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ABSTRACT OF THE DISSERTATION

MOLECULAR DYNAMICS SIMULATIONS OF COLLAGEN MODEL PEPTIDES:
IMPLICATION FOR COLLAGEN DISEASES AND RECOGNITION

BY IWEN FU
DISSERTATION DIRECTOR:

DR. DAVID A. CASE

Understanding the structure and dynamics of the collagen triple helix is critical to un-
derstanding the effect of mutations that arise in connective tissue and to understanding its
interactions with receptors. Defects in triple helix domain of collagen have been associated
with a number of human collagen diseases. Osteogenesis Imperfecta (OI) characterized by
brittle bones affects roughly one in 10,000 individuals and results from mutations in type I
collagen. The severity of the disease varies widely, ranging from mild to lethal cases. The
molecular basis of the disease is still not understood. Here we integrate computational ap-
proaches and NMR experiments to provide insight into the effects of variations in amino
acid sequence on the conformation and dynamics of the collagen triple helix using colla-
gen model peptides (CMPs), and to provide a molecular interpretation of several types of
NMR experiments. Theoretical calculations of quantum mechanical NMR chemical shifts
on the MD selected snapshots represent the first example of a reasonable fit of experimental
data and highlight the sensitivity of the NH chemical shift to the complex dynamics of the
H-bonds.

The degree of inter-chain hydrogen bonding and the dynamics with different G-X-Y triplets
are considered important for collagen recognition and binding sites containing disease-related
mutation. A analysis of dynamics of triple helix have been studied using N relaxation
measurements and model-free approach. This work is one of the first detailed MD studies of
NMR relaxation data for proteins with high shape anisotropy. We interpret >N relaxation

measurements arising from the a variety of types of motions in the triple helical peptides.
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Both molecular dynamics simulations and analyses of NMR data have pointed to significant
amounts of bending and twisting motions existing in the triple helical peptide, and we
compare collagen-like peptides to other deformable rod-like molecules such as DNA duplexes.
A Weakly Bending Rod (WBR) model is introduced to mimic the elastic properties of these
flexible rod-like CMPs and provide insight into the interpretation of the relaxation data and

order parameter profiles.
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1 Introduction

1.1 Features of Collagen

Collagen, the most abundant protein found in vertebrates, is the main component of bone,
skin, tendon, ligament, cornea, and other connective tissues. In humans, collagen makes up
one-third of the total protein mass and is the most prevalent component of the extracellular
collagen matrix. The defining structural feature of collagen is its right-handed superhelix,
so-called the collagen triple helix, consisting of three parallel left-handed polyproline-like 11
helices, called o chain, with one-residue staggering (Figure 1.1 (a)). Some collagen molecules
contain three identical o chains, whereas some other types of collagen have two or three
different chains. In fibrillar collagens, the presence of glycine (Gly, G) in every third position
is required because the close packing of triple helix only allows this smallest residue to fit
into the interior of the helix without distortion (Figure 1.1 (b) and (c)). Thus the primary
sequence of collagen content is characterized by the repeats of the Gly-X-Y triplet, where X
and Y can be any amino acid but are often occupied by proline (Pro, P) and hydroxyproline
(Hyp, O) at the X and Y position, respectively. Because both Pro and Hyp residues are
rigid, their limited rotation of the polypeptide prevents the structure from adopting other
conformations but the polyproline- II-like (PPII-like) structure. To be able to form close
packing of the triple helix, the rings of Pro and Hyp must be pointing outward. Because
of this, they are solvent-accessible and believed to play important roles in interactions with
other molecules, such as the extracellular matrix protein. Three helices can be further
stabilized by inter-chain hydrogen bonds (Figure 1.1 (c¢)). The individual triple helices,
at approximately 300 nm long and 1.5 nm in diameter for each, are organized into fibrils
which have high tensile strength and flexibility. These fibrils can be further assembled and

cross-linked to support stress efficiently in tissues [5-7].

1.2 Collagen Types, Associated Diseases, and Molecular Recognition

To date, 28 different types of collagens have been identified [8]. The most common types
are Type I, II, III belonging to fibrillar collagen, and type IV to non-fibrillar types and
basement membrane collagen. For example, type I collagen, the major structural protein
of bone, tendon, skin and cornea, is a heterotrimer consisting of two ol-chains and one
a2-chain encoded by COL1A1 and COL1A2, respectively. This type has approximately

1000 amino acid residues with length of about 300 nm. Type II collagen, a homotrimer,



Figure 1.1: Ball and stick diagrams of the triple helical structure in two projections: (a)
side view showing the three helices wrapping around each other with one-residue
staggering , and (b) and (c) look down the helical axis showing the cross section of
the triple helical structure for fiber collagen model with one inter-chain hydrogen
bond per triplet. The sequence shown is (Gly-Pro-Hyp); and the backbone of each
chain is colored with ribbon drawn. Inter-chain hydrogen bonds are represented
as black dashed lines. In (a) and (b), the various atoms are colored as C-cyan,
N-blue, O-red, and W(water)-yellow. In (c), The Gly, Pro and Hyp residues are
colored in red, blue and yellow, respectively. To form the close packing of the
triple heliz, the Gly residues are closely packed in the center of the triple heliz,
while the rings of Pro and Hyp are pointing outward.



makes up 50% of all cartilage collagen fibrils. Type III collagen, composed of three ol-
chains, is the second most abundant collagen in human tissues after type I and is primarily
found in tissues exhibiting elastic properties, such as skin, lung, and blood vessel walls. All
the fibrillar collagens maintain a precise Gly-X-Y repeat sequence throughout their 1000
residues. Defects in the fibrillar collagen regular repeating sequences have been related
to different diseases associated with connective tissues [8-12]. For example, Osteogenesis
Imperfecta (OI), characterized by fragile bones, is caused by a mutation in Type I collagen.
Osteoarthritis diseases, known as skeletal disorder, are caused by a mutation in type II
collagen. Ehlers-Danos Syndrome type IV (EDS IV) affects blood vessels, joints, and internal
organs as a result of mutations in type III collagen. In contrast to fibrillar collagens, non-
fibrillar collagens do not obey the requirement of the presence of Gly as every 3rd residue.
However, the replacement of one Gly residue in the Gly-X-Y repeat still can lead to a
clinical phenotype. For example, Alport syndrome results in progressive kidney disease due
to mutations in type IV collagen. An understanding of the basis for collagen stability can
lead to new biomaterials and effective therapies for these connective tissue diseases.

The most common mutations in the collagen are single base mutation that replaces a Gly
residue with larger residues causing structural distortion, which might prevent or delay the
folding of triple helices as well as decrease the stability of the collagen molecules to different
extent. It has been determined that mutation of a glycine to alanine is 19% lethal, serine
is 30% lethal, cysteine is 39% lethal, and Aspartic acid is 68% lethal [13]. The existence of
a connection between certain collagen mutations and the diseases described above has been
established. For example, the most severe form of EDS IV is correlated with point mutations
that substitute a Gly residue near the C-terminal end of the triple helix, including G1012R,
G1018V, and G1021E [14]. However, the mechanism by which mutations types cause the
human phenotype is still poorly understood.

As the major structural protein in extracellular matrix, collagen also plays an important
role in cellular processes at many aspects, e.g. cell development, cell adhesion, cell migration
and wound healing, through interactions with other matrix molecules [15]. Collagen can
specifically bind to other molecules such as integrins or matrix metalloproteinases (MMPs).
Despite the relative uniform rod-like conformation and the repeating Gly-X-Y sequence [16],
collagen undergoes conformational change during the binding process. The best example of
the collagen binding is the triple helical peptide (GPO)sGFOGER, (GPO)s complexed with
the I-domain of integrin o281 with bended backbone, as evidenced by the comparison of
the structure of this peptide which has been solved in both isolated state and complex with
integrin [17, 18].

The recognition and cleavage of collagen by MMPs are crucial in the process of collagen

degradation, which has been implicated in a variety of different disease processes. Stability



and geometry of the triple helix makes collagen resistant to most proteases. Accelerated
breakdown of collagen may result in many diseases such as arthritis and tumor cell invasion.
Type I1I collagen and its cleavage are an important step in the pathogenesis of atherosclerotic
plaque rapture, acute myocardial infarction and death [15, 19]. These MMPs can bind human
type I1I collagen at unique cleavage sites characterized by a Gly-Leu or Gly-Ile bond which is
preceded by the region rich in imino acid residues Pro/Hyp at X/Y positions and is followed
by an imino acid-poor region [19, 20]. Although there are numerous potential cleavage sites
presented in the collagens, they are not usually cleaved by collagenases, indicating that this
selective recognition must be related to the local conformation of the extended sequence,
particularly, the imino-acid deficient section on the C-terminal side of the cleavage sites.
The underlying structural basis for this selective recognition in the uniform rod-like triple

helical collagen is not well understood.

1.3 Conformational and Dynamical Studies on Collagen Model
Peptides

Due to large size, insolubility, repetitive sequence, and complex hierarchical structures
of native collagens, it has been difficult to perform the atomic-level analyses on the full-
length collagen to interpret the structural basis in stability and folding. This inability to
crystallize full-length collagen and its unsuitability for multidimensional NMR techniques
have been compensated by the studies on the collagen model peptides. Collagens are usually
modeled by short triple helical peptides, which satisfy (Gly-X-Y), trimer repeats and high
content of imino acids, forming the stable rod-like triple helices in solution. They are
helpful to understand the factors that stabilize the triple helix and the folding of triple
helix as well as its destruction and reformation upon sequence. In 1973, Prockop and
coworkers first synthesized the small mimics of the collagen triple helix [21], revealing that
thermal stability of a triple helix is enhanced by Hyp residues. In 1994, Berman, Brodsky,
and coworkers revealed the first high-resolution structure of a triple-helical collagen model
peptide (CMP) with a Gly mutation into Ala using X-ray diffraction analysis [22]. The
sequence of each strand in this model peptide is (Pro-Hyp-Gly)s-Pro-Hyp-Ala-(Pro-Hyp-
Gly)s denoted as Gly—Ala. Subsequently, high-resolution crystal structures of CMPs have
been determined including several (Gly-Pro-Hyp), and (Gly-Pro-Pro), peptide structures
as well as biologically relevant (Pro-Hyp-Gly)s-Ile-Thr-Gly-Ala-Arg-Gly-Leu-Ala-Gly-Pro-
Hyp-Gly-(Pro-Hyp-Gly)s denoted as T3-785 peptide, the charged peptide (Pro-Hyp-Gly)4-
Glu-Lys-Gly-(Pro-Hyp-Gly)s [22-29]. Many studies, e.g. x-ray diffraction, CD spectroscopy,
and NMR spectroscopy, have used these designed CMPs as a guide to gain a better insight

into the forces which are responsible for the conformational stability of the triple helix as well



as the mechanism by which enzymes and other molecules recognize it [7, 16, 22, 24, 30-39).

1.3.1 Glycine Mutations

There are extensive studies of the CMPs containing a replacement of Gly with other amino
acid [7, 13, 40-51]. These lead to the conclusion that the destabilization caused by these
Gly mutations depends on the identity and location of the mutation as well as the degree
of flexibility in the surrounding peptide [37]. It has been shown that a substantial loss in
triple-helix stability with a degree of destabilization depends on the identity of the residue
replacing Gly: Ala < Ser < Cys < Arg < Val<Gly,Asp< Trp [40]. Although Gly mutated
into Ala (the simplest side chain next to Gly) residue peptide is relatively highly under-
represented in OI disease, the Gly“?® to Ala substitution in the a1 chain of human type I
collagen does causes lethal OI [52]. These mutation sites must have some unusual features
due to local sequence environment or location at a biological important site.

The Gly to Ala mutation, introduced first into the peptide (Pro-Hyp-Gly)ip and still
forming a very stable triple helix, has been shown to exhibit a reduced thermostability
(T, = 29°C melting temperature of CMPs used in NMR titration) and a slower overall
folding rate relative to (Pro-Hyp-Gly)1o (T}, = 60°C) [49]. Bella et al. [22] confirmed that
when introducing glycine into alanine, the peptide adopts a triple helical structure with
a slight untwisting at the substitution sites and the direct inter-chain hydrogen bonds are

replaced with water bridges between the backbone groups (Figure 1.2).



T chain

Figure 1.2: Top view down of the representative triple helical conformation of the X-ray structure
of mutation peptide with PDB 1CAG from N terminus, showing details of (a) the direct
inter-chain hydrogen bond between amide group of Gly and carbonyl oxygen of residue
in X position in the neighboring chain in the regular collagen region with Gly-Pro-Hyp
sequence and (b) the water bridge hydrogen bonds connecting amide group of Ala (A15)
and carbonyl oxygen of residue in X position, in the substitution region with Ala-Pro-
Hyp sequence. The various atoms are colored as C-cyan, N-blue, O-red, and W{( as
water molecule)-yellow. Hydrogen is not shown. The chain in leading, middle, and
trailing are denoted as L, M, and T respectively.

1.3.2 Helical Conformation

High resolution structures of the CMPs have also provided new insight into the sequence-
dependent helical parameters [32, 35, 36, 45, 53, 54]. Almost all CMPs adopt a 7/2 helical
symmetry (tightly packed triple helical segment) due to the geometrical restriction of the
proline ring, whereas the peptide containing non-imino acid residues adopts an alternative
conformation (relative loose structure than a 7/2) close to 10/3 super-helical properties, i.e.
the integrin-binding protein complexed with integrin and the T3-785 peptide (Figure 1.3)
[16, 28, 35, 53, 55]. It has been proposed that this looser conformation of an imino-acid-
deficient region may unwind more easily and afford the extra contacts by polar or charges
residues, which likely plays an important role in fibrillar assembly and interactions with
other extracellular components, e.g. MMPs. With X-ray analysis, however, only a static
picture of the conformation differences between a tight triple-helical structure and a loose
conformational state around the cleavage state and not the full dynamics picture of the

flexibility change upon the loose/tight conformation state.
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Figure 1.3: (a) Schematic representation of amino acid composition of the T3-785 (PDB
1BKYV). Top view of two sticks representative triple helical conformation of the X-ray
structure of the peptide with N terminus in the front, showing details helical conforma-
tion. (b) Residues labeled as green in (a) located at the C-terminal zone matches the
7-fold idealized model. (c) The central zone with sequences shown as red bold in (a)
adopts the heliz close to the 10-fold idealized model. In (b) and (c), the various atoms
are colored as C-cyan, N-blue, O-red, and inter-chain hydrogen bonds-dashed blue. Side
chains are not shown in the plot.

1.3.3 Dynamics

The biological function of collagen is most likely determined not only by its sequence-
dependent characteristics and static conformation but also by its dynamics since some small
number of specific residues at some point must be accessible to the macromolecules in order
to provide sequence-specific recognition and high affinity binding [20, 56, 57]. The dynamics
of collagen-like peptides have been studied experimentally for over 40 years [28, 58-64]. It
has been suggested that regions with a relatively low imino acid content in collagen may
be important for recognition, due to the difference in triple helical conformation and lo-
cal molecular mobility from the imino-acid rich (POG) regions. Lazarev and colleagues
[56, 57] dealt with collagens with different amino acid composition, and very different rigid-
ity and stability using infrared spectroscopy and hydrogen-exchange method. They have
found that the low-frequency large-amplitude backbone dynamics belonging to cooperative
interactions, depends directly on the protein crystallinity and stability, while the vibrational
high-frequency dynamics on the faster time scale in the collagens remains very close to each

other.



1.4 NMR Spectroscopy

CMPs are well suited for NMR studies because of the high solubility of both the monomer
and trimer forms. NMR studies on the Gly— Ala sequence has been reported in the literature
[65] by Liu et al. In their studies, >N labeling of the Alal5 and Gly24 (as an internal
reference) in Gly—Ala is compared with Glyl5 (as an external reference ) of (POG)q
to elucidate how a mutation affects the structure, dynamics and hydration of the triple
helix in solution. They have reported that (i) the hydrogen exchange rates for three A15
are different from one another ('A15=4.7, 2A15=12.1, and 3A15=11.9 10~*min~!) and
approximately 2 orders faster than the G24 (< 0.1 10’4mm71) as control within the same
peptide. The Gly15 (<0.04 10~*min~!) in the (POG)1g is 10 times faster slower than G24
in the Gly—Ala peptide, which may be consistent with the lower overall stability of the
peptide relative to (POG)1p; (i) one of three A15 has a chemical shift temperature gradient
that is more positive than other two, suggesting the formation of a hydrogen bond in one
chain, whereas the other two A15 residues are involved in either weak hydrogen bonding or
exposed to solvent; (éii) the HSQC NMR data on the Gly—Ala peptide showed three well-
resolved and distinct trimer peaks for three Alals downfield shifted in the proton dimension
relative to monomer A15. It was suggested that these three Ala residues are in different
environment because of one-residue staggering of the chains, while three G24 in the (Pro-
Hyp-Gly),, repeats zone are in a similar environment as evidenced by only one trimer peak;
(iv) furthermore, one of the three A15 is shifted down field (~9.5 ppm) relative to other
two (~ 8.9 and 9.2 ppm, respectively). Such a significant difference in chemical shift caused
by their relatively small differences between their chemical environment somehow is not
expected [2, 51, 64, 66]. Due to lack of stagger information from the labeling of the isolated
Ala residues, chain assignment could not be obtained, therefore, which A15 among these
three residues has such unusual 'H chemical shift is still not clear.

NMR experiments, a powerful tool for studying molecular motions at a wide range of
time scales, have been applied to CMPs for many years. Fan et al. have investigated the
backbone dynamics of the T3-785 and (POG)1o peptides using hydrogen-exchange and NMR
measurements of 1°N relaxation [64]. Hydrogen exchange studies have shown that the Gly15
NH and Leul6 NH in triplet Glyl5-Leul6-Alal7 in the T3-785 exchange very slowly and
slowly (average rate for three residues are 0.5 for Glyl5 and 0.8 for Leul6), respectively,
and the Ala 17 NH (~ 9.6 ) exchanged very rapidly which is expected for a residues in the
Y position of the (Gly-X-Y), sequence. In contrast to hydrogen-exchange data, the order
parameters S? derived from the N relaxation data are similar for the central Gly15 residue
in both the imino-acid poor ( in T3-785) and rich region (in (POG)jp). Since N relaxation

occurs on a much faster time scale than hydrogen exchange, these results suggest that a Gly



in the imino-acid rich environment is dynamically different than one in the imino-acid poor

environment in terms of the slower motion rather than the faster motion (ps).

1.5 MD Simulations

CMPs allow for accurate and tractable simulation because of their small size and regular
structure. Molecular dynamics simulations have been extensively employed to study the
factors that destabilize/stabilize the collagen triple helix and the folding upon the amino
acid sequences along the collagen. The use of MD simulations to interpret NMR data is
an alternative to standard analytical models [67-70], since they provide a high-resolution
view of the motions of biological macromolecules and produce continuous trajectories with
the potential to connect static structural snapshots, and give very detailed (if imperfect)
description of protein structures and dynamics in solution.

Klein et al. showed that the destabilization caused by introducing a Ala into the central
Gly position of the short homotrimer collagen peptide are contributed by unfavorable steric
and electrostatic interactions [71, 72]. Their simulations observed the breaks of inter-chain
hydrogen bonds and the distortion of PPII-like helical conformation near the substitution
sites. Continuing their modeling of CMPs, Mooney et al. [43] looked into the structural
consequences of the Ol-associated mutations in collagen and observed a decrease in inter-
chain hydrogen bonds and an increase in backbone-bound water molecules but the total
backbone hydrogen bonds remain. However, an MD study of the nonequivalent environment
of the three chains due to mutations as evident from hydrogen exchange and chemical shift
analysis seen in solution NMR has not been investigated.

The dynamics of collagen model peptides (CMPs) has been studied experimentally for
over 40 years [28, 58—64]. Until now, there are only a few examples of MD studies of the
interpretation of N relaxation data for global proteins with intermediate anisotropy [67, 73—
79]. Collagen peptide with very large anisotropy have not been explored yet. Furthermore,
the triple-helical model peptide is not a rigid rod in solution: both MD simulations and
analyses of NMR relaxation point to significant amounts of bending and twisting motion.

These aspects will be explored in details in the following chapters.

1.6 Overview of the Dissertation

The use of MD simulations is an alternative to standard analytical models to assist the
sequence-specific assignment and interpret the NMR data for the triple helical collagen
peptide. This thesis concentrates on characterizing the structural and dynamical properties
of triple helical peptides including (POG)4(POA)(POG)s5 (denoted as Gly—Ala) and the
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T3-785 peptide, which have been investigated extensively by NMR techniques. Other two
model peptides: (POG)19, and (PPG)jg are included as external references.

Chapter 2 focuses on the effect of amino acid sequence environment by a glycine mutation
site leading to collagen disease and interpretation of NMR data on the mutation peptides.
We specifically look into the formation and dynamics of hydration-induced hydrogen bonds
around the mutation sites and draw the connection between the peaks of Ala residues in
HSQC spectrum and the type of the Ala backbone hydrogen bonds.

