1016/j.celrep.2015.03.061
https://doi.org/10.1002/9780470034590.emrstm0350.pub2
https://doi.org/10.1007/1-4020-3910-7_50

in transfer RNA., Proc. Natl. Acad. Sci. U.S.A. 77 (10) 5659-5662,
https://doi.org/10.1073/pnas.77.10.5659 .

Wolfgang Rieping, Michael Habeck, Benjamin Bardiaux, Aymeric Bernard, Thérése
E. Malliavin, Michael Nilges, ARIA2: Automated NOE assignment and data
integration in NMR structure calculation, Bioinformatics, Volume 23, Issue 3,
February 2007, Pages 381-382, https://doi.org/10.1093/bioinformatics/btl589
Herrmann, T., Gintert, P., & Wiithrich, K. (2002). Protein NMR structure
determination with automated NOE assignment using the new software CANDID and
the torsion angle dynamics algorithm DYANA. Journal of molecular biology, 319(1),
209-227. https://doi.org/10.1016/s0022-2836(02)00241-3

Montelione, G., Zheng, D., Huang, Y. et al. Protein NMR spectroscopy in structural
genomics. Nat  Struct Mol Biol 7 (Suppl 11), 982-985 (2000).
https://doi.org/10.1038/80768

Harris, C.R., Millman, K.J., van der Walt, S.J. et al. Array programming with NumPy.
Nature 585, 357-362 (2020). https://doi.org/10.1038/s41586-020-2649-2

Daura, X., Antes, 1., van Gunsteren, W.F., Thiel, W. and Mark, A.E. (1999), The effect
of motional averaging on the calculation of NMR-derived structural properties.
Proteins, 36: 542-555. https://doi.org/10.1002/(SICT)1097-0134(19990901)36:4

Peter, C., Daura, X., & van Gunsteren, W. F. (2001). Calculation of NMR-relaxation
parameters for flexible molecules from molecular dynamics simulations. Journal of
biomolecular NMR, 20(4), 297-310. https://doi.org/10.1023/a:1011241030461
Wiithrich, K. (1986). NMR of Proteins and Nucleic Acids. John Wiley & Sons.
Giinther, H. (2013). NMR spectroscopy: basic principles, concepts and applications in
chemistry. John Wiley & Sons.

Keeler, J. (2010). Understanding NMR spectroscopy. John Wiley & Sons.

95


https://doi.org/10.1073/pnas.77.10.5659
https://doi.org/10.1093/bioinformatics/btl589
https://doi.org/10.1016/s0022-2836(02)00241-3
https://doi.org/10.1038/80768
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1002/(SICI)1097-0134(19990901)36:4
https://doi.org/10.1023/a:1011241030461

	 
	DEMOCRITUS UNIVERSITY OF THRACE 
	SCHOOL OF HEALTH SCIENCES  
	DEPARTMENT OF MOLECULAR BIOLOGY & GENETICS 
	 
	NOEmd :  
	A computer program to automate the comparison between experimental NMR data and molecular dynamics simulations 
	Supervisor: 

	 
	DEMOCRITUS UNIVERSITY OF THRACE 
	SCHOOL OF HEALTH SCIENCES  
	DEPARTMENT OF MOLECULAR BIOLOGY & GENETICS 
	NOEmd : A computer program to automate the comparison between experimental NMR data and molecular dynamics simulations 
	Supervisor: 

	 
	 
	ΔΗΜΟΚΡΙΤΕΙΟ ΠΑΝΕΠΙΣΤΗΜΙΟ ΘΡΑΚΗΣ  
	ΣΧΟΛΗ ΕΠΙΣΤΗΜΩΝ ΥΓΕΙΑΣ   
	ΤΜΗΜΑ ΜΟΡΙΑΚΗΣ ΒΙΟΛΟΓΙΑΣ & ΓΕΝΕΤΙΚΗΣ  
	NOEmd : Ένα υπολογιστικό πρόγραμμα για την αυτοματοποίηση της σύγκρισης δεδομένων NMR και προσομοιώσεων μοριακών δυναμικών  
	Επιβλέπων: 
	 