Chapter 3 explores the types of motions, including the global tumbling and internal
motions as well as the correlated motions, existing in the triple helical peptide in solution.
We describe explicit solvent MD simulations for four collagen-like peptides, including a 0.5 us
long simulation of the T3-785 peptide, and 100 ns simulations of other three model peptides:
Gly—Ala , (POG)19, and (PPG)1o to explore potential sequence-dependent motions. We
evaluate overall tumbling of the triple helix with high anisotropy and the internal motions
monitored by NMR. The back calculation of relaxation parameters becomes possible, thus,
MD simulation facilitates the tests of the assumptions underlying the model-free approach.
The triple-helical collagen-like peptide is not a rigid rod in solution: both molecular dynamics
simulations and analyses of NMR relaxation point to significant amounts of bending and
twisting motion [64, 80]. Other motional model instead of model free approach is proposed
to study NMR relaxation analysis.

In Chapter 4, we suggest a motional model that should correctly deal with both high
anisotropies and (weakly) flexible geometries. We describe the weakly bending rod (WBR)
model and its application to the interpretation of NMR relaxation data. Excellent fits are
possible, suggesting that global bending and twisting modes dominate the deviations from

rigid-rod behavior.



2 Structure and dynamics in disease-related

glycine mutations

Abstract. The results of molecular dynamics simulations of the collagen-like peptide,
(POG)4-(POA)-(POG);5 (referred to as the Gly—Ala peptide hereafter) and (POG)jq are
presented. To characterize the structure and dynamics of collagen containing mutations
associated with osteogenesis imperfecta, we examined rmsd fluctuations, backbone bending,
predominant triple helical structures, hydrogen bonds and hydration pattern. Particularly,
we look into the formation and dynamics of hydration-induced hydrogen bonds around
the mutation sites. Our results reveal that (i) a Gly mutation causes unwinding of the
triple helix in the mutated zone, imposing more structural and dynamical changes towards
the C-terminal end of the triple helix; (ii) a disruption of inter-chain hydrogen bond is
observed at the Glyl8, which is one triplet C-terminal to the mutation site but not at the
Gly12, which is one triplet N-terminal to the mutation sites; (i77) at the mutation sites, the
three Ala residues in each chain behave differently from one another in terms of inter-chain
hydrogen bonding and PPII conformation. These changes provide insight into the observed
NMR chemical shift and hydrogen-exchange rates in the triple helix. A comparison between
calculated and available experimental findings is presented. The structural ensemble at the
mutation site, as inferred from the simulation and NMR data, is different from that seen in a
crystal structure of the same peptide. The greatest difference is, in the solution simulation,
there is no evidence of penetration of water inside the triple helix. In contrast to the study,
the penetration of water inside the triple helix is observed in the crystal simulation of the
Gly—Ala. Our computational results are in agreement with NMR experimental data found
in the literature and the data found in the crystal, indicating the MD simulations can provide

a realistic description of the collagen in different environments.

2.1 Introduction

Collagen, the most abundant protein found in the vertebrates, is the main component
of a number of tissues, such as tendons, ligaments, skin, cornea, and bone. In humans,
collagen comprises one-third of the total proteins and is the most prevalent component of
the extracellular matrix [7, 22, 23, 34, 38, 53, 81]. The triple helix is a motif found in
fibril-forming collagen and is identified as the ligand-binding regions of the other receptors.
Usually, triple helices are rod-like domains, but kinks or other perturbations have been
reported at the regions where the Gly-X-Y repeating triplet is interrupted [22, 28, 40, 43,
48, 82, 83]. Defects in the triple helix domain of collagen have been associated with a
number of human collagen diseases [8-12]. Osteogenesis imperfecta (OI), often called brittle

bone disease, results from mutations in type I collagen, the major collagen in bone, tendon
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and skin. The most frequent mutations in type I collagen are single base substitutions
that convert the required Gly residue to a larger residue in the collagen triple-helix. Such
mutations in collagen prevent or delay the folding of the triple helix beyond the mutation
point or produce a disruption in triple helical conformation or inter-chain hydrogen bond
pattern [8, 22, 40]. Because the triple helix of most collagen is propagated from the C
terminus to the N terminus, a Gly mutation nearer to the C-terminal end of the triple-
helical domain may produce a more severe phenotype than a similar mutation nearer to the
N-terminal end [42]. The correlation between OI severity and mutation location is still
unclear.

Studies of the replacement of Gly with other amino acids have been done using CD,
NMR and MD simulations [7, 13, 40-51]. These studies all pointed to a conclusion that
a degree of destabilization caused by a Gly mutation depends on the identity and location
of the mutant as well as the degree of flexibility in the surrounding [37]. For example, a
substantial loss in triple-helical stability with a degree of destabilization depends on the
identity of the residue replacing Gly: Ala < Ser < Cys < Arg < Val < Gly, Asp < Trp [40].
Although Gly mutated into Ala peptide is relatively highly under-represented in OI disease,
the Gly”?® to Ala substitution in the a1 chain of human type I collagen does causes lethal
OI [52], indicating some unusual features due to local sequence environment or location at
a biological important site.

A Gly mutated to Ala was introduced first into the peptide (POG)1q, referred as Gly—Ala,
which has been shown to form a very stable triple helix but with a significant decrease in
thermal stability (7, = 29°C melting temperature of mini-collagen used in NMR titration)
relative to (POG)1o (i, = 60°C) [49]. Bella et al. [22] first confirmed that this peptide in
crystal adopts a triple helical structure with an untwisting and the local disruption of direct
inter-chain hydrogen bonds, which are replaced with water bridges between the backbone
groups at the substitution sites.

However, solution NMR data showed some observations on the same peptide in solution
deviated from crystal environment [65]. Liu et al. presented the solution NMR studies
on the Gly—Ala peptide in which 1N labeling of the A15 (referred as Ala residue at the
position 15, which is the middle of the chain) and G24 (Gly residue at the position 24, which
is treated as an internal reference) are compared with the G15 (as an external reference ) of
(POG)10. They reported that (i) the hydrogen exchange rate for G15 (<0.04 10~*min~1) in
the (POG)1g is 10 times slower than G24 in the Gly— Ala peptide, an observation consistent
with the lower overall stability of a Gly— Ala peptide relative to (POG)1g; (%) the hydrogen
exchange rates for three A15 are different from one another (!A15=4.7,2A15=12.1, and
3A15=11.9 10~*min~1) and approximately 2 orders faster than the G24 (< 0.1 10~ *min—1)

within the same peptide; (4ii) one of three A15 has a chemical shift temperature gradient
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that is more positive than other two, suggesting the primary formation of a hydrogen bond
in one chain, whereas the other two A15 residues are involved in either weak hydrogen
bonding or exposed to solvent; (iv) the HSQC NMR data on the Gly— Ala peptide showed
three well-resolved and distinct trimer peaks for three A15 residues downfield shifted in
the proton dimension relative to monomer A15. Such clear and distinct three peaks in the
triple helix where the Ala residues in the leading and trailing have the identical chemical
environments are not expected; (v) the HSQC spectrum further exhibits that one of the
three A15 is shifted down field (~9.5 ppm) relative to other two (~ 8.9 and 9.2 ppm). Such
a significant difference in chemical shift caused by their relatively small differences between
their chemical environments is not clear [2, 51, 64, 66].

MD simulations have the ability to complement the experimental observations. Prior
computational studies have investigated some factors, which might influence the triple helix
conformation of the mutant peptides. Klein et al. showed that the destabilization caused
by a substitution of Gly to Ala is contributed by unfavorable steric and electrostatic inter-
actions [71, 72]. Their simulations observed the breaks of the inter-chain hydrogen bonds
and a distortion of PPII-like helical conformation near the substitution sites. Continuing
their modeling of CMPs, Mooney et al. [43] looked into the structural consequences of
the Ol-associated mutations in collagen. They observed a decrease in inter-chain hydrogen
bonds and an increase in backbone-bound water molecules, suggesting that mutant peptides
seemed to compensate for mutation-induced loss of stability with a majority of highly ex-
changeable nonspecific solvent backbone hydrogen bonds that were present less than 10% of
the time. However, an MD study that discusses the nonequivalent environment of the chains
as evidenced by hydrogen exchange and unusual downfield shift seen in solution NMR has
not been investigated.

Several aspects suggested in the NMR studies on the Gly—Ala are being addressed in this
work from point of view of MD simulation: (i) Are the fast hydrogen exchange rate for Ala
residues caused by the absence of inter-chain hydrogen bonds? Or as a result of the dynamics
of the bound water nearby? (%) If so, is the nonequivalence in hydrogen exchange rates for
three Ala residues as a result of different degrees of freedom of bound waters or different
types of water hydrogen bonds? (iii) What causes three trimer peaks of Ala residues in
the HSQC data where the one has unusual downfield shift of the resonances relative to
the other? (iv) Can the three trimer peaks reflect the different type of interactions or the
strength of interactions with waters or main-chain carbonyl groups? (v) It is known whether
the Gly—Ala peptide shows a local “under-twist” at the site of the interruption and a slight
“over-twist” at the two regions flanking the substitution in a static conformation. However,
does this under-twist exhibit more backbone dynamics and greater access to other receptors?

(vi) Can the asymmetric distortion be seen in the highly symmetric sequences on the both
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sides of the mutation sites in terms of hydrogen bond pattern, PPII-like conformation, or
internal triple helical parameters?

This chapter is organized as follows. Section 2.2 presents the structural changes upon
mutation in terms of rmsd analysis, the global motions, and diameter of rod-like triple helix
as well as PPII-like conformation. The local helical twist angle against triplet (cross three
chains) are analyzed. In Section 2.3 we provide a qualitative molecular interpretation of the
unusual trends that are observed in NMR data. We end with summary of main points and
relate to what seen in the NMR data in Section 2.4, followed by the MD system setup and

methods in Section 2.5.

2.2 Collagen-like Peptide Structural Stability and Dynamics

2.2.1 Structural Perturbations upon Mutation

The values of Root-Mean Square Deviation (RMSD) of the Co atoms from the x-ray
structures of Gly—Ala and (POG)j peptides are shown in Fig. 2.1. The (POG)jo has an
average value at 1.29 A, confirming that the CMP retains the triple helical conformation (Fig.
2.1 (b). Although the rmsd of Gly—Ala peptide has a larger average value of 1.95A, this
mutated peptide still assumes a stable triple helical conformation throughout the solution
simulation, indicating that the force field and simulation setup were able to resume the

initial conformation in the crystal structure.
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Figure 2.1: The structure and dynamics of the mutated peptide Gly— Ala in solution simu-
lation. (a) View of the crystal structure (PDB: 1CAG) as initial structure for
our solution simulation. This model peptide is composed of three chains with
sequence [(GPO)sAPO(GPO)s]. The mutant sites ( a glycine mutated into a
alanine ) were highlighted in red in the central region of the heliz. (b) The root-
mean square deviation (rmsd) of the Ca atoms from the X-ray structures of
Gly— Ala (black) and (POG)qg (red). (c) In Gly—Ala, the Ca atom RMSD of
the trajectory structure superimposed to the z-ray structure for the whole peptide
(black), the central (green) region as well as the C(red)- and N (blue)-terminal
regions. (d) Correlation plot between the norm of the sum of the two first PCA
(PC1 +PC2) eigenvectors and RMSD wvalues for the Gly— Ala.

In Gly—Ala, the larger value of rmsd seems to be dominated by the central regions
containing the substitution site. In Fig. 2.1 (c), the RMSD values of the N and C zones
are relatively low, indicating that both terminal regions maintain stability and remain close
to the crystal structure. The central zone exhibits the largest deviation from the starting
X-ray model, implying the central region, which reveals either global bending or local bulge
fluctuations, dominates the dynamics of the triple helical peptide. The plot of the correlation
between the RMSD values and the PCA eigenvalues of the bending motions (the details see
the PCA discussion below) suggests that the structural deviations of the triple helical peptide
in solution relative to the crystal structure are largely due to a low-frequency backbone
bending (Fig. 2.1 (d)) .
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Figure 2.2: Structure and dynamics of the Gly mutated peptide: Gly—Ala (A) Cartoon rep-
resentation of crystal structure (PDB 1cag) with Ala residues shown as highlight
red VDW balls. (B) Cartoon representation of few snapshots obtained from the
150 ns MD simulation of Gly—Ala in water. (C) Histogram of the backbone
bending angle (in degree) of Gly—Ala and (POG)i of MD simulation. (D)
Projection of principal axis of backbone of the C terminal region on the plane
with normal vector obtained from the principal axis of N terminal zone. All the
structures are superimposed with N terminal backbone atoms. In (C) and (D),
Gly—Ala and (POG);p are colored as black and red lines, respectively.

The high resolution crystal structure of Gly—Ala appears to be overall straight with
standard triple helical structure at both ends and a localized conformational deformation
around Ala residues. (Fig. 2.2 (A)). Our structural ensemble observed that the triple helical

peptides are flexible molecules capable of changing from a linear to a curved structure (Fig.
2.2 (B) and (C)).
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%variance accounted

Mode POG10 | Gly—Ala description
1 33.1 33.1 global bending
2 28.2 23.4 global bending
3 8.9 11.5 helical twist
4 5.2 5.5 double bending
5 4.4 4.6 double bending
cumulative 79.7 78.2

Table 2.1: Percentage of variance and physical description of the five most important Prin-
cipal Components obtained from diagonalization of the Ca covariance matriz for
the triple helical peptide (POG)1p and Gly— Ala trajectories
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Figure 2.3: The atomic fluctuation of essential motions of Cac atoms of POG10 and Gly—Ala
projecting on the three most significant eigenvectors: PC1, PC2, and PCS.
Residue number 1-29, 31-59, and 61-89 belong to leading, middle, and trailing
chain, respectively.

The flexibility of the triple helical peptides upon mutations is characterized by performing
a principal component analyses (PCA) on the backbone Ca atoms of (POG)1g and Gly—Ala
(Table 2.1). The results of PCA on both peptides share some similarities including that ()
the first five PCAs account for up to ~80% of the structural variance of the Ca atoms.
Over half of this structural variability is mainly described by the PC1 and PC2 modes,
which correspond to orthogonal global bending-like oscillatory modes of the backbone; (i)
the PC3 mode describes the twisting-like motion; (iii) the next higher modes represent the
higher harmonics of motions. In overall, visualization of the projection of the PCA modes
onto the MD trajectories shows that the essential dynamics of the two peptides is very
similar (Fig. 2.3).

However, there are some slight differences induced by mutations in the projection of the

PCs modes onto the MD trajectories. First, the atomic fluctuations of PC1 of each chain
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are slightly different from one another, with the leading chain having the largest fluctuations
while the lowest one revealing in the trailing chain. Second, although both peptides have
similar distribution of backbone bending (Fig. 2.2 (C)), in Gly—Ala the total variance
accounted for PC2 mode is significantly higher than one in PC1 mode particularly in the
leading chain, suggesting the characteristics of the anisotropic backbone bending as seen in
Fig. 2.2 (D). This asymmetric atomic fluctuation of each chain in essential motions may
be the causality of the disruption and inequivalence of inter-chain hydrogen bonding at the
substitution sties. It is suggested in the study [84] of DNA bending showing that DNA

bends and becomes very flexible once a single base pair has been disrupted.
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Figure 2.4: Evolution of the average helical radius (as e) at each Gly position to the center of
triplet along the amino acid composition in the Gly—Ala of the simulation. Heli-
cal radius from x-ray crystal structure is marked as o. Schematic representation
of amino acid composition of the Gly— Ala is labeled in x-axis.

The structural variations upon mutation are characterized by the helical radius mean and
its deviation. The average helical radius measured at the Gly position ranges from 2.88
A to385 A (Fig. 2.4), indicating that the triplet containing mutation sites exhibits the
unwinding of triple helix. Interesting, this unwinding region shows a larger deviation around

its mean value, suggesting increased flexibility due to the mutations.

2.2.2 Internal Helical Parameters

To investigate the interruption in the triple helix associated to the mutations, we computed
the local helical conformations, which are characterized by the local step parameters: shift,

slide, rise, roll, tilt, and twist between two adjacent triplets using 3DNA algorithm [85-87].



19

_ MD —e—

g 6.0 X-ray g
< . = =

G 40 | pabegrie bbbl . K
8 g
o 20 S

local bend
local bend

B

Figure 2.5: Average step parameters: local shear (\/Shift?+ Slide?), local bend
(VTilt + Roll?), and twist are calculated for the MD trajectory of (a) (POG);g
and (b) Gly— Ala peptides. Schematic representation of the triplet (cross all three
chains) sequence along the peptide is labeled in z-axis.

In Fig. 2.5, the local shear, local bend and the twist values of Gly—Ala and (POG);o along
the triplet (cross all three chains) sequences are compared: the Gly— Ala peptide in solution
adopts the “under-twisted” and “bulge of the triplets” located in the central region of the
helix (triplets from 12 to 16), as evidenced by the twist values (ranging from 6 = -103 +
6.1 to -123 + 7.6 in degrees) and local shear (ranging from d = 4.2 + 0.4 to 5.2 + 0.5 A)
larger than those in the simulation of (POG)o (average value of § = -100.3 £ 5.3 for the
triplets at the central region of the helix). These results confirm the deformation induced
around the substitution sites and show the consistency with the studies of other groups
[7, 32, 53]. Furthermore, the local step parameters between two triplets containing the Ala
residue exhibit greater deviations than those in host regions within the same peptide or in
(POG)10, suggesting increased flexibility. Such deformation induced by the mutations may
cause the loss of direct inter-chain hydrogen bonds, and hence offer less resistance to twist

and local shear than other regular collagen zones.

2.2.3 Predominate Structure

The cluster analyses were conducted on both peptides to reveal the predominated structure
in solution simulation. The representative structures of these five sets are shown in Fig. 2.6
and each set has at least 1.2 A rmsd from the other. Table 2.2 points that the (POG)g
peptide has high popularity in adopting an uniform straight triple helix in solution and the
representative structures of setl, set2 and set3 seem to be close to each other in terms of the
helical conformation and the backbone bending (Fig. 2.6(a)). In contrast to (POG)ig , the

representative structure of each setin Gly— Ala peptide is easily distinguished from each
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other by visualization, and each set has an rmsd value of 1.44 A ~3.63 A from the other
(Fig. 2.6(b)). The predominant structure (setl) in Gly—Ala has a slightly bent backbone
and bulge region in the mutation zone. All the sets (except set 4 < 0.4 %) have similar
N-terminal triple helical conformations, in particular in terms of Rise and Twist. Whereas
the helical structure in the C-terminal region has slightly more freedom to adopt different
conformations or fluctuates more between over-twisted and under-twisted helix compared to
the N terminal region (Data not shown). The under-twisted conformations in substitution
site and the C-terminal regions in Gly—Ala show more fluctuations, which are reflected in
the larger values in the standard deviations of the local step parameters, indicating, again
the increased flexibility as well as asymmetric distortion between N and C termini.

This asymmetric distortion between N and C termini surrounding the mutation sites has
been observed experimentally. Sagaya and coworkers [88] found that bacterial collagen-
binding domain binds (CBD) to either the Gly to Ala substitution sites or the C-terminus
of mini-collagens using 1H -15N HSQC-NMR. Bella et al. [32] revealed that the local heli-
cal conformation in the substitution site and the C-terminal toward the end region of the

Gly—Ala crystal structure is under-twisted and the end N-terminus is over-twisted.

setl set2 set3 setd set5

(a)

Figure 2.6: Representative structures of five clusters obtained from cluster analysis on the
(a) (POG)19 and (b) Gly—Ala peptides.

setl set2 set3 setd seth
POGI10 25.6 32.6 12.7 27.9 1.2
Gly-Ala 70.5 42 233 0.4 1.6

Table 2.2: Calculated occupancy of collagen-like peptides in MD simulation using cluster
analysis.
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2.2.4 Hydrogen Bond and Hydration around the Mutation Sites
2.2.4.1 Inter-chain Hydrogen Bonds

Formation of the direct inter-chain hydrogen bonds NH(Gly)- - - OC(X) between the amide
proton of Gly residue in one chain and the carbonyl groups of the X position in the adjacent
chain, is well-known for the stability of the CMPs. Bella et al. [22] confirmed that the
direct inter-chain hydrogen bonds of all three Ala residues are replaced with water bridges
between the backbone groups when introducing glycine into alanine. Fig. 2.7 shows that,
in the substitution zone of the crystal Gly—Ala peptide, the amide groups of all three
A15 residues and one “Gly18 (in the leading chain, L) lose the direct hydrogen bonding
due to increased distance of carbonyl and amide groups, but gain the hydrogen bonds with
interstitial waters bridging carbonyl groups of Pro. In contrast to crystal environment, the
solution NMR studies on the same peptide showed that one of three A15 has a chemical
shift temperature gradient that is more positive than other two, suggesting the formation
of a hydrogen bond in one chain, whereas the other two A15 residues are involved in either

weak hydrogen bonding or exposed to solvent [65].

@12
-A15S

G18
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Chain L M T L

(a) (b)

Figure 2.7 X-ray crystal structure of Gly—Ala. (a) Schematic representation of hydrogen
bonding topology around the substitution region. (b) Top view down of the same
structure from N terminus. Water bridge hydrogen bonds (W1-WJ4) connecting amide
group of Ala (A15) and carbonyl ozygen of residue in X position in the substitution
region with Hyp-Ala-Pro-Hyp-Pro sequence each chain. The various atoms are colored as
C-cyan, N-blue, O-red, and W1 to W/ (as bridge water)-orange. Hydrogen is not shown.
The chain in leading, middle, and trailing are denoted as L, M, and T, respectively.

In our MD simulation of the Gly—Ala, the results of the inter-chain hydrogen bond ( the

criteria shown in Eq. 2.3) analyses are depicted in Table 2.3. In the collagen zone, all the



22

H-bonds have an average value of 1.99 ~ 2.01A with maximum standard deviation of 0.17A,
and an average H-donor-acceptor angle less than 23.7 degree with a maximum standard
deviation of 10.01 degrees, indicating all inter-chain hydrogen bonds are maintained well
throughout the simulation. In the substitution sites, significant decreasing occupancies of
inter-chain hydrogen bonds are found at MA15 and TA15 as expected, but the inter-chain
hydrogen bond of “A15 still maintains up to 70% of the simulation time. The average
lifetime of inter-chain hydrogen bonds decreases to 10 ps in the mutation zone from 30 ps
in the collagen zone, implying the accordance with an increase in flexibility of backbone
hydrogen bonds and suggesting these short lived interaction may facilitate the hydrogen

exchange process for the A15 amide proton seen in NMR data.

MD Occupied(%) Average Lifetime(ps) N-H---O=C(A)
Chain L M T L M T L M T
G12 | 91.7 90.5 87.3 | 26.2(29.2) 22.0(25) 20.0(28.4) | 1.98 1.88 1.98
Al5 | 720 169 30.6 | 24.4(28.6) 13.4(24) 9.2(11.8) | 2.01 2.06 2.19
GIS | 656 742 90.3 | 24.6(36.0) 18.2(26) 24.0(27.0) | 2.06 2.05 1.9
G24 | 92.2 921 92.0 | 27.0(30.2) 26.8(30) 26.8(20.2) | 1.99 1.99 1.9

Table 2.3: Main chain hydrogen bond (N-H--- O=C) parameters, occupancies, length as well
as lifetime means and its standard deviation ( given in parentheses ), for G12,
A15, G18, and G24 on chains L, M and T, respectively.
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Figure 2.8: Distribution of the distance of NH(Gly/Ala)-O=C(Pro) inter-chain hydrogen

bonds of G6, G12, A15, G18, and G2/ residues in the MD simulation of the
Gly—Ala. Chain L, M and T are colored as green, red, and black, respectively.

Now, we look into the distribution of the distance between the amide groups of G/A and
the carbonyl groups of Pro at the X position in the adjacent chain from the MD simulation.
Fig. 2.8 shows that all the Gly residues consistently form the inter-chain hydrogen bond
with only one peak locating at the distance within 3.3 A, but Ala residues reveal two distinct
conformations, which correspond to the direct inter-chain forming (< 3.3 A) and breaking
(> 3.3 A). It is obvious that three A15 have completely different behaviors in terms of this
distribution: the “A15 has primarily inter-chain hydrogen bond, and TA15 has about half

chance in forming direct hydrogen bond, whereas MA15 shows the least favor in forming the
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inter-chain hydrogen bond. Such inequality seems to agree with the observations in HSQC
spectrum and chemical shift temperature gradients data (which will be discussed in details
in Sec. 2.3). Additionally, two states conformations of the inter-chain hydrogen bond are
slightly observed at “G18 and MG18, which are a triplet C-terminal to the substitution
sites. Such small percentage of disruption of inter-chain hydrogen bond in Gly18 is related
to the study of folding pathway of collagen-like peptide in the experimental peptide studies
[42, 51], in which the residues C-terminal to the substitution site show signs of increased

mobility and unwinding.
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Figure 2.9: Correlation between direct inter-chain hydrogen bond length and the backbone
torsion angle ¢ of (a) YA15, (b) MA15 and (c) TA15 residues.

Fig. 2.9 shows a strong correlation between the direct inter-chain hydrogen bond length
and the ¢ angle for Ala residue, particularly for MAlal5. Similar correlation is seen in other
two A15 residues, the main distribution of ® angle still remains within the range of the PPII
conformation. The presence of inter-chain hydrogen bond in “A15 reduces the diameter of
the local helix which might cause more distortion of the PPII conformation for the MA15

than what observed in crystal structure (Table 2.6, discussed in Sec. 2.3).

2.2.4.2 Water Bridging Hydrogen Bonds

The existence of the interstitial waters and the dynamics of solvent/solute hydrogen bond
are supported in Table 2.4 and Fig. 2.10, indicating that the “Alal5 maintains primar-
ily stable direct hydrogen bonds similar to Gly in collagen zone (i.e. G24) while MAlal5
and TAlal5 exchange between two states: inter-chain hydrogen bonds and solvent /solute

hydrogen bonds.
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A15 NH-Wat G18 NH-Wat
Chain L M T L M T
Occupied 73.5 57.9 15.0 10.9
Distance 1.99(0.16)  2.03(0.17) 2.03(0.17)  2.0(0.16)
Angle O 161(88)  162(10.1)  161.8(9.6) 161.2(9.5)
Ave. Lifetime 61.6(42.4) 35.4(22.4) 31.6(17.8)  68(42.8)

Table 2.4: Water Hydrogen Bond parameters of A15 and G18. Standard deviations are given
in parentheses. Hydrogen bond analysis on the 20ns trajectory. Distance cutoff
3.5 A and the angle cutoff 135°. (X) denotes no hydrogen bonding with solvent.
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Figure 2.10: The N-O length between the amide group of G24/A15 and the acceptor through-
out the simulation of Gly—Ala peptide as well as types of hydrogen bonds of
G24/A15 residues including the direct inter-chain NH(G/A)-OC(P) hydro-
gen bond, interstitial hydrogen bond NH(A)-Wat-OC(P), and the backbone-
bounded water hydrogen bond NH(A)-Wat. The direct inter-chain hydrogen
bond, N(G/A)-OC(P), between amide group of G24/A15 and the carbonyl group
of Pro is labeled as black line, which is illustrated in (i/ii) black box. The inter-
stitial water hydrogen bond, N(A)-W-OC(P), between amide group of A15 and
the carbonyl group of Pro through a water molecule is colored with blue line and
its representation is represented in (iii) blue box. Backbone-bound water hydro-
gen bond, N(A)-OH(W) is marked with other colors and its representation is
depicted in (iv) red box.
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Distinct differences between MAlal5 and TAlal5 residues are observed when they are
bound to water molecules. For example, interstitial water bridges are observed some time
for MAlal5 residue, but not really seen in TAlal5. Fig. 2.11 indicates that water molecules
generally exchange hydrogen bonds quickly around the amide group of MAlal5 and TAlal5,
and T Alal5 has slightly more exchangeable nonspecific hydrogen bonds with water molecules
than MAlal5. These results point to that the reorientation dynamics of amide protons and

the mobility of water molecules at the substitution sites is fairly different for each chain.
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Figure 2.11: The distribution of the residence time of solvent/solute hydrogen bond for
MAla15 and TAla15 residues. The Y-axis is the frequency and the X-axis is
the residence time that the solvent/solute hydrogen bond persists. FEuvery bin
denotes every 10 ps.

Figure 2.12: Comparison of the MD simulated (b) and the experimental (a) solvent/solute
hydrogen bonds in the substitution sites of the Gly—Ala. (a) Crystallographic
interstitial water mediated hydrogen bonds are marked as orange ball. The three
Ala residues are represented as Licorice in color and other residues in gray. (b)
The simulated water density is shown as contour lines, which are color code by
the total occupancy level of the volume. Volumes were occupied > 75% (red) >
50%(orange) > 25% (blue). The simulated water density well reproduces the
crystal location of the interstitial waters 140 and 96, but not water 161.
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Water occupancy density around the peptide surface is conducted. Fig. 2.12 shows the
comparison of the experimental and simulated water distribution around the Ala residues in
Gly—Ala. The greatest difference between MD simulated and crystal peptide is that, in the
simulation, there is no evidence of any penetration of water inside the center of triple helix
(Fig. 2.12(a)), while in crystal environment, one of the interstitial water bridges sits inside
the center of the triple helix (W161 next to YA15 in Fig. 2.12 (b)). Although the simulated
water density is well reproduced the interstitial waters in crystal (W140 and W96 which are
next to MA15 and TA15, respectively in Fig. 2.12 (b)), as mentioned in previous section,
there are two distinct solvent /solute hydrogen bonds behaviors for MAlal5 and TAlal5 in
the simulation; MAlal5 exchanges between interstitial water and solvent hydrogen bonds

and TAlal5 exchanges between inter-chain and solvent hydrogen bonds.

2.2.4.3 Hydration Patterns

The mutation-induced disruption is also seen in the extended and repetitive water network,
which can be characterized by the radial distribution function (RDF) of the residue from

MD trajectories of Gly—Ala.

Hydration around the amide/hydroxyl groups The RDFs of water with respect to amide
groups of Gly/Ala are shown in Fig. 2.13. The presence of the mutation increases the
interaction of A15 and G18 amide proton with water. Interesting, the MA15 (red line in
Fig. 2.13 ) has two distinct peaks in RDFs compare to TA15 (black line): the first peak that
represents the stronger interaction with solvent might be referred as the interstitial water
hydrogen bond; the second peak might indicate the water hydrogen bond. The analyses of
RDFs are fairly in agreement with the results of water hydrogen bonds analysis on amide
group of Ala residues in previous section. Hydroxyl groups of Hyp are fully hydrated and

hydration pattern is not affected upon mutation (Data not shown).

A15 G18

G12 G24

0

0 2 4 6 0

Figure 2.13: Radial distribution function (RDF) of amide groups of G12, A15, G18, and
G24. The chain L, M, and T are colored in black, red, and green, respectively.
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Figure 2.14: Radial distribution function (RDF) of the carbonyl groups of the residues P13,

014, A15, P16 surrounding the substitution sites as well as the P22, 023, G24

and P25 at the collagen zone along each chain. The chain L, M, and T are
colored in black, red, and green, respectively.

Hydration around the carbonyl groups In the regular collagen zone, of the three carbonyl
groups of the triplet (Gly-Pro-Hyp), the carbonyl groups of Gly and Hyp interact directly
with water molecules, while carbonyl groups of Pro in Xaa positions do not participate in
water hydrogen bond as it is involved in the direct inter-chain hydrogen bonds. Fig. 2.14
clearly shows that hydration pattern of the carbonyl groups of Ala and Hyp is not affected by
the mutation (as comparing the residues in the mutated sites and the regular collagen zone).
However, mutations do disturb the RDFs of carbonyl groups, it is particularly noticeable in
TP13 and *Pro16 because both of them are the residues close to the mutation sites (see Fig.

2.16(a)).

2.3 Analysis of NMR Measurements

2.3.1 Dihedral Angles and Coupling Constants

Table 2.5 shows the mean of the average backbone dihedral angles ¢ and ¢ and the
corresponding standard deviations surrounding the mutations sites (residues Hypl4, A15,
P16) from the solution simulation. The mean values of dihedral angle for the nearby residues
Hyp1b or Prol6 are similar for each chain. While it is not the case for three A15 mutation

sites where the average values of the ¢ angle range from -69° to -114°.



28

Residue\Chain L M T L M T
Dihedral Angle 0] b
G24 71.3(9.6)  -TL5(9.6)  -7T1.2(10.5) | 169.5(8.1)  169.5(8.2)  169.3(8.3)
Hypl4 -65.9(10.4)  -69.6(10.4)  -63.5(11.0) | 152.4(11.0) 161.7(13.1) 144.1(15.6)
Al5 -69.8(14.3) -114.0(26.9)  -85.1(19.5) | 152.1(11.0) 157.1(11.6) 149.2(11.2)
P16 69.1(10.9)  -69.0(10.3)  -70.0(10.5) | 150.6(12.0) 153.9(11.0)  158.4(9.9)

Table 2.5:  Awverage values of the dihedral angle (¢ i ) mean and standard deviation given
in parentheses for the residues Hypl4, A15, P16 and G24 in each chain over the
MD trajectory of the Gly—Ala.
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Figure 2.15: Ramachandran plot ( ¢, ¥) of three Ala and one G2/ residues. Warmer color
represents higher population.

In Fig. 2.15, the structural ensemble from the simulation exhibits that three A15 have
similar distribution around the mean value of the 1 angle but different degree of dispersions
in ¢ angle. The ¢ value of PA15 is almost identical to one in G24, and TA15 is also close
to VA15, while MA15 deviates from one of G24 the most. In other words, the leading and
trailing chains remains/closes in the PPII helical conformation, whereas the M chain deviates
the most from the PPII helical conformation. It is worthy to note that MA15 has the most
standard deviation up to ~27° is because of the possibility of forming inter-chain hydrogen
bond, which requires the PPII helical conformation.

Comparison of MD results and the experimental data is displayed in Table 2.6. MD results
are consistent with experimental data 3Jxpma coupling constants on the Gly— Ala, in which
MA15 has a very high J-coupling relative to other two A15 and Gly24 residues [51]. This
significant structural change at the substitution sites is also seen in the crystal structure [22].
For most angles, the crystal structure values are within 10 degrees of the simulation mean
values, except T A15 in which the value differs by around 24 degrees (which is outside the
standard deviation of the mean values) between the simulation and the crystal structure,
indicating that how the local conformation of solution collagen peptide differs from model

collagen peptide in crystal.



29

P10 P10 9 T
+ w L
o011 P10 o11

P10 Gi12 011 P10 GI12

o11 P13 Gl2 o11 P13
Gl2 014 P13|G12 o014 s | 1
P13 | a5 o014 | P13 | A1s

014 | P16 | A15 | 014 | P16

Jinia (Hz)
&
T
NH A8 / AT (ppb /° C)
&
T

Al5 | 017 | P16 A15 | 017 4 r

P16 G18 | 017 P16 G18
0o17 P19 Gi18 017 P19
Gl18 020 P19 G18 020

P19 G21 020 P19 G21 1 |

020 G21 020
0 0
(a) G21 G21 (b) AI5T A15M  A15L G4 (C) A15T A15M  A15L G4

Figure 2.16: (a) Schematic representation of the nearest neighbor residues for the Alals
in the triple heliz. The chain leading, middle and trailing are denoted with
L, M, T, respectively. Bozes refer to the residue environment of the Al5.
(b)Experimental 3 InmHA coupling constants measurement on peptide Gly— Ala.
(¢) Amide NH temperature gradients (Ad/AT) plot in Gly—Ala peptide. The
dashed horizontal line corresponds to A§/AT = —4.5 ppb/°C which provided
the cutoff line of hydrogen bonding. G24 and “A15 appear to have similar less
negative NH temperature gradients that are consistent with hydrogen bonding
seen in solution simulation.

3INHHA ¢
Residue | Solution MD Xtal Simulation  ¢caic — Prtal
G24* | 4.7 (0.3) | 5.6 (1.42) | -77.4  -71.3(9.6) +6.1
LA15 | 5.6 (0.6) | 5.3 (1.6) -81  -69.8 (14.3) +10.2
MA15 8.6 (0.5) | 8.5(1.8) 2104 -114.1(26.9) -10.1
TA15 5.6 (0.8) | 7.0 (1.8) -61 -85.1(19.5) -24.1

a. Average ¢ angle of G24 in three chains was used.

Table 2.6: *Jypga coupling constant and of Gly24 and three Alal5 in the Gly— Ala peptide
from experimental measurement and MD simulation. Average angle of G24 over

three chains. SJygua coupling constants we estimated from the parameterized
Karplus equation: 3Jynpa = 6.51cos?(¢ — 60) — 1.76cos(¢ — 60) + 1.6 [1].

2.3.2 Amide Chemical Shift Temperature Dependence

Yingjie et al. [51] reported the data of the amide temperature gradient and Jygua coupling
constants on peptide Gly—Ala to characterize the amides of G24 and A15. Since the three
chains of the CMP are staggered by one residue, three A15 are not all in an identical en-
vironment ( boxes shown in Fig. 2.16 (a)). Both “A15 and TA15 have identical chemical
environments that are distinct from MA15. This seems to be consistent with the measure-
ment of 3Jxgua coupling constants; one of the Ala trimer peaks has a very high J-coupling

relative to the other two A15, and they are indistinguishable in nmr (Fig. 2.16 (b)).
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However, non-equivalent chemical shift temperature gradients for three A15 residues are
observed; G24 and one of the three A15 appear to have similar less negative gradient, indi-
cating the forming of the direct inter-chain hydrogen bonds, while other two A15 residues
with more negative gradients are likely involved in either weak hydrogen bonding or ex-
posed to solvent (Fig. 2.16 (c)). Such a significant difference in chemical shift temperature
gradients (VMA15= -4.3, TA15= -12.2 ppb/°C' ) between “A15 and TA15 is unexpected.

With the aid of MD results reported in Sec. 2.2.4, it can nicely explain what observed
in NMR studies. MD simulation suggests that when introducing an Ala into a Gly in
the middle of each chain (POG)yo peptide, the mutations do affect the local structural
conformation, particularly at MA15 with two A15 nearby. “A15 and TA15 keep close to
standard PPII conformation due to the Gly residue as an neighbor. That is why *A15 and
TA15 with identical sequence environment have similar 3Jxmgra coupling constants, which
are only slightly away from one of Gly24. However, the solvent environments are completely
different between “A15 and TA15; “A15 has primarily inter-chain hydrogen bond, while
TA15 has highly exchangeable nonspecific hydrogen bonds with solvent. This asymmetric
effect reflected in the solvent environment may induce the asymmetric variations between
LA15 and TA15, further extend to one triplet N and C terminal to the MA15 site. It has
been suggested that the degree of flexibility due to mutations depends on the region along

the triple helix: mutated sites > C-terminal region > N-terminal region.

2.3.3 Chemical Shift Calculation

Protein chemical shifts, which can be precisely measured by NMR and highly accessible,
provide an information of local changes in the surrounding chemical environment and the
dihedral angle constraint of individual atoms. Among the shifts, the 'Hy chemical shifts are

very sensitive to the local H-bond geometry.
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Figure 2.17: (a) HSQC spectrum of Gly—Ala measured at 15 C. Sequence is shown above
the spectrum with 1°N labeled residues underlined. The peaks corresponding
to the monomer and trimer states are denoted with m and t, respectively, in
the parenthesis after the residue. The leading, middle, and trailing chains are
denoted with a superscript L, M, and T, respectively, located in the left side
of residue. A15(t) trimer are downfield shifted in proton dimension relative to
A15(m) monomer, particularly one chain shifted to 9.4 ppm. (b) The QMMM
calculation of shifts on the four different sets of MD trajectories of Gly—Ala in
the trimer state. In proton dimension, averaging over four sets gives the values
of A15 are "A15=7.29 , MA15=7.66 and TA15-8.03 (ppm).

The HSQC spectrum (Fig. 2.17 (a) ) of the Gly—Ala clearly showed three trimer peaks
for the three Ala residues, indicating the three distinct local environment of the A15 from
one another [48, 65, 89]. One of these three trimers even shifted down field by ~0.7 ppm
in 'H dimension relative to the Ala in the monomer state. NMR measurements have also
showed intriguing yet consistent trends in other collagen-like peptides that contain (GXY)n
interruptions or other substitutions at Gly positions; in all cases the amide protons in one
of the chains is significantly downfield shifted relative to the other two once the mutation
or interruption takes place.

This significant downfield shift is unexpected when there is slightly difference between
their sequential environments. However, this unusual pattern has been difficult to interpret.
It has been found good correlations between hydrogen bond coupling constant and 'Hy
chemical shift both experimentally and computationally, suggesting that this unusual shift
might be related to the interaction with the nearby waters.

To interpret this unusual downfield shift due to the mutation, automated fragment quan-

tum mechanics/molecular mechanics (AF-QMMM) approach [90, 91] was applied to compute
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the shifts for the NH atoms of the Gly and Ala residues on the selected MD snapshots of
Gly—Ala. Calculated 'H chemical shifts (Fig. 2.17) are compared with the calculation of
water hydrogen bonds analysis on the Gly and Ala residues: (i) “A15 with primarily direct
inter-chain hydrogen bond has similar 'H shift as the Gly24 does; (i) interacting of amide
proton with water molecules causes a downfield shifts in 'H dimension by ~0.36 ppm rel-
ative to “A15 as seen in TA15 which has highly exchangeable nonspecific hydrogen bonds
with solvent; (i) interstitial water hydrogen bonds seems to push the shift even downfield
by ~0.7 ppm relative to “A15. Berglund et al. [92] has suggested that increasing hydrogen
bond strength causes a downfield 'H chemical shift. The calculation of the radial distribu-
tion function (Fig. 2.13) also shows that water population is slightly higher around MA15
than one in TA15. Our calculated shifts of amide proton are highly related to corresponding
hydrogen bonds, suggesting that, if forming hydrogen bond, the strength of the interaction
of amide proton of Ala residue depends on the type of hydrogen bonds: interstitial water >
water > backbone peptide. Although the calculated 'Hy chemical shifts show upfield shifts
as compared to experimental shifts values (~1.4 ppm), the relative shifts between residues
computationally are in agreement with ones seen experimentally. Qualitatively and quanti-
tatively, the data are beginning to interpret the unusual trends observed in NMR data on

the mutation collagen peptides.