	 
	Acknowledgements 
	This thesis would not have been possible without the guidance, emotional support, and encouragement of many of those around me. I know some will feel left out, but even those that go unmentioned know how much of a profound impact they have left on me. 
	First and foremost, I would be remiss if I didn’t express my deepest thanks and gratitude to my supervisor, Professor N. M. Glykos. Your mentorship, assistance with any major or minor trouble, and continuous belief in my potential have been the foundational pillars of both my studies so far as well this particular thesis. Thank you for being the catalyst for every ounce of intellectual curiosity I've picked up on my journey as a student and for pushing me to become a better scientist. Your guidance through the complexities of research and struggles of development has been most valuable and I will be forever grateful to you for giving me a chance to work alongside you. 
	Secondly I am also incredibly grateful for my friends, who have always been a source of support and encouragement. They kept me sane through the late nights of work and everyday challenges, as well as everything else life brought my way, our friendship kept my spirits high every step of the way. Thank you for the late night exits, the laughter, and for always being there to listen. 
	Lastly, I owe everything as well as my greatest thanks to my family. Your unconditional love, care, and support shaped me to be the person I am today. Thank you for believing in me even when my own belief tank was running low on fuel, for celebrating my successes, and for providing comfort during the times when it was most needed. This achievement belongs to you just as much as it does to me. 
	 
	 
	 
	 
	 
	 
	Abstract 
	 
	Περίληψη 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Chapter 1: Introduction 
	1.1 The Role of Structural Biology 
	1.2 NMR Spectroscopy for Structure Determination 
	1.3 Challenges in NOE Data Analysis 
	 
	1.4 Thesis Overview: The NOEmd Framework 

	Chapter 2 - Methods: Parsing and Mapping of Structural Data 
	2.1 Introduction 
	2.2 Parsing the Experimental Restraint File (.mr) 
	Code Excerpt 2.1: parse_mr_file 

	2.3 Parsing the Protein Structure File (.psf) 
	 
	2.4 The Markley Nomenclature and Degeneracy Mapping 
	Code Excerpt 2.2: The markley_map and reverse_markley_map 

	 
	 
	2.5 Generating the Master Atom Pair Table 

	 
	Chapter 3 - Methods: Interatomic Distance Calculation and Degeneracy Resolution 
	3.1 Introduction 
	3.2 Interfacing with carma for Distance Calculation 
	3.3 The Challenge of Degenerate Restraints 
	3.4 The calculate_noe_sums_in_memory Function 
	Code Excerpt 3.1: calculate_noe_sums_in_memory 


	 
	 
	 
	 
	 
	Chapter 4 - Methods: NOE Averaging and Violation Analysis 
	4.1 Introduction 
	4.2 The Theory of NOE Averaging 
	4.3 The calculate_noe_sums_in_memory Function 
	Code Excerpt 4.1: Running Sum Accumulation in calculate_noe_sums_in_memory  

	 
	 
	4.4 The run_noe_averaging Function: Generating the Final Report 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Chapter 5 - Results: Case Study - Analysis of the Chignolin Variant CLN025 
	Comparative Result Analysis: CLN025 Trajectories 
	Summary Statistics 
	 
	Key Structural Differences and Variations 
	1. The Core Divergent Anchor: Tyr2 – Pro4 
	2. Long-Range Aromatic Packing: Tyr2 – Trp9 
	3. Backbone Terminal Regions 


	 
	 
	 
	 
	Chapter 6 - Results: Case Study 2 - Analysis of 2N0X 
	The Table presented above displays grcarma runs from each individual cluster’s analysis derived by comparing different frame data sizes for 2n0x simulations. The results strongly indicate that the Full Simulation has an overall substantially more accurate presentation, displaying fewer violated restraints, a lower violation percentage and much smaller average and maximum violations. On average the other runs have about a 46% difference of violated restraints on average compared to the full results. Particularly the average violation magnitude is worse: 3.616 Å vs. 1.182 Å, signaling that DPCAs’ average violation is almost 3.06 times larger. The worst case violation is 2.44 times larger (9.95 Å vs. 4.081 Å) suggesting that overall the full simulation is more constraint-compliant and produces significantly less geometric variation. 
	 
	Core Divergence Insights 
	1. The Ensemble Averaging Effect (r-6 Weighting) 
	2. Extreme Outliers in Specific Clusters (DPCA02 & DPCA06) 
	3. Population and Resolution Trends 

	 
	 
	Chapter 7: Conclusion and Final Remarks 
	7.1 Summary of Contributions 
	 
	 
	7.2 Final Remarks 

	 
	 
	 
	 
	 
	 
	 
	 
	Source Code 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	References 