2.4 Conclusions

Presentation in this paper is the detailed MD studies of structural and hydrogen binding
properties of a CMP where a mutant replacing one Gly to other large residue. Our findings
reveal that major changes in the conformation of the mutated Gly peptide occur in solution
where the deviations from the starting structure are larger. Replacing Gly increases the
backbone flexibility of the triple helical collagen as evidenced by the variations in radius
of the triple helix and the backbone bending. The overall dynamics of the peptide is char-
acterized by performing PCA of the Cv covariance matrices, showing the majority of the
structural variability of the triple helices corresponding to the orthogonal bending and twist
motions of the whole backbone. Mutation induces the unequal orthogonal bending motions
of backbone, resulting the backbone bending with directional preference. The results of
clustering analysis reveal that the predominant conformation of the mutated peptide adopts
slightly a curved structure while POG10 adopts a structure similar to an idealized helix. The
calculations of the helical parameters reveal that mutated peptide is unwound in the central
region helix, and asymmetric distortion at N-and C-terminals where the higher degree of
freedom of adopting other conformation in the C-terminal zone compare to N-terminal zone.

Although mutant collagen is partially unwounded through its interaction with the solvents
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or bridge waters, it remains its triple-helical character.

Calculation of structural conformation and hydrogen bonds of triple helical peptide show
how dynamics, solvated collagen model peptide differ from model collagen peptide in crystal
structures. This is not surprising due to the difference between the solution and crystallized
environment, in which the collagen are closely packed.

The results of this work closely parallel what are observed in NMR data on the Gly—Ala
in solution, which in turn support its ability to complement the experimental observations.
(i) The NMR hydrogen exchange rates observed are not quit the same for all three A15
in the triple helix and one of them has an exchange rate much slower than other two.
MD studies suggest this observation may be the result of the inequality of direct inter-
chain hydrogen bond of three A15 residues and the YA15 with primarily direct inter-chain
hydrogen bond is the one having the slowest exchange rate compared to other two; (i) the
hydrogen exchange rates for A15 are 2 orders faster than the G24 in the same peptide. This is
highly supported by the observation that MA15 and T A15 residues have highly exchangeable
nonspecific hydrogen bonds with solvent relative to “*Alal5 (which is more buried in the POG
region) or G24; (ii7) the HSQC spectrum clearly exhibits that three trimer peaks for three
A15 residues, specially one is shifted down field more than other two. This observation is
best explained by MD studies showing that the solvent environments are responsible for
unusual trends: the MA15 with most distortion PPII conformation and forming frequently
the interstitial water hydrogen bonds shifts down-field the most; the shift of the“A15 having
primarily inter-chain hydrogen bond is close to that of G24; while TA15 has the highly
exchangeable nonspecific hydrogen bonds with solvent relative to MA15. Back-calculated
shifts of amide proton suggests that the strength of the interaction of amide proton of Ala
residue depends on the type of hydrogen bonds: interstitial water > water molecules >
backbone peptide.

In our solution simulation, high correlation between inter-chain hydrogen bond length
and the backbone dihedral angle ¢ indicates the distortion of PPII conformation interrupts
the inter-chain hydrogen bonds and induces the interactions with waters. This observation
explains why G24 and one of A15 residues (“A15) appear to have similar less negative
NH temperature gradients. Furthermore, although amide groups in the middle and trailing
chains have similar populations for two distinct conformations of amide groups hydrogen
bonds, one in the middle chain with the most distortion in ¢ angle interacts with interstitial
waters, while one in the trailing chain with less distorted PPII conformation exchanges
faster between carbonyl group of Pro and waters (no interstitial water bridge was found in
the simulation). The distribution of inter-chain hydrogen bond and the dihedral angle of ¢
further support the inequality of three Alalb seen in NMR, experiments.

Tracking the interactions between A15 amide and the waters has shown that the lifetime
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of waters and interstitial waters are in the range of picoseconds timescale, supporting the
unusually fast hydrogen exchange rates in NMR. In the simulation, the water occupying the
water bridge hydrogen bonds are not tightly bound and the solvent molecules seem to have
a fairly degree of mobility. These results are also seen in Klein’s study [71], suggesting that
water is not an essential contribution to the stability of collagen [93]. It is worthy to note
that the average lifetime of interstitial water molecules is still much longer than the ones
of solvents, suggesting having interaction with interstitial waters pushes the chemical shift
down field more relative to the inter-chain hydrogen bonds by about 0.7 ppm in the proton
dimension as reflected in the shift calculation using QMMM. So far, our computational
results are in agreement with NMR experimental data found in the literature [48, 51, 89, 94],
indicating the MD simulations can actually provide a realistic description of the collagen in

solution environment and further complement the experimental observation.

2.5 Material and Methods

2.5.1 System Description and Setup

The initial coordinates of the collagen-like peptides, (POG)4(POA)(POG)s, (POG)yo ,
and (PPG)jg were taken from the published structures in PDB 1CAG [22], 1VTH [24], and
1K6F [23], respectively. MD simulations were performed with the Amber ff99SB [95] protein
force field using the AMBERI10 programs [96]. In the simulation, the protein is placed in a
truncated octahedral periodic box of the explicit SPC water model with about 27,700 water
molecules. The distance from the surface of the box to the closet atom of the solute is set to
15 A. The system is heated from 0 to 293 K over Ins and followed by first 3 ns simulation
with restraints then 1 ns without restraints in the NPT ensemble. Finally, MD production
simulation is performed in the NVE ensemble. In MD simulations, SHAKE algorithm is
used to constrain all the bonds involving hydrogen atoms and the time step is 1 fs. The
potential energy function represents the contribution from bond, dihedral angles, van der
Waals, and electrostatic terms. The particle-mesh Ewald method was used to calculate the
electrostatics interaction. A non-bonded cutoff of 8 A was used during the MD simulation.
The simulations were run for 150 ns for Gly—Ala peptide, and 100 ns for (POG);¢ and
(PPG)1o peptides. All trajectories were saved every 2ps for future analysis. Post processing
and analysis were carried out using the cpptraj analysis tool. VMD was used for visualization

of trajectories.
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2.5.2 Root Mean Square Deviation

The Ca atoms RMSD of the peptide were calculated with respect to its x-ray structure

as a function of time using Eq. 2.1
1 N N
RMSD(t) = [ﬁ 3D frit) = rig(0)) (2.1)
i=1 j=1

where 7;;, the distance between atoms at the time t, is compared with the distance between

the same atoms at the t=0 and N is the total number of backbone atoms considered.

2.5.3 Helical Radius

Helical radius is defined for each residue i as the distance from its Ca atoms to the centroid
defined by the Ca atoms residues i, i-1 and i-2 on chains leading(L), middle (M), and trailing
(T) respectively [97].

2.5.4 Cluster Analysis

The structures are grouped into five sets using cluster analysis based on the rmsd between
each frames. The difference in rmsd values from one group to another is at least 1.4 A. The

clustering algorithm is implemented in AMBER package.

2.5.5 J Coupling Constants

The 3Jynma coupling constant is a valuable NMR restraint to distinguish a—helical from
(B—sheet secondary structure in proteins, e.g. 4.8 Hz for « helix and 8.5 Hz for [ sheet.
Empirical 3Jynma coupling values and angular backbone constraints can be inter-converted

following well-know Karplus relationship of the form [98]

3JuNn A = 7.9cos?(¢ — 60) — 1.04cos(¢ — 60) + 0.65 (2.2)

where ¢ is the backbone torsion angle N-H-C-HA.

2.5.6 Hydrogen Bond Analysis

The hydrogen bonds between the chains in collagen-like peptide were calculated using

geometrical criteria given in Eq. 2.3

H, =

1,(r(N;— H;---C=0) <35A4) and (135° < a (O — H--- N) < 180°)) 23)
0, otherwise .
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where r is the distance between donor and acceptor and « is the angle between the hydrogen
donor and acceptor. Also the occupancy of the H-bonds were calculated using the following

equation:

number of time the occurrence of particular hydrogen bond

H — bond = x 100  (2.4)

total number of frames
2.5.7 Rigid-Backbone Bending Angle

We calculated the bending angle based on local triads, which were constructed joining the
C, atoms of Gly, Xaa, Yaa of adjacent chains along the length of the peptide (will put a
Fig. for it). The C, atom of Gly of each triangle was chosen as the local coordinate origin
and és were defined as the unit vector along the line pointing from the origin to C, atom
of Xaa position and Yaa position, respectively. Setting é3 perpendicular to the triad plane
€3 = €1 X é9 as the normal vector of the each triad. There are 28 triads in this triplet helical
peptide. The first 9 triads from both end terminal regions are taken separately to get the
average normal vectors. The angle between these two average vectors is the angle we define

for the backbone bending.

2.5.8 Rigid Body Parameters Calculation

The local step parameters are the internal or local coordinate representations of helices, e.g.
DNA that specify how a set of directors attached to the ith base pair are rotated (Tilt, Roll,
Twist) and translated (Shift, Slide, Rise) to a set of directors associated with the (i+1)th base
pair. The local bend is (v/Roll2 + Tilt?) and local shear is (\/Shift2 + Slide?). Cly—Ala
and other collagen-like peptides of studied here contain three polypeptide chains (labeled
as Leading (L), Middle (M), and Trailing (T)) with 30 amino acids in each chain. The
three Car atoms from Gly{;Q, Y;]fl, and XiT residues, lying approximately in a perpendicular
plane to the triple helical axis (see Fig.2.18(a)), form a triad (Fig. 2.18(b)). RMSD two
consecutive, (i) and (i+1) triads, can give triad local step parameters which specify the
configurations of spatially adjacent triads: two bending angles called Tilt(7) and Roll (p),
and the rotation angle Twist(2), and two in-plane translation termed Shift (D,) and Slide
(Dy), and the vertical displacement Rise(D;) (See Fig. 2.18 (c)). The calculations of rigid-
body parameters follow the mathematical expressions by El Hassan’s algorithm [99] and the
3DNA code [86]. Firstly, from the position and orientation of the (i) and (i+1) triplet triads,
to get the direction and the magnitude (I') of the hinge, we take the cross product of the
z-axes of the two successive triads. Secondly, in order to align these two z-axes of these two

triads, we rotate the two triads about the hinge axis through the angles of equal magnitude
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but opposite signs until z axes are parallel; the current z axis is the z axis of the middle
frame located between these two consecutive triads. Thirdly, we have hinge axis lying on
the x-y plane of middle frame and inclined at ¢ to the y axis. Roll and Tilt follow from I'
and ¢. Along the current z axis, the relative rotation of the two triads along the current y
(or x) axis of each triad gives the helical twist (). Finally, the displacement,D,, D,, and
D, now can be obtained by projecting the vector of origins of the two original triads into
components along the axes of the middle frame.

Beside this set of six parameters mentioned above, the local geometry of each triad step can
also be described by another set of six helical parameters: x-displacement, y-displacement,
helical rise, inclination, tip, and helical twist. There two sets of parameters should be directly
convertible, as demonstrated by Calladine and Drew in their 1984 JMB B-to-A transition
paper [85, 100].
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Figure 2.18: (a) Schematic representation of amino acid composition, base (black box) and
bases step parameters (arrow) of POG10 peptide. (b) Pictorial definition of
rigid-body parameters describing the geometry of a base and the sequential base
planes. Base identification: triangular slab consist of three CA atoms lying
approximately in a perpendicular plane to the triple helix axis. Base frame
definition: one side of the triangle excluding Gly is defined as Y-azis from Yaa
to Xaa positions is shown as heavy black line; Z axis is perpendicular to Y
axis and pointing to the side with Gly; the origin is the midpoint of the Xaa and
Yaa. Definition of six step parameters characterizing the relative displacements:
Shift, Slide, and Rise along the X-, Y- and Z-azxis, respectively, and orientation:
Tilt, Roll, and Twist about the X-, Y- and Z-axis of the sequential triangular
slabs. Image illustrates positive values of the designed parameters.

2.5.9 Chemical Shift Calculation

Proton and nitrogen chemical shifts for the NH atoms of the Gly and Ala residues were
estimated using the “automated fragmentation” model originally introduced by He et al.
[90]. In this model, a “quantum region” is defined around the residue whose shift is being
calculated, that includes that residue and its neighbors out to a cutoff of about 3.5 A.
Water molecules within a similar distance are also included. Protein residues beyond the
cutoff are included a MM (molecular mechanics) atoms, and the effects of waters beyond the

cutoff are treated with a continuum dielectric (Poisson) model. Details are given elsewhere
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[90, 91, 101, 102]. For these calculations, we used the OLYP density functional [103] with a
TZVP basis set, [104] using the demon-2k (version 3) program [105]. For each calculation,
we averaged 400 equally-spaced snapshots with an interval of 50 ps from the last 20 ns of
the MD simulation trajectory. The computed shieldings were compared to those for amide
nitrogens and hydrogens in ubiquitin (using the same computational model), to obtain the

reported chemical shifts.

2.5.10 Step Parameters(Tilt, Roll, Twist, Shift, Slide, Rise)

The helical structure of collagen-like peptides can be described with step helical parameters
including translation displacements: Shift, Slide, Rise, and rotational displacements: Tilt,
Roll, and Twist computed using the methodology and algorithms in 3DNA [85, 100]. The
translational parameters are simply the projection of the vector link from triad O1 to triad
02 onto the x-, y-, and z-axes of the middle frame which are the average between those of
R1 in the triad 1 and R2 in the triad 2. The origin of the middle frames is the geometric
average of O1 and O2. These parameters describe the relative rotations and translations

along a length of triple helical collagen peptides. Examples are shown in Fig. 2.19.
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Figure 2.19: Evolution of the average step parameters along the triplets of the collagen-like
peptide, Gly to Ala in (a) and (c), and POG10 in (b) and (d). The rigid-body
parameters characterizing the relative position and orientation of the sequential
triangular bases steps along the triple helices of the crystal structures are marked
as black.

2.5.11 Helical parameters

Helical parameters for collagen peptides can be defined in ways analogous to those used
for DNA: [85, 100] 3DNA

1. Define a local helical axis, we need two triads reference frames(R1=[x1,y1,z1] with ori-
gin o1, and R2=[x2,y2,z2] with origin 02). A single-helical axis (h) which is calculated
using (x2-x1) x (y2-y1l) brings triadl to coincide with triad 2 by helical twist angle.

2. Local helical frame of triad 1 H1. TipInclination angle ¥ is computed between h and
z1. Hinge axis is computed by a cross product from h to z1. Rotate R1 through the
hinge axis by negative Tipinclination angle will give us the local helical reference frame

H1 (Hl=rotation matrix(—%,Hingeaxis)-R1)

3. Local helical frame of triad 2 H2 is constructed the same way as H1. TiplInclination
angle ¥ is computed between h and z2. Hinge axis is computed by a cross product

from h to z2. Rotate R2 through the hinge axis by negative Tipinclination angle will
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give us the local helical reference frame H2 (H2=rotation matrix(—¥,Hingeaxis)-R2)
Middle helical frame Hm is the average of H1 and H2.

Helical twist is the angle between H1(y) and H2(y) or (H1(x) and H2(x)) with reference

to the local helical axis h for sign determination

Helical rise is the projection of the vector from O1 to O2 onto the local helical axis h.
Rise=0102 - h

Tip and Inclination calculation extracted from TipInclination angle ¥. Phase angle
1) is defined from hinge axis to positive tip axis which is the 2nd column of H1 with
reference the local helical axis h for sign control ( product of h and (hingeaxis x
H2(y))). Tip is defined as Wcos(v)

Inclination is defined as Wsin(v))

Origin of the local helical frames H1, H2, and Hm
e Vector AB=(02-01) - helical rise*h
e M=rotation matrix(h,angle) where angle= 90 - 0.5 * helical twist (degrees)
e Vector AD=M*AB
e Hl(o)=0l1+|AD|*AD
e H2(o)=H1(o)+helical rise*h=H1(0)+0102
e Hm(0)=(H1(0)+H2(0))/2

X-displacement is defined as the projection of the vector from ol to H1(o) onto the x-
and y-axis of H1. X disp=(01-H1(01)*H1(x))

Y-displacement is defined as the projection of the vector from ol to H1(o) onto the x-
and y-axis of H1. Y _disp=(01-H1(01)*H1(y))



3 Theory of rotational diffusion on deformable
macromolecules: collagen model peptides

Abstract. The triple-helical collagen-like peptide is not a rigid rod in solution: both
molecular dynamics simulations and analyses of NMR relaxation point to significant amounts
of bending and twisting motion. Here, the weakly bending rod (WBR) model (which has
been used to analyze the dynamics of duplex DNA) is applied to study the internal motions
of collagen-like peptides. This model assumes the existence of both twisting and bending
degrees of freedom, and can be used to estimate the effect of collective deformational modes
on NMR relaxation rates and position-dependent order parameters S?. We parameterize
the WBR model with results from MD simulations. Each triplet (Gly-Xaa-Yaa) cross all
three chains is treated as local cylindrically symmetric disk and its mean squared angular
displacements < A?@ > and < A?,Z > of the ith bond vector rotating about the instan-
taneous transverse (x) and symmetry (z) axes, respectively, are extracted from an MD
trajectory. The decay of the corresponding correlation functions is unusual with exponen-
tials in #*(where 0 < B < 1) due to twisting and bending. Results from MD simulation
reveal that the angular motions can be quite accurately fit by the WBR model, allowing
for local twisting and bending relaxations of the triplets and the overall rotational motion
of the triple helix, and that the positional-dependence of the oscillation amplitude along
the collagen-like peptide sequence is in good agreement with the predictions of the weakly
bending rod theory. We use Lipari-Szabo-style order parameters (described below) as a
point of contact, since they can be readily determined from both molecular dynamics simu-
lations and from the WBR model. Excellent fits are possible, suggesting that global bending
and twisting modes dominate the deviations from rigid-rod behavior. The understanding
gained from this model is expected to contribute toward the more detailed interpretation of

experimental order parameter profiles.

3.1 Introduction

Collagen, as the major structural protein in extracellular matrix, plays an important role
in cellular processes at many aspects, e.g. cell development, cell adhesion, cell migration
and wound healing, through interactions with other matrix molecules [15]. Collagen exhibits
various functions through specific interactions with other macromolecules. NMR studies on
mini-collagen have revealed that the collagen-binding domain of Clostridium histolyticum se-
cretes collagenases that bind unidirectionally to the undertwisted regions, where the induced
binding affinity might be due to the ability of the replaced residues to flex. This flexibility
might be an intrinsic property of triple-helical collagen and play an important role in its

functionality, particularly in the area of molecular recognition [44]. Another great example
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is from the aspect of the mechanical property upon sequence content to study how a single
point mutation alters and affects the susceptibility of an entire bone to brittle fracture are
studied [106]. These functions are most likely characterized by its dynamics, therefore, it is
increasingly important to explore the dynamics which might exist in collagen.

NMR measurement offers a powerful tool for studying molecular motions at a wide range of
time scales, and has been applied to collagen-like peptides for many years [2, 51, 64, 66]. As
described below, solution NMR studies the dynamics at ns-ps time scales by recording of spin
relaxation rates R1, R2 and the steady-state heteronuclear nuclear Overhauser effect (NOE),
generally for isotopically labeled residues. A popular interpretation of NMR relaxation data,
first developed by Lipari and Szabo [76, 107], characterizes the relaxation in terms of overall
rotational diffusion (which is a global property) and local internal motions that are described
by the order parameters and time constants. The main assumptions of simple and extended
model-free approach are that (i) the relevant internuclear vectors are assumed to move in
isotropic deflection potentials fixed at their orientations in the molecules, in other words,
the local amplitude fluctuation of the vector is independent of its orientation with respect
to the molecular frame; (ii) assumption of the separation of timescales and decoupling of
motions for global diffusion and local internal motions; and (i) the molecule undergoes
global rotational diffusion as a rigid body. This is a powerful model, but suffers from two

limitations for the purposes to the following:

1. In the model-free analysis, the S? order parameter does not provide a complete de-
scription of the underlying re-orientational motional distribution. Each of the local
parameters is independent of the others, so that no information about the correlated
modes between the vectors which are not next to each other is obtained in this stan-
dard model-free description. Stated in other words, it can be difficult to interpret a
set of order parameters in molecular terms. This is both a strength and a limitation:
because no “model” of internal motions is assumed, there is also no model at the end

to interpret.

2. The simple model-free approach is strictly only to spherical molecules or those with
low anisotropies up to D) /Dy ~ 2. In the case of the collagen triple helix (or of nucleic
acid helices) with very high anisotropy, the failure of assumption of (iii) invalidates
the decorrelation or factorization approximation of internal motion from global motion
even with the assumption of rigid rod model. Furthermore, triple helical collagen-like
peptides are not rigid cylinders, but have small amplitude vibrations and collective
internal motions [57]. These collective modes might not be governed by an isotropic
potential, but would show substantial anisotropy, such that the internal motion is

described multiple exponential functions [77], whose relative weightings depend on the



44

orientation of the dipole-dipole interactions with respect to the symmetry axis of the

diffusion tensor.

Here we explore a motional model, which is weakly bending rod (WBR) model, that should
correctly deal with both high anisotropies and (weakly) flexible geometries. The outline of
the chapter is as follow. In Section 3.2, we begin with the model-dependent WBR. theory
and its application to the interpretation of NMR relaxation data. We shall see that the
WBR model predicts the dependence of the order parameters on the label position and the
orientation of the vector relative to the symmetric axis of the molecular frame, which is not
seen in the model-free approach. In Section 3.3, we fit the adjustable parameters in this
model (principally the bending and torsional rigidities) to the results of molecular dynam-
ics simulations on collagen peptides. We use both Lipari-Szabo-style order parameters and
mean-squared angular displacements ( described below) as a point of contact, since they
can be readily determined from both molecular dynamics simulations and the WBR model.
Excellent fits are possible, suggesting that global bending and twisting modes dominate the
deviations from rigid-rod behavior. This has implications for the interpretation of exper-
imental relaxation rates in these peptides, although more complete isotopic labeling will
probably be required to test these ideas; such experiments are being planned. We end with
some conclusions of main points and an outlook for future research, followed by Appen-
dices that collect some of the math needed for the WBR model and that describe computer

programs that implement this model.

3.2 Application of the Weakly Bending Rod Model to NMR Data

3.2.1 Introduction

The weakly bending rod (WBR) model, developed by Song and Schurr [108], has been
successfully applied in both electron paramagnetic resonance (EPR) and NMR measure-
ments on short DNA fragments to characterize the motions on time scales between end-to-
end tumbling and rapid internal motion [109-113]. In this model, the deformable filament
is represented by a series of spherical beads or cylindrical discs, which are coupled to their
nearest neighbors by a harmonic potential characterized by torsion and bending elastic force
constants, which are related to the mean-square amplitudes of the oscillation of the ith base
pair in DNA dynamics. In the following, we give a more complete account of the application
of this WBR model to describe the effects of deformable motions on NMR relaxation data,
which can be used to ascertain the twisting and bending rigidity, which acts to straighten
the chain

Our objective is to evaluate the relaxation rates, R1, R2, and NOE for the case when
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the vectors of interest in a molecule that may be deformable, but exhibits mean local cylin-
drical symmetry [111]. Of special interest here are the angular displacement motions of
the N-H bond vectors, which have local angular motions taking place in the frame of the
molecular subunit, for example, triplet (the detailed definition in Sec. 3.3). Each subunit
participates in all the collective twisting and bending deformations and uniform (rigid-rod)
rotation around the symmetry and transverse axes. The angular displacement correlation
functions arising from these deformable motions can be expressed in terms of familiar inter-
nal parameters, such as S? and i, that we borrowed from the LS model-free formula, as
suggested by Robbison et al. [113]. This WBR-derived order parameter profile thus provides
an explanation of the dependence of order parameters on label position.

Xiao et al. [2, 64] have measured the °N relaxation rates (data shown in Chapter 3) of
a collagen-like peptide with sequence (POG)3-ITG-ARG-LAG-(POG)4, denoted as T3-785
[28]. In analyzing their data, they employed rigid cylinder models that do not admit twisting
and bending deformations, and show the divergence of the values of the R2/R1 of Gly NH
vectors from the experimental data. They concluded that the Gly amide proton in the
triple helical collagen peptide needs to be repositioned relative to the backbone. However,
as discussed in Chapter 3, our MD simulations don’t appear to support the details of this
model, which might be insufficient to explain the experimental data. In order to assess the
relative contributions of collective and localized internal motions to the nmr relaxation, it
is necessary to analyze the data using a model that actually allows for internal twist and
flexure. Here, we consider the internal dynamics of this model peptide and others, including
[(Pro-Hyp-Gly)10]3 denoted as POG10 [24], and [(Pro-Pro-Gly)io|s denoted as PPG10 [23],
in terms of a WBR model.

3.2.2 Theory of NMR relaxation

The NMR dipolar relaxation experimental technique employed to study rotational dynam-
ics of macromolecules actually monitor the orientation of a vector attached to the macro-
molecules in solution with an isotropic equilibrium state. According to Bloch, Wangsness and
Redfield, spin relaxation parameters (thermal motions), i.e. the >N -'H nuclear Overhauser
effect (NOE), the spin-lattice relaxation time (71 = 1/R1 ), and the spin-spin relaxation
time (72 = 1/R2), can be expressed as the function of the spectral density J(w), defined as

the Fourier transformation of the time correlation function:

R1= %J@H —wn) +3J(wn) +6J (wn + wn)] + T (wy) (3:1)
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R2 = %2[4J(0)+J(wH—wN)+3J(wN)+6J(wH)+6J(wH +OJN)]+%?[3J(WN)+4J(O)]
(3.2)
&*\ vu
NOFE = 1+(Z)(7)[6J(WH+MN)*J(wawN)]/Rl (33)
TN

where ¢ = wndn/V3, and d = pohygyn/ (872 < 13 >). Here pg is the permeability of
vacuum, h is Planck’s constant, wy and wy are the 'H and ' N Larmor frequencies of the
experimental magnetic field, vy and yy are their respective gyromagnetic ratios, dy is the
chemical shift anisotropy of the ' N nucleus, and <rj3v > is the average N-H bond length.

J(w) is the spectral density function with the expression as following

J(w) = [ T o)eta, (3.4)

where C'(t) is the time autocorrelation function of the orientation of the internuclear vector
in the lab frame. The time autocorrelation function, describing the angular reorientation of
the dipole-dipole and N CSA interaction, which contribute to °N relaxation, is thus in-
vestigated directly. Methods for calculating the required correlation functions are presented

in Section 3.2.3, next.

3.2.3 Time Correlation Functions

Figure 3.1: Schematic representation of a vector with internal rational angles attached to
a tumbling cylindrical rod. The laboratory coordinate system (LF), molecular
tumbling system (MF) and a vector (N-H) attached to the molecule. ®(t) =
[a(t), B(t),(¢)] is the Euler rotation that carries a coordinate frame from the lab
frame (LF) to the molecular frame (MF), and 0 is the orientation of the NH bond
vector relative to the symmetric axis ( which is Zyp) of the molecular frame.
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The triple helix is assumed to be of cylindrical symmetry, such that D, and D, = D,
denote the diffusion constants relative to the symmetry axis of the molecule. The autocor-

relation function of a particular internuclear vector can be written as

2
> < Y5 [QL(0)]Yam Q4 (1)] >= Pa(f(0) - (L)) (3.5)

m=—2

_Am

o) ==

where Qr,(¢) and Y2, [Q1,(¢)] denote the polar coordinates and the spherical harmonics func-
tion of a vector at time ¢ in the laboratory frame. The second equality is obtained by using
the addition theorem for spherical harmonics where fi(t) is instantaneous unit vector in the
lab frame.

If @ is the Euler rotation that carries a coordinate system from coincidence with the lab
frame to coincidence with the molecular frame, then D%m(q)) ,the Wigner rotation functions,

can be used to transform these two frames. Thus

2
Yo (Qn() = D Dpn(®)Yap Qs (#)] (3.6)
p=—2

where Qj7(t) denotes the instantaneous orientation of a vector in the molecular frame M
( Fig.3.1). Using this expression with Eq. 3.5 and assuming the motion of a vector in the

molecular frame is now statistically independent of the motion in the lab frame yield
4 " *
)=+ DD < Y[ (0)]Yag[ (1)) >< Dy (®0) Dy (@) > (3.7)
m p q

3.2.3.1 Correlation Function for Subunit Motions in a Molecule

For any given subunit (shown as blue cylinder in Fig.3.1), the < Df,:‘n(q)o)ng(CI)) >
correlation function for subunit motion in molecules with mean local cylindrical symmetry

is given by

< D@0l D[] >= by (3)eapl—5(6 — n?) < A2(1) >] eapl-gn? < A2(0) ] (39)

where < AZ(t) >the mean squared displacement about the z-axis (body-fixed symmetry)
corresponding to twisting of the molecule, whereas < AZ(t) >the mean squared displacement
about the x-axis (transverse axis) corresponding to the bending of the molecule. Again, the
mean local cylinder allows the simplifying assumption of< A2(t) >=< Ag(t) >. Insert Eq.

3.8 into Eq. 3.7, the autocorrelation function of the orientation of a vector can be simplified
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2
) = Y < Vi (O(0)Yon(m(t)) > eap{—5[6-n7] < A2(1) >}eap{—n? < A1) >)
n=—2
2
= I(t)Bu(t)Fy(t) (3.9)
n=0

where the I,(¢) internal correlation functions are defined as

I(t) = ‘%” < Y3, (Q01(0)) Yan(Qus (1)) > . (3.10)

the By, (t) tumbling correlation functions are defined as

B, (t) = eacp{—%[fi —n? < A2(t) >} (3.11)

the F,(t) twisting correlation functions are defined as

Fo(t) = exp{—%nQ < A1) >} (3.12)

An important feature of Eq. 3.9 is that the rotational motions of a bead/disc (which is
subunit mentioned above) can be expressed simply in terms of the mean-squared angular
displacement about its body-fixed symmetry (z) and transverse (x) axes. These displace-
ments include all modes of motion: the length-independent mode (the motion of the vector
independent of the molecule at which it is ); the internal collective modes (dynamics at one
point of the molecule as a consequence of motions from the rest of the molecules); and the
uniform modes (overall tumbling of the molecule as a rigid body). For any given “subunit”
(which will be a triad or triplet in our case), the mean-squared angular displacements due

to the deformable motions about its body-fixed transverse (x) and symmetry (z) axes are

given by
% < AX(t)>= D, t+ % < [0:(t) — B (02 > (3.13)
% < A1) >= Dyt + % < [6s(t) — ds(O)]2 > (3.14)

respectively. Therefore, the correlation function can be re-written as

2
C(t) =Y L()CP(H)Cn(t) (3.15)

n=0

where
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CO(t) = exp|—(6 — nZ)DLt}exp(—nZD”t) (3.16)

is the relaxation attributed from the uniform motion, and

(6 —n?)

n2
Cp(t) = exp{~ 5 < 10i(t) — 0:(0)) >[yeap{—= <[4it) — S0 >} (3.17)

is the relaxation attributed from the deformable modes, which build to it equilibrium as

time goes to infinity.

3.2.3.2 Evaluation of the I,,(¢) Correlation Function for Rapid Internal Motions

In the special case of “rapid isotropic wobble” of a vector relative to the molecule, the local
internal motions relax so rapidly that the collective and the tumbling motions remain nearly
stationary during its relaxation, hence, the derived amplitude of isotropic motion should be
nearly independent of the assumed equilibrium orientation of the vector. Their only effect is
to reduce the total amplitude of the slower relaxation due to bending and twisting motions.
The effect of this rapid motion reduces the all three internal decay functions I,(¢) in Eq.

3.9 by the same factor, named “amplitude reduced factor” (ARF) is given by [114]

ARF =< Py(cosfl) >?= 1 — 60* (3.18)

where (8 the deflection of a vector away from its equilibrium orientation. The second equality
in Eq. 3.18 is the condition for a small amplitude of motion and ¢? is the root mean squared
angle of rotation of the vector around a single transverse axis. This amplitude reduced factor
is independent of the orientation of the bond vector and the position where the vector is
attached. For instance, ARF=0.9 if 0 = 7° and ARF=0.73 if ¢ = 12°. Therefore, after the
complete relaxation of this isotropic wobble, usually less than few hundreds picosecond, the

I,,(o0) internal correlation function are given by

Ip(00) = ARF[(1/4)(3c0s%0 — 1)?] (3.19)
I1(00) = ARF[3cos*0sin’0) (3.20)

I(00) = ARF[(3/4)sin"6)] (3.21)
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where 6 the angle of a vector relative to symmetry axis of the molecule. Both ARF and
6 will be the adjustable parameters into the fitting protocol. Hereafter, we name Ay(6) =
(1/4)(3cos%0 — 1)2, A1(0) = 3cos?0sin0, and Az(0) = (3/4)sin*0.

If macromolecule is a completely “rigid” rod, then ARF' =1 and % < A2(t) >= D, t, and
% < A%(t) >= D,jt, indicating the rotation of a subunit attributed only from global twist-
ing/tumbling. Thus, the C(t) autocorrelation function in Eq. 3.9 is reduced to Woessner

rigid-body diffusion model

2
C9(t) = " An(O)ewp[—(6 — n®) Dy tlexp(—n®Djjt) (3.22)

n=0
For the flexible filaments, assuming the the vector is under “rapid isotropic wobble”
relative to its molecule with deformable motions, the correlation functions in Eq. 3.9 is

expressed as

2
C(t) = ARF Y An(0)By(t)Fy(t) (3.23)

n=0
If removing the overall rotational motions away (e.g superimpose the trajectory into refer-
ence structure), then the conventional Cjy,.(t) internal correlation function can be expressed
by
2

Cint(t) = ARF Y A, (0)CL(1) (3.24)

n=0
As we can see clearly, the Cj,.(t) internal correlation function depends on the orientation
of the dipole-dipole interactions with respect to the symmetry axis of the diffusion tensor,
indicating the dynamics due to deformable motions is governed by anisotropic deflection
potentials. Eq. 3.23, the expression for the correlation function, will be used in the rest of

the analysis in this paper.

3.2.3.3 The Collective Bending and Twisting Correlation Functions within WBR Model

In the WBR model, the F, wpr(t) twisting correlation function is given by (see Appendix
3.5.1)

Fowar(t) = exp{—n’[D)t + % < [pi(t) — ¢:(0)]* >]}

kT

= ewp[—nQDHt]exp[—nziQA_l(1 — e/ QT
a
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= gWBR(t)Fé,WBR(t) (3.25)

where FQ(t) is uniform rigid-body rotating about the symmetry axis, and F!(t) is collective
torsional motion from deformable modes. F!(t) depends upon the torsional elastic constant
«, twisting friction factor 4 and the N of subunits. The relaxation time for the Ith normal

twisting mode is

T(twist); = yi/aN. (3.26)

where J\; is the [th eigenvalue in the matrix A, in which the longest relaxation time is given
by

1 = v/ (4asin’® (7 /2(N + 1))). (3.27)

Similarly , the B, wpr(t) tumbling correlation function is given by (see Appendix 3.5.2)
— _ _ 2 _ _ 2 kBl A—1 _ 7IibAbt/h2’yb T
B, wBr(t) = exp[—(6 — n°)D  tlexp[—(6 — n®) - (0Qp)A, (1 —e 570)(6Qp)" ]

= Br(L),WBR(t)Bé,WBR(t) (3.28)

where Bg w R (t) is uniform rigid-body rotation about its transverse axis and BAW pr(t)is
internal bending correlation function contributed from deformable modes. The relaxation

time for the [th normal bending mode is

7(bend); = yph /KpApr. (3.29)

where Ay is the [th eigenvalue in the matrix Ap.

We borrow the idea from the work by Robbison et al.  [113]|, who have adopted the
simplicity of the Lipari-Szabo model in terms of S? and internal relaxation times 7i,; to
characterize the internal motions. For each term (n = 0,1,2) in Eq 3.24 , the WBR internal

correlation function from the internal modes are compared to stretched exponentials:

Ci,WBR(t) = B{L,WBR(t)Fr{,WBR(t) =[Sp+(1- Sg)exp(—(ti)ﬂn)] (3.30)

n
where S2 is the order parameter attributed from combination of twisting and bending modes

with value of n
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52 = eap(-n*("ELQuA; Q) erp(—n?(EL Qi)

Therefore, the deformable order parameters 5123 for ith rod unit (triplet) computed when

t — oo is given by,

2
Shi= Ain(0)S2, (3.31)
n=0

and finally the WBR-derived order parameter is

2
S? = ARF; Y Ain(0)S}, (3.32)
n=0

which is determined by the local rapid motion, the orientation in the rod unit frame, and the
position along the sequence. The deformable-derived order parameters, are different from

the conventional order parameter due to dynamics, both local and collective.

3.2.4 Spectral Density Function from Deformable Macromolecules

Using Eq. 3.22,3.24,3.25, and 3.28, total correlation function of a given spin vector in Eq.

3.23 can be used to compute the spectral density function J(w) as following

J(w) = /OO C(t)cos(wt)dt

—00

— ARF Z 24, ( / BO(#)FO () BL(t)F! (t)cos(w)t
2
= ARFZ An(6)2 / e H[S2 4 (1 - Sg)ef(t/T")ﬁn]cos(wt)dt (3.33)
n=0

where n = 0,1,2. Once we obtain the distribution function P; shown in Eq 3.63 for the
stretched exponential function, Clyy (t), spectral density J(w), can be computed as following
113

270 N 27, 1u;
= ARF An( 771 ’ .34
J(w) R {Z n1+(w7'0 ZO 1+ (wr, /uZ)Q]} (3.34)

where (7)1 = [(6 — n?) D1 + n?D)|)] the overall correlation time and 7'7?1 = (o)t

the effective internal correlation times.

In the rigid model, the spectral density function is expressed as following,
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2
270 27!
J =52 Ap(0)———2— 1-58%H — 3.35
@) =82, MO e+ O iy 339
where 1 /T/ = 1/mpm + 1/71 , 7 and 77 denoting the effective relation times from overall

tumbling of the molecule and internal motion, respectively.

3.2.5 Application to Collagen Model Peptides

To determine whether the backbone motion of the collagen-like peptide in the MD simula-
tions can be interpret by the WBR model or furthermore there is the sequence dependence
of collagen-like peptide flexibility, we apply the theory developed by Schurr and co-workers
for the elastic motion of the bending duplex DNA. Following their study, some assumptions
are also made in collagen-like peptides: (1) collagen-like peptide is assumed to behave like
a flexible rod that has mean-local cylindrical symmetry; (2) each triplet is coupled to its
neighbors by a harmonic twisting potential with the « force constant between consecutive
triplets; (3) each triplet is coupled to its neighbors by a harmonic bending potential and the
force constant x between triplets, which is assumed to be the same for the rotation about
z and y axes; (4) we assume that there is a single bending and a single twisting force con-
stant between consecutive triplets, and that each acts to straight the chain; (5) although the
collagen-like peptide is not as rigid but still stiff enough that the local twisting and bending
of motions are uncoupled; (6) the uniform rotational motions are the rotation around the

symmetric axis (which is the helical axis of the triple helix) and about the y/x axis.

3.2.5.1 Parameter Fitting

The parameters used in WBR model are:

1. the ARF is the amplitude reduction factor due to rapid isotropic wobble of the bond

vector in the local frame;
2. the torsion elastic constant «, which governs the dynamics of twisting deformations;

3. the bending elastic constant &, (or equivalently the dynamics persistence length P; =
hk/kpT, where h is the rise between triplets and kpis Boltzman’s constant), which

governs the dynamics of the bending deformations;
4. the hydrodynamics radius Ry related to the friction coefficient vy ~ R%I ;

5. the diffusion coefficient for the symmetry rotation D and combined with (4), the fric-
tion factor ~ per triplet for rotation the symmetry axis is obtained, v = kgT'/[ D) (N +

Dl
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6. the diffusion coefficient for the transverse axis rotation (usually called end-to-end tum-
bling) D ;

7. the orientation 6 of bond vector in the local frame (triplet);

8. other general constants are N (number of subunit, triplet), & (length of subunit, rise

between two triplets), ¢ (solvent viscosity), and 7' (at room temperature).

The parameters are determined through a fitting procedure against atomistic MD simulation
results. Some general criteria apply to decide which parameters to fix and which to adjust.
Usually, a parameter should be fixed when it is known to be the level of precision from “inde-
pendent” experiments or simulations or theory. For example, in the case of MD simulation,
h, L, and Ry are well-known and are not expected to vary significantly among different
collagen-like peptides, e.g. from PPG10 peptide to POG10 peptide. Diffusion coefficients
should be not varied among the different samples due to the similar size of Ry, h and N.
The value of the equilibrium angle 8 of the vector attached to the collagen model peptides
can be computed directly from MD simulation. The mean and standard deviations of the
orientations of the NH vectors in the collagen-like peptides have been discussed in previous
chapter (see Chapter 3, Table 4.6). In the case of POG10 peptide, since the mean value and
the corresponding standard deviation are similar through the peptide. Thus, the values of
f and ARF can be set to be the same for each disc. Therefore, in the fitting procedure, the
only two adjustable parameters left are the force constants, a and x which may be varied
with different sequence compositions. We fit the specific properties (i.e. order parameters
S$?, mean-squared angular displacements < A,(¢)? > ), which can be achieved by both MD
trajectories and the WBR model.

The constants used for the calculation in the rest of paper are: N=27 (number of subunits
in the collagen-like peptide), Ry =7 A, h=32 A, T=293 K, and ¢=0.01 poise, and v =
4n¢Ry*h dyne cm s. With those input parameters, the uniform diffusion constants about
the symmetry and transverse axes computed from theory by Tirado and Garcia (TG) [115]
are 0.0611 and 0.005 ( x10%/s ), respectively. The complete set of parameters for the WBR.

model are summarized in Table 3.1.
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Parameters ‘ Numerical values
Equilibrium disk length h [A] 3.2
Equilibrium polar angle 6 [degree| 90
Number of discs 27
solvent viscosity ¢ [poise] 0.01
temperature [K] 293
Hydrodynamics radius Ry[A] 7

Table 3.1: Summary of parameters of the weakly bending rod model, derived from atomistic
MD simulations

3.2.5.2 Model Fit: MD Simulation v.s. WBR model

In this section, we briefly examine whether the convectional order parameters S? derived
from the MD trajectory of collagen model peptides POGjy and PPGig can be fitted with
WBR model. As these two peptides with identical triplets ( containing Gly-Pro-Hyp and
Gly-Pro-Pro for POGyg and PPGyy, respectively ) have uniform height and radius through-
out the triple helix, we assume that each triplet is connected to its neighbors on both sides
through bending and twisting springs with the same elastic force constant x and «, respec-
tively, which acts to straighten the chain.

The plot of the order parameters S? versus the position of glycine of NH vectors (Fig. 3.2)
shows that plateaus of the internal correlation functions of NH vectors from MD trajectories
are captured well with WBR model, indicating a decrease in S? toward the termini as a
consequence of rod flexure and twisting. The best fitted parameters are listed in Table
3.2. However, the best fitted values are not really consistent with what observed in MD
trajectories. For example, infinity value in bending force constant represents the absence
of bending modes in the collagen-like peptides, but this motion has been seen clearly in
PCA results. The main reason for this infinity of the bending force constant is the fitting
procedure with two variables having no constraints when having order parameter S? as a

target.
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Figure 3.2: The order parameter S? as a function of position of vectors along the collagen-
like peptides: POG10(left) and PPG10 (right). MD-derived Sdenoted as Red
(x) and WBR-derived S*denoted as filled blue (o). The fitted force constants are
shown in Table 3.2. All the vectors are assumed to have the same orientation
with 6 = 90° relative to the symmetric axis in the molecular frame.

« (KBT) R (KBT)
POG10 46 ~108
PPG10 44 ~108

Table 3.2: Summary of the force constants k and «, computed using the best-fit parameters
for the S? of NH vectors of the collagen-like peptides.

Using order parameters as a point of contact may not give the appropriate twisting and
bending force constants, which can match nicely the collective motions existing in the
collagen-like peptide from MD simulation, but gives a general idea for the order param-
eters profiles having highest values in the middle of the helix and gradually decreased values
toward the end. (In next section, we will use other property as a target to find more rational
force constants) As discussed in previous chapter, the analyses on the orientation of the NH
vector have shown that the NH vector at the end does not deviate that much from the one
in the middle, suggesting that the local rapid internal motion might not the one dominat-
ing the lower value of order parameter at the termini than the one in the middle by ~0.2.
Excellent fits with WBR model shown here suggest that it is the global bending or twisting

modes dominates the deviations from rigid-rod behavior.

3.3 Using the WBR Model to Analyze MD Simulations of Collagen
Model Peptides

It has been shown in Sec. 3.2 how the time correlation function of a vector attached to

a subunit of the filament could be expressed simply in term of the mean squared angular



o7

displacements. The objective in this section is to compute the mean-squared angular dis-
placements < A,(t)? > in Eq. 3.13 and < A,(t)2 > in Eq. 3.14 separately as a point of
contact, since they can be readily determined from both molecular dynamics simulations
and the WBR model. As discussed in earlier section, excellent fits in order parameters
suggest the collective bending or twisting modes dominating the deviations from rigid-rod
behavior. WBR model also assumes the rod flexes and twists independently, therefore, one
expects to fit < A, (t)2 > to obtain the bending restore force constant, and fit < A, (t)% >
to compute the twisting force constant separately. Once these force constants are given,
all other properties, i.e. time correlation functions, order parameters, relaxation rates are
readily computed within WBR model (Sec. 3.2.3, 3.2.4) and the impact of the rod flexure
can be explored.

An attempt here is to demonstrate how to compute the values of < A.(t)> > and
< A,(t)? > for each subunit (triplet) around its transverse (z) axes and instantaneous
symmetry (z), respectively, from MD snapshots. First, we define a subunit and its corre-
sponding rotation axes in collagen-like peptide. The connected subunit and the body-fixed
coordinate axes of a given subunit are shown in Fig. 3.3. An instantaneous coordinate rod
frame is defined in the molecule (each snapshot) as follows. The z-axis of the whole rod is
taken parallel to the instantaneous end-to-end vector and is chosen pass through the center
of mass of the molecule. The x and y axes are taken to be any two orthogonal axes in a
plan perpendicular to z axis.

From the point of view of WBR model, the collagen-like peptide containing only (Gly-Pro-
Hyp) or (Gly-Pro-Pro) repeated triplets is assumed to be composed of N “identical” triplet
with unit height A ~3.2 A and hydrodynamics radius Ry. Each triplet is connected to its
neighbors on both sides through bending and twisting springs with elastic force constant x

and «, respectively, which acts to straighten the chain.
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Figure 3.3: The mean local symmetry top model for torsion and bending motions in collagen-

like peptide. (a) Schematic representation of amino acid composition, subunit
(black box) and subunits step parameters (arrow) of POG10 peptide. (b) The
collagen-like peptide is considered consist of a set of triplets (subunits) with dif-
ferent orientations in torsion and bending angles relative to each other. One
triplet, triangle plane, is defined with three atoms Gly, Pro, and Hyp from each
strand in the same helical axis level. Lines between Gly and Pro, Pro and Hyp,
Hyp and Gly are marked as red, blue and green, respectively. (c) The peptide can
be modeled as a string of discs connected by Hooke twisting and bending springs.
The mean squared angular displacement < A (t)? >, j = w or z. rotation about
the instantaneous Z and & azes of a subunit disk. Cylindrical symmetry here
in the sense that < Ay(t)? >=< Ay(t)? > for any pair of transverse & and §
aves. Twisting modes: < A,(t)? >is the mean squared angular displacement
about body-fized z avis. Bending modes: < A, (t)? > is the mean squared angular
displacement about body-fized x axis.

3.3.1 Mean-Squared Angular Displacements

In MD, the instantaneous twisting angle ¢(t) between any two consecutive triplets of

collagen-like peptide for each snapshot is calculated using 3DNA algorithm [86], with which

the “six step parameters™ shift, slide, rise, tilt, roll and twist between the any successive

triplets are computed (more detailed information can be found in Methods section in Chapter

3).

The instantaneous bending angle (¢) is defined as the angle between the local z-axis
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(normal vector of each triplet) and the end-to-end axis. Inserting the twisting and bending
angles into Eq. 3.13 and 3.14, respectively, yields the values of< A, (#)? >and < A, ()% >of
each triplet, which are displayed in Fig. 3.4.

1 5 10 15 20 25
Trailing P OJG|P|O|G|PIO|G|[PIOGPOGPOGPOGPOGPOGPOG
Middle P O G|P|O|G|P|O|G|PIOIGPOGPOGPOGPOGPOGPOG
(a) Leading P O G P|O]JG]PJOJGIPIOJGIPOGPOGPOGPOGPOGPOG
0.05 T r T r T r T r T r T 0.07
— triplet 1~17 | : tzriplen
0.06F — triplet3~23

0.04
N
5
< 003
s
Vv
1l
A o002
N<x
v

0.01

(b) % 100 200 300 400 500 600 (C) % 700 200 _ 300 _ 400 500 600
time (ps) time (ps)

Figure 3.4: (a) Schematic representation of amino acid composition, base (black box) and
bases step parameters (arrow) of POG10. The mean-squared angular displace-
ments: (b) bending, < AZ(t) >=< [0(t) — 0(0)]*> >, where O(t) is the an-
gle between the normal axis of the triplet to the end-to-end axis; (c) twisting,
< A2(t) >=< [¢(t) — #(0)]? >, where ¢(t) is the angle between two successive
triads at time t and is calculated using SDNA. Number n triplet represents the
angles between the nth triad and the (n + 1)th triad counting from N terminus
of the peptide POG10.

As all conformers are superimposed to the reference frame, indicating that no uniform

2 2
motion contribute to these displacements, so that the slopes d<Afh§t) Z and d<Ath(t) Z become

zero after all the internal modes have completely relaxed. For example, in Fig. 3.4 (a), the
middle triplet (13~15) in peptide POG10 has a slope of % that reaches zero after
~100 ps, whereas the triplet toward the terminal take longer time to relax completely.
With the definition for the bending angle, Fig. 3.4 (a) shows that the value of < A, (t)2 >
of a triplet decreases gradually when the triplet towards to the center of the helix, consist
with the results from WBR, theory. However, it is not the case for the value of < A, (¢)? >.
Fig. 3.4 (b) shows that expect the two triplet at the termini, all the triplets have more
and less similar curves in < A,(t)? >, indicating that this angular motion behaves the
“local rapid-like” motion instead of the collective-like motion. It might be the definition for
the angle used here, therefore, an appropriate twisting angle representing the normal mode
is necessary to characterize the twisting elasticity of the rod. We will not investigate the
calculation of twisting angle in this dissertation but in the future research. In the following,

we focus on the rod flexure and characterize the rigidity of the rod in terms of the bending
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force constant.

3.3.2 Model Fit

In this fit, the comparison of the values of the < A2(¢) > for the central triplet with those
computed from normal mode theory yields the bending force constant x ~ 460 (KpT). The
agreement is fairly good for the central triplet, but a discrepancy emerges for the triplet
toward the end, as is evident from Fig. 3.5, indicating that the bending angle of a triplet at
the end experiences some kind of motions other than the collective bending modes. Overall,
we conclude that the WBR theory works well for the backbone global bending motions of

collagen-like peptide in MD simulation, especially for the triplets away from the termini.

— MD_15

0 100 200 300 400 500 600 700 800
time (ps)

Figure 3.5: Comparison of the MD simulations (solid lines) with the normal mode theory
(dashed lines) in terms of the value of < A2(t) > for the central triplet 15 and
the two (2,25) triplets at the end. The fitted bending force constant k ~ 460
(KBT)

We have addressed the problem of getting the values of < AZ%(t) > for the triplets that are
dominated from rod twists from MD simulation. But with the fitted bending force constant
K, it is possible to obtain the twisting force constant .. Excellent fits to S? gives the twisting
force constant o ~ 52 (KpT), suggesting the significant contribution of rod twists to the
order parameters (the difference between red and blue circles) as is evident from Fig. 3.6, if
the model admits both bending and torsion motions. In conclusion, neglecting the influences
of collective twisting and bending motions leads to a very large estimate for the amplitudes
of the local librational modes of the NH bond vectors. It has been suggested in the literature
by Schurr et al. [110], in which collective modes are taken into account when reevaluating
experimental NMR relaxation data, resulting in a significantly smaller amplitude for the

local motions of the bases.
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Figure 3.6: The order parameter S? as a function of the NH vectors of the Gly residues in
POG10. MD-derived S* denoted as Red (x) and WBR-derived S*denoted as
filled dot. The WBR model that admit only bend with force constant k ~ 460
(KBT) gives the values of S* denoted as filled dot (e). With a given bending
force constant k ~ 460 (KT ), the best fitted twisting force constants is o ~ 52
(KpT) shown as filled dot (e). All the vectors are assumed to have the same
orientation with 6 = 90° relative to symmetric azis in the molecular frame.

Additionally, this deformable-induced order parameters shows the orientational-dependence
if the rigidities between torsion and bending motions are different (Fig. 3.7). This depen-
dence is more significant for the rod toward the end (blue dot in Fig. 3.7). This difference
can be understood as follows. Internal torsion modes do not affect the vector pointing to the
symmetric axis but become pronounced for vector orienting away from this main axis, while
bending modes affect the most for the vector aligns along the rod. Only when the torsion
and bending have similar rigidities, this deformable order parameter becomes less sensitive
to its orientation (diamond in Fig. 3.7). This relation is not possible with the model-free
formula because it assumes that the local amplitude fluctuation of the vector is independent

of its orientation with respect to the molecular frame.
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Figure 3.7: The WBR-derived order parameter S? as a function of the orientation of a NH
vector in the molecular frame. A wvector at the middle rod labeled as red and at
the end rod shown as blue. The WBR model that admit both bend with force
constant r ~ 460 (KgT') and torsional force constant oo ~ 52 (KpT') denoted as
filled dot (e,e), and rigidities with k ~ 460 (KT ) and a ~ 460 (KT ) denoted
as triangle ().

As mentioned earlier, using order parameters S? as a contact between MD and WBR
model requires the information of the local internal motion of a vector attached to the
triplet i.e. equilibrium polar angle and ARF, since the order parameter is the product of the
vector orienting in the molecular frame. An advantage of using the mean-squared angular
displacement of a triplet as a target is that the knowledge of the local internal motions is
not needed. As we have assumed that the value of the mean-squared angular displacement
of a triplet is purely contributed from the collective modes of bending or twisting. However,
this assumption could be incorrect, as the collagen bends in solution simulation, the triplets
do not actually move in straight lines perpendicular to the end-to-end vector as assumed in
the WBR theory.

The point in this work is not that bending force constant is actually 460 (KpgT') or twisting
force constant is 52 (KgT'), but that, under some simple assumptions, to access the possible
and relative contributions of collective and localized internal motions to the MD data i.e.
order parameters, which might not require that much larger amplitude of the internal angular
motions as predicted in rigid body model. We show below that how this WBR model that
admit twist and bend deviates the NMR data from rigid rod behavior.

3.3.3 Relaxation Data: WBR model v.s. Rigid-Rod Model

With the given information (i.e. MD-derived order parameter S? and geometry structure
for POG10) from MD simulation, we look forward to computing the nor relaxation data

using two motional models: rigid-rod and the WBR rod model. Calculated values of R1, R2
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and NOE for the rigid rod and the present flexible model with the force constants, which
are obtained in previous section, are plotted as a function of the NH vector of Gly residues
for POG10 peptide in Fig. 3.8.
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Figure 3.8: Relaxation data (R1,R2,NOE, and R2/R1) for each NH wvector of glycine
residues in POG10 peptide using WBR model (red ) and Rigid model (blue
&), The calculations of relazation data excludes the contributions from inter-
nal relazation times. The polar angle of each NH vector is set to § = 90°. In
the WBR model, the torsion force constant o = 50 KT and the bending force
constant k ~ 460 KgT'.

In the rigid rod model, only the large amplitudes of the local internal motions are consid-
ered into the decrease in order parameters and the expression of the spectral density function
in Eq. 3.35 is applied to get the nmr relaxation data. This model assumes the isotropic
internal motion, in other words, the local amplitude fluctuation of the vector is independent
of its orientation in the molecular frame. As a result, taking the ratio of R2 and R1 should
eliminate the contribution from internal motions and only be related to the orientation of
that vector in molecular frame. It is expected to get a constant value of R2/R1 for the NH
vectors in Fig. 3.8 since all the vectors are assumed to be perpendicular to symmetric axis
of the collagen rod.

When account is taken of the collective twisting and bending deformation, there are some
deviations from rigid-rod model as evident in Fig. 3.8. The internal twisting and bending

motions shift the values of R1 and R2 compared to the rigid rod but keep the similar trend
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along the collagen-like peptide. The most striking deviation is the positional-dependence
of the values of R2/R1 for the vector with same orientations due to the different twisting
and flexure rigidities along the rod. A vector toward the end is more sensitive to the
deformable motion than the one in the middle, where local amplitude fluctuations induced
by the collective modes is governed by a less anisotropic deflection potential.

In conclusion, if the twisting and bending rigidities are smaller, their amplitude fluctuation
as isotropic internal motion will be reduce, hence, the positional-dependence of the ratio of

R2/R1 become pronounced.

3.4 Conclusion

NMR relaxation has been recognized as having the greatest potential to provide the most
comprehensive picture of motional amplitudes and frequencies in a protein through the
interpretation by the model-free approach. However, this simple approach is only valid for
isotropic overall tumbling and when internal motions occur in a highly symmetric fashion.
When it comes to the collagen-like peptide, which is better approximated as a cylinder and
with highly anisotropic overall tumbling, this widely used Lipari-Szabo model free approach
should not be used.

The primary focus of this work concerns the modeling of the torsional and bending motions
of linear triple helical collagen-like peptide with 30 residues on each strand to explain the
possible internal motions causing the order parameter profile. Both torsional and bending
motions are explained by analytic theories with torsion or bending elastic constant which is
uniform along the helix (with host sequence POG or PPG repeated triplets). This present
flexure model provides some features that model-free approach does not offer. Firstly, WBR
model predicts orientational-dependence of order parameters if the torsion and bending
rigidities are small and different from each other. This is not possible with the model-free
formula because it assumes that internal motion of a given vector undergoes in isotropic
deflection potential. Secondly, WBR model shows the internal motion is in dependence
on the position along the triple helical peptide. The order parameters S? decreases as the
position of the bond vector away from the middle to the terminus of the peptide. Therefore,
the site specific label can be a good test of the internal dynamics.

In the next step, we turn to a more general formulation of the WBR model that considers
overall tumbling as well as internal motions. Here instead of having one unit for each peptide
“step” of the triple helix, the model is more coarse-grained, using eight spheres to model the
thirty-residue per chain peptides considered here, and we call this the “eight-bead” model.
This provides a model for the coupling between overall (tumbling) and internal (twisting

and bending) motions. We consider a range of parameters that could describe many sorts of
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rod-like molecules. Our preliminary explorations suggest that, in most cases, such motional
coupling has only a small effect on correlation times of the orientation of a vector (data not
shown), but further exploration of this model seems warranted.

Another on-going investigation in this project is the concern of the dependence of collagen-
like peptide flexibility on sequence composition. MD simulations have clearly indicated that
the bending behavior of T3-785 peptide with amino-acid rich residues is much different than
other peptides (in Chapter 3). It is not clear at this point how severe this dependence is, but
elucidating the effects of the varying amino acid sequences on this behavior will be necessary
to understand better how the chemical structure and overall mechanical deformation motions

are related in details.

3.5 Appendix

Here the theory of the weakly bending model developed by Schurr and coworkers is briefly
presented and the reader can refer the papers for more details of derivations [108, 112, 113].
The deformable macromolecule is regarded as a linear but it is not complete rigid and
straight. The model assumes that the rod is consist of N identical spherical beads whose
centers are connected by N-1 virtual bond vector of fixed length h as shown h; of fixed
length. Between each bead of successive bond vectors are the Hooke spring and bending
spring that act to straighten the chain. The z-axis of the rod is chosen to be parallel to the
instantaneous end-to-end vector passing through the center of mass. The x and y axes are

initially taken to be any two orthogonal axes in a plane perpendicular to z. Input parameters
of WBR model are

1. Coupling constant cand k. for constructing the matrix A.
2. Hydrodynamics interaction H.

a) Since the hydrodynamics interactions are only know for spherical beads, when we
are dealing with a series of cylindrical rod, it must be substituted by an equivalent
sphere. The optimum sphere size is chosen to ensure that relaxational times for
the effective DNA model reproduce the translational and rotational dynamics for
the uniform modes of the rigid object subject to the constraint AN = hpeqqNpead
with Npeqq has to be integer. For example, according to Song’s work [108], it has
been shown that the optimum bead size has radius R = 15.9 or h; = 31.8 for
DNA chain.

b) Size of beads (radius R) for computing the friction factor 4, or .

e The translational friction factor v, = 6mnR = 37wnh
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e Rotational friction factor, v, = 8mnR3 = mh} = %%hg where 7 is defined as

the force per unit area needed to maintain unit velocity gradient between two
parallel surfaces moving relative to one another in the fluid. The cgs units of n

are , or poise.
a) scale factor S

o Ay(N)S%3 = Ay(Ny)

3.5.1 Twisting

The objective in this section is to seek the mean-squared angular amplitudes as a function
of time. We start with the diffusion equation for twisting motion of the N discs, which is

most easily represented by the Langevin equation than bending motion.

Single oscillator

To be less complicated, we first consider an isolated oscillator in a harmonics potential
U= %adﬁ. The Langevin equation for the twist angle ¢(t) for the one oscillator is expressed

in terms of few variables:

I$(t) +nd(t) = F(¢) + R(t) (3.36)

where fytg'b represents drag force with friction factor 7y; I is the rotational inertia; F(¢) =
f% = —a¢ the torque arising from the potential U; and R(¢) is the torque from the Brow-
nian fluctuations of the solvent with the properties of < R(t) >= 0, and < ¢(t )R(t) >= 0,
and < R(t)R(t)) = 2(kpT/v:) 6(t —t') > . In the overdamped regime or when twisting
potential U is large compared to inertial term, i.e. F(¢) >> I(ié7 then the Langevin equa-
tion is approximately V¢ + o = R(t). With the properties of R(t), we can write down the

Langevin equation for the average value of ¢ and ¢(t)¢(0) separately,

v < () > 4a < p(t) >=0 (3.37)
%% +a < $0)p(t) >=0 (3.38)

and the solutions to these two equations are

< (t) >=< ¢(0) > e~/ (3.39)

< ¢(0)g(t) >=< ¢(0)2 > ¢~/ (3.40)
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Since the distribution is independent of time (as the diffusive process is assumed to be a
stationary process) and is always at equilibrium state, the correlation function amplitude
is < ¢(0)? >=< ¢(t)> >= kpT/a. With these properties of the results, the mean-squared
angular displacement < [¢(t) — #(0)]? > can be further expressed as

2kgT
«

< ((t) = 0(0)(6(t) — (0)) >= 2(< 6(0)* > — < $(t)$(0) >) = (1—e ) (3.41)

N coupled torsional oscillators

Similar to above expressions for a single oscillator, the Langevin equations for N coupled
torsional oscillators (i.e. discs) in the WBR can be written together in terms of a matrix
equation:

T4+ 6 +aAd=B() (3.42)

where a vector of angular displacements (5 for N oscillators and N by N matrix A, which are

o1
®2
o= . (3.43)
oN
1 -1 0
1 2 -1
0 -1 2 .
A= .0 -1 2 -1 . . (3.44)
1 2 -1
o . . . 0 -1 1

These N coupled Langevin equations (as the form in A matrix) can be decoupled by
diagonalizing the matrix A, which yields N eigenvalue A, by operating transformation matrix
Q to A: Q'AQ = A. Therefore, the uncoupled normal twisting Langevin equations can be

expressed as

I7 437 +ahT = QR(t) (3.45)

The lowest eigenvalue of A, A = 0, corresponding to the uniform motion, and the associated
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column vector from @ will be removed in the calculation of internal motions. The resulting
matrix QA~'QT is so-called the pseudo-inverse of A (due to removing the uniform mode).

There are couple things about these uncoupled Langevin equations. (i) Since molecular
inertial motions in liquids normally has damping times of the order of picoseconds or less,
contributions to the equations of motion involving inertial terms might be ignored; (ii) since
the torsional oscillations of small elements probably do not perturb the fluid enough to cause
any significant effect, the hydrodynamics interaction through twisting is also omitted ( this
term will be included in the case of bending). Same procedures used for a single oscillator
are used here, therefore, the twist autocorrelation functions for the normal modes can be

expressed as

<O >=<7Ft)?> kZTA ! (3.46)

< TOFHO) >=< F(0)? > exp —ny—At) kBTA exp(—o;—/:t) (3.47)

_>
By substituting 7 = Q' ¢ back to those equations above, the self and cross correlations of
the mean-squared angular amplitudes for the twisting motions is
- >t
< o(t)o

(t)

, and the equilibrium average in a compact matrix form is:

(0) >= kB;TQAflexp(—%t)Qt (3.48)
o TVt

rs Al (3.49)

< 3(0) k%T

(0)>="Tor g =

The mean-squared angular displacement due to twisting motions is

— — — — - = - =
< (o)~ (0)(d(t) = ¢(0) >=2(< ¢(0) ¢ (0)' > — < (1) ¢(0)" >)
kT
= 2%@1\—1(1 — e oM/t (3.50)
Apparently, the mean-squared angular displacement is the sum of the contribution of each
normal mode. Besides these deformational normal modes, there is also uniform axil spinning
mode in which the contribution to mean- squared angular displacement is just D) = D1/N

where Dy = kgT'/~; is the diffusion for each identical rod.

3.5.2 Bending

The similar procedure is used fTwisting and Bending or constructing bending correlation

functions. The bending potential energy in the x and y direction for the N coupled oscillators



69

can be written in terms of the displacement coordinates,

U=U,+U, =1/2 kifAif+ 1/2 k0AG (3.51)

where 7; and 6; are the displacement coordinate angles between the ¢ and i + 1 bead (or
disk) in the x and y direction, respectively. Note that there are only N — 1 such angles
between the N oscillators unlike the problem in twisting where every oscillator possesses a

twist angle. In the matrix form, we can relate  and z, # and y by

1
=— 52
7 hb5 x (3.52)
and
o= L5 (3.53)
= hb Y .
where
-1 1 0 0
6= 0 -1 0 O (3.54)
0O 0 -11

if it is in the case of N = 3. § is the (N — 1) x N finite difference matrix and h; is the
diameter of the effective sphere, or the distance between the centers of the contiguous beads.

The bending potential energy in the x and y direction may be re-written in terms of the

displacement coordinates U = U, + U, = 1/2 h%i"étAéf—i— 1/2 h%gj’étAég" Since collagen-like
b b
peptide can be assumed to be molecule with symmetry top, U, = U,. We just focus on
beads bending in the y direction. The bending force is ?b(y) = —dd% = —%(VA(SQ’ and
b

the associated Langevin equation containing both the hydrodynamics interactions and the
bending force (?b)is

K

72 HG' A = R(t) (3.55)

my + vy +

where m is the mass of each bead or disk, v is the translation friction factor, H is the
hydrodynamics interaction tensor and is the sum of the identity matrix and the Rotne-
Prager tensor: H = 14 T. T is real, symmetry Toeplitz matrix that is accurate for the
equilibrium position of the rod and hence to all thermally accessible states of deformation

in the WBR limit. The elements of T can be expressed as

2a?

_3a_ 2a°
Ry,

T, =
Ilm 4le

~ . 1 A A
{I + le ' le + (g - le : le)} (356)
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where Rj,,is the center-to-center vector from the [*"to the m!*bead, I is the unit tensor,
a is the hydrodynamics radius of a bead. Note that the definition of the hydrodynamics
interactions only works for the case of spherical beads. We also assume that the weakly
bending rod is effectively straight so that Ry, = |l — m|h where h is the distance between
center of two contiguous beads. Then, the elements of the hydrodynamics interaction matrix

for the y motion will be given by

3
8l=m

1

The generic element of the hydrodynamics interaction matrix Hj,, describes how the
motion of the Ith residue produces instantaneous waves in the solvent, which will perturb
the velocity of the fluid surrounding a generic mth residue when [ # m. The perturbation
of the velocity decreases as the inverse of the inter-residue distance Ry,,; in this way the
hydrodynamics interaction is a long-term scale dynamics of the protein.

Transformation matrix @y is chosen so that the matrix Hd*Ad is diagonalized and diagonal
eigenvalue A, can be found which is {Qb_lHDQb = Ap}nn, where D = §'A5. The matrix
H D has two eigenvector with zero eigenvalue and corresponds to the translation and rotation
modes of mode, respectively. After moving these two modes from Aj and @, the mean-

square angular displacement of internal motion can be expressed as

< (7 (&) = T (©O) (7 (t) = 7 (0)" >=2(< 7 (0)7(0)" > = <7 ()77 (0)" >)
kT
= 277 (3Qu)A (1 — e ) (5T (3.58)
Kb

where Apis (N —2) x (N — 2) and Qpis N x (N —2).
Unlike the case for twisting motions, the single disc diffusion coefficient D(lfi e = kT /vB
is not identical to that of the uniform mode D? because of the hydrodynamics interaction
involved. The relationship between the entires in Df is not so simply related to DlB as is

true with twisting, but the magnitude of ratio of Df over DP is ~ 1/N2. The diffusion

matrix for the entire system can be written as
DB =DBH3(1- A A)H>? (3.59)

3.5.3 Hydrodynamics

1. Viscosity of water n is defined as the force per unit area needed to maintain unit
velocity gradient between two parallel surfaces moving relative to one another in the
fluid. The cgs units of 7 is dyne-sec/cm? or poise in honor of Poiseuille. The viscosity

of water is a strongly decreasing function of temperature. Hydrodynamics results are
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Cylinder
Re (3/2p1)'3(L/2)
2 1/3
F @B = 03124 0565 4 0]
Fr(a) 0.64(1 + 2077 — 01T
2" = 0.917 0.05
Fr(0)  gheersy:§ = —0.662 + &L — 052

Table 3.3: The ratio of translational and rotational frictional coefficients of cylindrical rods
to spheres of the same volume. F; = f;/6mnR. and F,. = f,/87nR>

commonly adjusted to 20°C, at which 1 ~ 0.01002poise. or 1.002 centipoise (cp).

2. Frictional coefficients of sphere. It has translational frictional coefficient f; = 67nR,
where R is often called the Stokes radius, and rotational frictional coefficient f, =
8mnR3. Note that translational friction varies only as the first power of the molecular
size, therefore, it is much less sensitive to molecular dimensions than rotational friction,

which varies as molecular volume changes.

3. Frictional coefficients of ellipsoid and cylinders: the ellipsoid model is widely used be-
cause its properties can be calculated exactly. The are often used to model cylindrical
rods, giving reasonably accurate results if length and volume of the two objects are
equated (2a = L, byy; = Mbcyl). The translational and rotational friction coeffi-
cients for cylinders are listed in Table 3.3. The equivalent radii R.of the spheres of
equal volume are given in the first row of Table 3.3. For cylinders, p = L/2b, where

2b is the diameter.

3.5.4 Stretched Exponential Function

Multi-exponential methods indeed provide better fits of the twisting and the bending
correlation functions. However, they are incapable of providing insight into the basis of the
physical relaxation phenomena. The intention of the research is to find a function to be able
to relate the relaxation behavior to physical quantities and with relatively small number of
degrees of freedom. Stretched exponential function seems to be a good candidate in this
case. Stretched exponential relaxation C(t) = exp[—(t/7)?] is ubiquitous in many research
areas, where 7 is a characteristic relaxation time and the stretching exponent 3 is the range
0 < 8 < 1. As 8 decreases from unity, more and more pronounced positive curvature is
evident at small t. Here the correlation functions from rotational motions are found fit
well in time space using the Kohlraush -Williams-Watts(KWW) or stretched exponential

functions.
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Crww(t) = exp[—(t/7w)""] (3.60)

There is no analytic expression for the Fourier transform of stretched exponential function
but a numerical transform can always carried out. A natural used interpretation of the
stretched exponential function decay is in terms of a set of pure exponential decays, with
a particular probability distribution p(r) of independently relaxing with relaxation times 7
where u = 7/7,. Therefore, the stretched exponential function can be rewritten in the form
of

Crww(t) = /0 drp(u, By)exp[—— ZPexp ])] (3.61)

Tw Uj

where the time constant for each exponential in the discrete summation term is u; =
Tw/T. Since p(u, By) (or P;) is a probability density, one has to meet the normalization
condition. [ p(u, B) = 1 (or sz\il P, =1). p(u,By) can be computed from the series

expansion:

1 KT (Buk+1) .
ol ) = = 3 E LA i by (1) (36
k=0
%ZF (lkuk:—l sin(mByk)(—1)Fulwk (3.63)
=0

3.5.5 Determination of Diffusion Coefficient of a Rigid Circular Cylinder

The hydrodynamics properties which depend on the particle’s size and shape are the ro-
tational coefficients ,D|| and D, for spinning and tumbling, respectively. They are the
primary rotational properties, the quantities that are experimentally observed are the ro-
tational relaxation times. They can be also computed using different models and theory.
Several dynamics models have been developed to compute the overall rotation diffusion ten-
sor, i.e. from the NMR relaxation rates depending on the orientation of N-H vectors with
respect to the principal axes frame of diffusion tensor [75, 116-118]. A number of theoreti-
cal models have also been developed for predicting the diffusion properties of protein from
its three-dimensional structure [119, 120]. There are also attempts to estimate diffusion

properties using molecular dynamics simulation [79, 121].

1. One of the popular theories by Broersma in 1960 is valid well for the long cylinder
with stick boundary condition. The Broersma theory made some corrections to mimic
the slip boundary condition, which is valid for the ratio greater than about 4. The
hydrodynamics properties of a rod with length L, diameter d and the aspect ratio
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p = L/d can be expressed in the following forms:

knT
— B 64
1= ond?L (3.64)
k‘BT 1 2
D, = 1 0.2 .
=3 i) 57+7[ln(p) 0.28)2} (3.65)

where kp is Boltzmann constant, T is the absolute temperature, 7 is the viscosity of

the solvent.

. Follow the theory of Tirado and Garcia (T'G) [115], the diffusion coefficients for uniform

rigid body rotation around two axes are

a) the rotational diffusion constant about the transverse axis

kgT(InP + C;-)

D, =&3 -
1 g ’/TT]L‘S

(3.66)

where £ is a scale factor that takes into account the slight reduction in end-to-end
distance due to spontaneous curvature appropriate for an equilibrium persistence

length;

b) the rotational diffusion constant about the symmetry axis

4k‘BTp2

D= BIPT
! ApmnL3(1 + C7|~|)

(3.67)

where Ag = 3.84. Therefore, the friction per triplet for rotation about the sym-
metry axis is

v=fi/N +1=Ay(1 + CymnR}h (3.68)

In the above-mentioning equations, the C+ and C’ll, the so-called end-plate corrections,
were obtained as numerical constants. The numerical results for the end-effect terms

are expressed as
C+ = —0.662 + 0.917/p — 0.05/p* (3.69)

Cll = 0.677/p —0.183/p? (3.70)
. from MD simulation [79],
. from NMR relaxation data [122],

. from combination of exact and approximation methods [118].
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3.5.6 Correlation Function for a Subunit in the Molecule with Mean Local Cylindrical
Symmetry

A diffusion equation for the probability density P(®,t) of finding a non-spherical macro-

molecule pointing direction ¢ at time t is as following

aP <I> t)
==Y I} -Di;-P(®,1) (3.71)

where I is an angular momentum operator, and ® is the Euler angle specifying the orientation
of a given molecule. The conditional probability density G(®t|®), Green’s function which
is the solution of the diffusion equation Eq. 3.71, represents that the macromolecule with
orientation at ®g at time ¢ = 0 will move to ® at time ¢. This G(P¢t|Pg) is used to evaluate

correlation function

< D2, [®o] Dok [® /d@/d(boP x G(®t|®0) D2, (o) D2, (D)

= 0pg < D}, (®,) D2, (@) > (3.72)

where Dgn(CIJ)the rotation function in the Wigner-Edmonds convention is just the rotation
that carries a coordinate frame from coincidence with the laboratory frame to coincidence
with the principal-axis frame of the molecule. The rotations of any particular subunit are
characterized by the time-dependent mean-squared angular displacements around its body-
fixed axes < AZ(t) >, < AZ(t) > and < A2(t) > along x, y, and z axes, respectively. If and
only if the macromolecule exhibits the mean local cylindrical symmetry,< AZ(t) >contains
the effects of collective twisting deformations and uniform rigid-body rotation around the
symmetry axis, while < AZ(t) >=< AZ(t) >contains the effects of collective bending de-
formations and uniform rigid-body rotations around a subunit transverse axis. For more
details of derivation of diffusion equation is presented in the paper [108]. The correlation
function of a subunit motion in the molecule in the molecule with mean local symmetry top

can be written as

. 1
< Dgn[(I)O}Dgn[q)} >= 517‘1 (7

5)exp[—%(6 —n?) < A2(t) >] enlcp[—%n2 < A%(t)>]. (3.73)



4 Dynamics of the collagen triple helix: K

Implications for molecular recognition

Abstract. The dynamics of inter-chain hydrogen bonding is important for collagen recog-
nition sites, including those containing disease-related mutations or excessive collagen degra-
dation. Here we study the dynamics of NH bond vectors in collagen model peptides (CMPs)
using molecular dynamics simulations. Both overall rotations and internal motions appear-
ing in molecular dynamics simulations (MD) using explicit solvent, allow the back-calculation
of NMR spectra and compare to the experimental data. The MD results show (i) the rota-
tional diffusion constants are larger than one in experiment, and it is likely that the details
of hydration layer around the CMPs are inaccurate in this protein-water potential; (%)
simulated CMPs exhibit significant amounts of bending and twisting motions, and their
dependence upon the amino acid composition, challenging the assumption of decoupling
between overall and internal motions that are generally made to interpret NMR relaxation
data. To test this separation, we performed the isotropically reorientational eigenmode dy-
namics (iRED) analysis, by which the overall rotational diffusion constants are in a good
agreement with those obtained from an approach that uses backbone superposition to define
overall tumbling. Computed diffusion coefficients are rescaled to fit experimentally measured
15N relaxation data for one of the CMPs, (T3-785).

4.1 Introduction

The triple helix is the main structural component in fibrillar collagens, the most well
characterized form of collagen, as well as an important structural motif found in several
membrane proteins. For instance, the members of fibril-forming family include type I col-
lagen, a heterotrimer, found in tendon and bone, and type III collagen, a homotrimer that
found together with type I collagen in skin, blood vessels and other tissues. The strict amino
acid sequence with glycine residue in every third position (Gly-X-Y),, is the main feature
of triple helical conformation of three peptide chains which are supercoiled around a helical
axis and stabilized by a set of inter-chain hydrogen bonds. Beside the sequence-dependent
characteristics and its static conformation, the biological function of collagen is also likely
determined by its dynamics, since individual residues at some point must be accessible to
the macromolecules in order to provide sequence-specific recognition and high affinity bind-
ing [20, 56, 57]. It has been suggested that regions with a relatively low imino-acid content
in collagen (i.e., fewer proline and hydroxyproline residues) may be involved in collagen
recognition sites, due to the difference in triple helical conformation and local molecular

mobility compared the imino-acid-rich (POG) regions. The great example is that matrix
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metalloproteinase 1, 3, and 8 bind human type III collagen at unique cleavage sites char-
acterized by a Gly-Leu or Gly-Ile bond which is preceded by the region rich in imino acids
Pro/Hyp at the X/Y positions, and is followed by an imino-poor region [19, 20]. Although
there are numerous potential cleavage sites presented in the collagens, they are not usually
cleaved by collagenases, indicating that this selective recognition must be related to the
local conformation of the extended sequence, particularly, the imino-acid deficient segment
on the C-terminal side of the cleavage sites. This change seems to be minor, but it has been
suggest that even small changes in conformation and mobility of the triple helix might be
sufficient to make the triple helix accessible to collagenases without additional enzymatic
contributions to unwinding [16, 20, 28, 80, 83, 88, 123].

4.1.1 Experimental Background

The dynamics of collagen model peptides (CMPs) has been studied experimentally for over
40 years [28, 58-64|. Lazarev and colleague [56, 57] dealt with collagens with different amino
acid composition, and hence different rigidity and stability, using infrared spectroscopy
and hydrogen-exchange methods. They have found that the large amplitude of backbone
dynamics with low frequency belonging to cooperative interactions are related to the protein
crystallinity and stability, whereas the high frequency dynamics on faster time scale remains
similar among these collagens. Brodsky and colleagues investigated the sequence-dependent
stability for various CMPs designed by host-guest approach [7]. Data from circular dichroism
suggest that the melting temperatures of these CMPs are related to their imino acid content:
the presence of imino acids at the X and Y positions confers maximum stability to collagen,
while non-imino acids at the Xaa and Yaa position result in variations in global and local
stability. For example, a CMP T3-785 (PDB entry 1BKV [28]), with sequence (POG)3-ITG-
ARG-LAG-POG-(POG)3, was designed to mimic a fragment with an imino-acid poor region
containing 12 residues occurring one triplet C-terminal to the unique collagenase cleavage
sites Gly-Ile or Gly-Leu in type III human collagen. The study of circular dichroism showed
that T3-785 forms a stable triple-helix with a melting temperature 7T,, = 18°C, far below
the T,, = 60°C for (POG)qg, consistent with the notion that imino-acid poor regions of
collagen have decreased stability [16].

To quantify the degree of thermal fluctuations within a crystal environment, Kramer
et al [28] reported that the B factors associated with the central imino acid-poor region
are considerably smaller than those associated with the imino acid-rich N- and C-terminal
regions in the T3-785 peptide, indicating less mobility in the imino acid-poor region. This
is seen in contrast to the thermal stability measurements, and suggests that further analysis

of the relation between stability and flexibility is warranted.
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4.1.2 NMR Spectroscopy

In this work, we are particularly interested in NMR spectroscopy, as it offers a powerful
method for studying molecular motions at a wide range of time scales, and has been applied
to CMPs for many years [2, 51, 64, 66]. Fan et al.  [2, 64] investigated the backbone
dynamics of the specific residues in peptide T3-785 and (POG)yp on the different time
scales. In the literature, they summarized with some main points: (i) the effect of chemical
shift on the relaxation process is ignored due to the very slow rate; (ii) the contribution of the
correlation time of internal motion to the relaxation processes is also neglected on the basis
of the observed large value of 'H-1N NOE; (iii) under the conditions (i) and (ii), the R2/R1
ratio is only a function of the overall motional parameters; (iv) the motional properties
on the picosecond time scale from '°N relaxation data are rather uniform for the central
Gly residues in both the imino-acid poor and rich regions, suggesting that the backbone
motion on the fast time scale is not sensitive to the sequence composition; (v) in contrast
to the relaxation data, hydrogen exchange data on T3-785 showed that the Glyl5 NH and
Leul6 NH exchange very slowly and slowly, respectively, while the Ala 17 NH exchanged
very rapidly; (vi) hydrogen-exchange data further indicates that the central Gly NH group
(in the sequence Gly-Leu-Ala in the middle of T3-785) exchanges at a faster rate than one
at the center of (POG)yo peptide, suggesting that imino acid-poor regions indeed increase
mobility in solution. These results point to the dynamics of Gly residues within imino-rich
or poor regions that differs at slower time scales.

While NMR spectroscopic experiments have implied that collagen may be flexible in some
areas [28, 58—64], only limited information on the nature of conformational changes is pro-
vided. The use of MD simulations to interpret NMR relaxation data is an alternative to
standard analytical models [67-70], since they provide a high resolution view of the motions
of biological macromolecules and produce continuous trajectories with the potential to con-
nect static structural snapshots, and give very detailed (if imperfect) description of protein
structures and dynamics in solution. Because the whole timescale of both rotational and
internal motions is now accessible by molecular dynamics simulations using explicit solvent,
the back calculation of relaxation parameters becomes possible.

MD simulations also provide an ability to explore correlated dynamics, which are often
responsible for the structural and biological activity of proteins and can be separated from
the less-relevant local motions of molecules with high-frequencies. Two methods used here
for analyzing collective dynamics are principal component analysis (PCA) [124] and isotropi-
cally reorientational eigenmode dynamics (IRED) analysis [67]. These techniques, which are
described in detail below, diagonalize covariance matrices in Cartesian or angular variables,

respectively, and construct collective modes based on the resulting eigenvectors.
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4.1.3 Molecular Dynamics Simulations

All MD simulations were conducted with the X-ray structure of each CMP of interest
(Table 4.1) as a starting structure. Crystallographic water molecules were not included in
the starting model to avoid any bias on the MD hydration sites. The peptides were immersed
in a truncated octahedral box of SPC/E water model, originally introduced by Berendsen
et al. [125], with at least 15 A between any peptide atom and the edge of the water box.
The Amber99SB force field was applied to model all the systems. The parameters for
hydroxyproline are presented in Appendix [71, 126]. Details about the starting structures
and the number of water molecules are given in Table 4.1. All simulations were carried
out with the SHAKE algorithm enabled for hydrogen atoms and with Particle-Mesh Ewald
approach with a 8 A cut-off for non-bounded interactions. After minimization, relaxation
and equilibrium, the production run was using NVE and the time step of integration was

1.0 fs and the Cartesian coordinates were saved every 2ps.

Table 4.1: Details of MD Simulations

peptide PDB No. amino acid water model No. waters ns

POG10 1VTH [24] 90 SPC/E 28989 86

PPG10  1K6F [23] 87 SPC/E 30991 97

GlyAla 1CAG [22] 88 SPC/E 27662 150
sequence in chain: (POG)4POA(POG)s

T3-785  1BKV [28] 89 SPC/E 30008 500

sequence in chain: (POG)3ITGARGLAG(POG)4

4.1.4 Chapter Outline

The objective in this paper is to explore the types of motions, including the overall tum-
bling and internal motions as well as the correlated motions. In Section 4.1.3, we start
with explicit solvent MD simulations for four CMPs, including a 0.5 ps long simulation of
the T3-785 peptide, and 100 ns simulations of Gly—Ala, (POG);9, and (PPG);q to explore
potential sequence-dependent motions. During these simulation times, the CMPs are stable
and exhibit fluctuations about their equilibrium configuration. The outline of this Chapter is
as follows. Section 4.2 we consider overall tumbling of triple helix with the high anisotropy.
Section 4.3 looks at NMR relaxation behavior and compare with experimental data. In-
ternal motions monitored by NMR are considered in Section 4.4 and the internal motions
of the side chains explored by iRED method are discussed in Section 4.5. The following
Section 4.6, we consider a correlated dynamics existing in the triple-helical peptide. We end
with the conclusion of main points in Section 4.7. In the Methods section, we describe the

methodology we used to analyze simulation data.



79

4.2 Overall Rotational Diffusion

The overall tumbling motion (or rotational Brownian motion) of the triple-helical colla-
gen peptide is the dominant contribution to the NMR spin-relaxation in solution, and it is
considered first, since the analysis of internal motions in NMR depends upon an accurate es-
timates of overall diffusion. Since molecular motions are rather complex, the nmr relaxation
data are almost universally interpreted using some simple models: the overall rotational dy-
namics of spherical molecule can be expressed in terms of a single scalar quantity, the overall
correlation time 77, or the equivalent diffusion constant D = 1/(67a); for non-spherical
proteins, D becomes a rotational diffusion tensor and anisotropy [4]. A number of theoretical
models have also been developed for predicting the diffusion properties of protein from its
three-dimensional structure [4, 119, 120], or from molecular dynamics simulations [79, 121].
Here we consider what can be learned about collagen peptides via both experimental and
computational analyses of rotational diffusion.

Several protocols have been developed to derive the overall rotational diffusion anisotropy
from NMR spin-relaxation rates [75, 116-118, 127]. Torchia with colleagues [128] suggested
that a rotational diffusion anisotropic model is suitable for describing the overall motion
of the collagen with high anisotropy. Xiao et al. [2] collected a set of relaxation rates
of the labeled Gly-Leu-Ala-Gly residues in the central region of T3-785 peptide and they
applied Lipari-Szabo model-free formalism |76, 107] to obtain the diffusion tensor. Table 4.2
lists some results of rotational diffusion analysis on the triple helical peptides: the effective
diffusion time and the anisotropy derived from NMR relaxation data on T3-785 reported
in the literature [2] and different computational approaches, which are discussed in the

following section.

exp® MD (RotDif) Ellipsoid model Hydronmr?

™ Dy/Di | 7. Dy/Dy I:I,:L° Dy/Di¢ | T Dy /Dy
T3-785 6.9 13.1 3.5 124 36.34 : 36.29 :1.00 12.68 6.8 8.93
PPG10 3.1 13.3 43.56: 43.55: 1.00 14.42 6.8 8.83
GlyAla 4.1 10.2 36.25:36.20: 1.00 12.66 6.9 8.54

Table 4.2: Diffusion tensors of collagen-like peptides. ®*: NMR-derived data from Ref. [2].
b - The ratio of principal components of inertia tensor of heavy atoms of peptides
from crystal structures. ©: Calculation is done using Torchia’s [3] empirical for-
mula D) /D ~ (IL/IH)U‘/E, where 11 /1| is the ratio of the principal components
of the inertia tensor and I, = I, = I, and I, = I in the case of prolate ellip-
soid. *: HYDROPRO calculation [{] using the X-ray coordinates. For the three
peptides listed, values of a (see the text) were 2.9, 2.4, and 2.3, respectively; o;
was 0.7 and o, was 1.65 for all three peptides.
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4.2.1 Hydrodynamic Models

We begin with an overview of “classical” models for the rigid bodies undergoing Brownian
motion in a continuum solvent. We know from rigid-body hydrodynamics that rotational
diffusion is quite sensitive to the size and shape of macromolecules in solution. X-ray crys-
tallography has indicated that the shape of triple helical peptides can be approximated as
ellipsoids or cylinders. The simplest calculations of rotational anisotropy are made by mod-
eling a triple helical peptide from crystal structure as a prolate ellipsoid (Table 4.2). This
estimation is done using moment of inertia derived from atomic structure and empirical
relationship, Dy /Dy ~ (IJ_/IH)l/\/5 [3, 115]. The ratios of inertia moments (e.g. T3-785
peptide) around the principal axes of the inertia tensors (I, : Iy : I,.) of the triple helix
are 36.3: 36.3: 1.00, indicating axially symmetric diffusion tensors. Using the empirical
relationship, the diffusion anisotropy value of helix is approximately ~12.7. This ellipsoid
approximation does not include the effects of bound waters, and the calculated inertial axes
from one static structure do not necessarily have to agree with the principal axes of the
actual rotational diffusion tensor.

Shell models, developed by Garcia de la Torre et al. [4], provide a more elaborate de-
scription of the protein surface than what is afforded by ellipsoid approximation. Each non-
hydrogen atom is replaced by a spherical element with a radius a, which is called atomic
element radius (AER). In the case of T3-785 peptide, with the value of AER ~ 1.4 for
each heavy atom, hydrodynamics shell model yields a reasonable estimate of the diffusion
anisotropy (DH /D1 ~10.71) but significantly overestimates the rate of molecular rotational
motion (737 ~4.8 ns) compared with experimental value, Tpy ~6.92 ns [2]. With value of
AER between 2.3 A~ 2.5 A, shell model yields an effective overall relaxation time close to the
experimental data, but has the values of D)/ D much lower than anisotropy predicted from
ellipsoid model or from experiment (See Table 4.2). The difference between AER and the
typical van der Waals radii of atoms would amount to the thickness of the hydration shell.
Therefore, the increased bound waters tend to decreases the value of anisotropy D /D, and
slow down the tumbling of the molecule. The need for an unknown (and seemingly arbi-
trary) value of the AER parameter has seriously limited the application of hydrodynamic
theory to the analysis of NMR relaxation data.

4.2.2 MD Simulation Results

The procedure of evaluating rotational diffusion tensor from MD trajectory follows the
paper by Wong and Case [79]. First, 500 vectors randomly and uniformly distributed on the
unit semi-sphere are selected, as shown in Fig. 4.1 and treated as initial pointing direction

for each vector. Overall (rigid-body) rotational motion monitored by computing the rotation
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matrices R(t), which is generated using an rms superposition of Cav atoms at time ¢ to the
average structure. Subsequently, the pointing direction n;(¢) of the ith vector at time ¢ is
generated by operating the rotation matric R(t) to the ith vector at their initial direction
n(0). Thus, the Crot4(t) autocorrelation function of the rotational motion for that vector is

determined by

Chrot,i(T) =< Py[n(7) - n(0)] >
where Py(z) is the Legendre polynomial.

(a)

By

9
e
o

Figure 4.1: Local diffusion constants calculated with RotDif for (a) Gly—Ala and (b) T3-785
peptides. Orientations of the random 500 vectors (cross points) and N-H vectors
(filled squares) from origin and its corresponding local diffusion constant dgps in
the range of 0.005 to 0.045 (10°s~'). The green lines represent the principal
azes of the derived diffusion tensor.

Following, we consider the rotational diffusion time of the ith vector, it is done by integral

the correlation function of its overall tumbling motion,

TMD,i = / Crot,i(t)dt (4.1)
0

To estimate the full integral, Wong et al. used the Romberg integrator to numerically
integrate the correlation function with a “single” decay time (see Theory in paper [79] ).
Subsequently, the Woessner rigid body diffusion model, 7rp ,(shown in Eq 4.2) is used to
optimize the correspondence between back-calculated and the MD-derived local effective

relaxation times, Tarp, to determine D, and D).

0.25(3cos%6; — 1)? N 3cos20;sin20; n 0.75sin0;
6D | 5DL+D|| 2Dl+4D||

TRB,i = (42)

where we integral the rigid body correlation function

1
Crp,i(t) = 1(300529 —1)2e70P1t 4 3cos20sin?0eOPLTLIE 4 %5in496_(2DL+4DH)t. (4.3)
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Fig. 4.2 shows the scatter plots of the local correlation time, 737 p, of any given vector from
the MD trajectory and Woessner rigid- body diffusion model correlation time 7rp in Eq 4.2
for two peptides Gly—Ala and T3-785. As expected for a non-spherical protein, the local
diffusion constant profile, dysp, which is 1/67yp, shows the dependence on the orientation
of the vector in the molecular reference frame. The fits of the MD to a Woessner rigid body
diffusion model are not quite accurate for these rod-like peptides as the deviations of 73/p
take place for the vectors with the orientation between 70° to 90°. These deviations can be
seen easily in the correlation between 7p,/p and 7rp.

In the rotational “rigid rod” model, when the anisotropy is larger than some specific value,
Dy /Dy > 4, a slight peak at 90 degrees occurs in the plot of the correlation time 7pp
against the orientation of bond vector. That is, when the anisotropy changes from 4 to 15,
the global minima of the plot (0,7zp) shifts from 90° to 59.2°. However, this shift is not
really seen in our calculation. The possible reason for this is as following. In our calculation,
only a single exponential decay is used to describe the correlation function of each random
vector; this is usually valid for the system with small anisotropy, but it fails in the limit of
the anisotropy larger than 4, as it cannot capture the slow decay mode which dominates the
decay after long time. Therefore, at least two exponential terms should be used to fit the
correlation function of individual vector from MD simulation. Furthermore, Fig. 4.2 exhibits
that rigid body model does not match the values of diffusion constant of the vectors, which
are aligning along the symmetry axis of the diffusion frame. It is because of minimization
of x2 of the least-squared fitting of all random vectors that are dominated by the vectors
pointing away from the long axis and only few vectors align along the long axis. Re-doing
the analysis along these lines is planned.

The values of the anisotropy are similar with those from ellipsoid model and experiment
(Table 4.2). However, the rotational diffusion constant in the simulation of T3-785 peptide is
about twice smaller (7. ~3.4ns) than experimental value (7, ~7ns [2]). This result is in line
with earlier results on globular proteins [79], which also found current simulation protocols

to give rotational diffusion that is too fast.
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Figure 4.2: Comparison of Tprp values derived from the trajectory with those Trp from
“rigid-body” diffusion theory for Gly—Ala peptide in panel (a), and T3-785 in
panel (b). Left: Distribution of local effective T values against the orientation of
vectors with respect to the principal azis of diffusion tensor. Right: Scatter plot

OfTMD and TRB -

4.2.3 iRED Approach

NMR relaxation data are not the only experiments capable of generating dynamics infor-
mation such as global tumbling and order parameters. The iRED calculation is an alter-
native method for analyzing the molecule’s motion that involves the angular fluctuations
of spin interactions; it can describe both the overall reorientation of the molecule, along
with collective motions of internal fluctuations of chemical groups. In the RotDif analysis
discussed above, the triple helical peptide seems to tumble fast, which might be caused by
an insufficient sampling or the validation of separation of overall and internal motions, or
weak interaction with bound waters. Here, we perform iRED method on the peptide T3-785
with 500 ns to characterize its rotational diffusion constant and compare it with previous
MD result (RotDif).
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Figure 4.3: iRED analysis on T3-785 peptide. (a) Time-Correlation functions Cp(t), of
the ten largest modes of the matriz M averaged over a 500ns trajectory from
iRED analysis, computed according to Eq 4.17. The C1~C5 represent the overall
correlation function modes and C6~C10 represent the most collective internal
modes. (b) Comparison of overall correlation functions of all the Gly NH vectors
from iRED analysis (black lines), with those from the RotDif calculation (red
lines).

Fig. 4.3(a) displays the time correlation functions Cj, () of each eigen modes which are
computed using Eq 4.17; (i) the internal correlation functions ( Cg ~ Cyg ), converging to
zero during the first nanosecond, is well described with monoexponential decay; (i) the first
five overall correlation functions (Cy ~ Cj5), which are distinct from those of internal modes,
are grouped into three categories, indicating that this triple helical collagen peptide tumbles
in a nearly axially symmetric fashion.

The correlation functions of the overall reorientational modes m = 1,..,5 do not reach a
stable plateau at a value well above zero after 5 ns simulation, suggesting that the reliable
estimates 7,,, cannot be made directly from the iRED original output file (see Eq. A19 in
Appendix 2 in ref. [67]). The first 5 ns of the correlation functions seem to be fit well to a
monoexponential decay. These improving 7,8’ for the global modes are listed in Table 4.3
and the improving overall correlation function can be built and compared with the results of
RotDif analysis. Fig. 4.3(b) shows a good agreement in overall correlation functions of Gly
NH vectors between iRED and RotDif analysis, but the discrepancy becomes significant as

the time increases.

It is possible to estimate the principal axis values of the rotational diffusion tensor using
Woessner’s equations (see Appendix). For example, from the 71 ~ 75 values (the 2nd column
in Table 4.3), the following diffusion tensor principal axes values are obtained using Eq.4.22
(Table 4.4). A measured for the anisotropy of the diffusion tensor is 2D, /(D, + Dy)=11.4,
which compares well with the corresponding value of 13.1 found by Xiao et al. [2]. Compared
to RotDif calculation, iRED analysis gives a slightly better agreement in diffusion time
with the value (73 = 6.92 ns) reported in the literature [2], but still is about 1.5 times
faster (7ps ~4.5ns) in simulation. To further improve agreement between iRED results
and experimental relaxation data, the correlation times of the reorientational eigenmodes
were possibly adjusted by minimized the x? in Eq. 4.6 (more details see the text in Sub.
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eigenmode (ns) H original® | 5ns fitted® H LeastSq®

Tl 2.0 2.51 3.02
T2 1.90 2.50 3.65
T3 9.60 19.6 31.3
T4 6.23 7.30 16.3
Ts 6.09 7.32 13.4

Table 4.3: Correlation times of overall modes from iRED analysis on the peptide T3-785.
@ original data (see text); ®: Fitted the row correlation function of the largest
five modes with monoexponential functions using only first dns long period of
time. ¢: Adjusting the correlation times of the five largest modes to reproduce the
experimental relazation data (see Sec. 4.3.3).

4.3.3 ). Since the adjusted correlation times given in the 3rd column in Table 4.4 do not
follow the axially symmetry diffusion motion, which gives 71 = 7 and 74=75, the fully
asymmetric diffusion Woessner equations in Eq. 4.21 are used to obtain the principal axis
values: D, = 0.006(10%/s), D, = 0.0022(10%/s), and D, = 0.0645(10%/s). This result is
not surprising since in iRED analysis, these modes depend on the associated eigenmode
directions, which do no necessarily coincide with the diffusion tensor principal axes. The
corresponding anisotropy is 2D, /(D, + D,)=15.7, which is slightly larger than the value of
13.1. This new set of adjusted 7, yields correlation time (73 = 6.86 ns), which is in a good
agreement with the value reported by Xiao et al. [2].

T3-785 peptide D1 (10°/s)® Dy (10°/s) D, = D—[ Diso  Tum(ns)©
RotDif 0.0099 0.1229 12.4 0.0476 3.5
iRED(5ns) 0.0084 0.0957 11.4 0.0375  4.44
*L-A(r1r2_diffusion) [2] 0.0048 0.0624 13.1 0.0240  6.92
iRED (LeastSq) 0.0041 0.0645 15.7 0.0243  6.86

Table 4.4: Calculation of rotation diffusion coefficients derived with model-free analysis based
on the experimental NMR relaxation data for T3-785 with the results of the iRED
and RotDif analysis of our MD trajectories.

@ [-A (rir2_diffusion): the derivation of the diffusion tensor using the fitting
program “r2r1_ diffusion” to the experimental relazation data of Leul6 and Alal7
only.

% D) =(Dy+ Dy)/2

“Tm = 1/(6Diso) = 1/(4D1 +2D))) the average diffusion time

The NMR-derived diffusion constants are significantly smaller than those calculated with
iRED or RotDif analysis, indicating the use of the SPC/E water model here underestimates
of the overall correlation timescale by speeding up the rotational diffusion compared to the
experimental value. This discrepancy between MD simulation and experiment is expected,
as it is observed in other study in which the SPC/E water model under-predicts the viscosity
by around 19% than the value determined experimentally at the room temperature [69, 121,

129|. Furthermore, Maragakis et al. [69] have accessed to us long timescale simulation of
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ubiquitin using SPC water model and still observed diffusion constant about twice times than
the experimental values. It suggests the fast tumbling of molecule in SPC/E water model
is not from the insufficient sampling over time. It is likely because there is no sustained
hydration layer over period time long enough to affect the hydration dynamics properties
of the protein or the interactions between bound waters and protein seem not to be strong
enough to slow down the tumbling of the protein in the simulation. Therefore, finding
optimized potential which gives a better value of global diffusion constant seems to be a

prerequisite for reproducing NMR relaxation data directly from MD simulation.

4.3 NMR Relaxation Data

NMR. 5N relaxation parameters (Appendix 4.8.2), which are related to the spectral den-
sity functions, are evaluated from the MD trajectory in three ways. In method (1), we follow
Lipari-Szabo (or model-free) approach in which the assumption of separability of the overall

and internal motions is made. It gives

Ctot(t) = Crot(t)cint (t) (44)

where the internal correlation function defined in Eq.4.7 and overall correlation function
in Eq. 4.3 from RotDif analysis. In methods (2) and (3), superposition of all conformers
to the average structure is not needed. In method (2), S? and overall tumbling time 7,
are obtained from the iRED (see Sec. 4.8.4) where the conformers do not need to be
superimposed and the orientation of any given vector is not considered. In method (3), the
raw data of C(t) is extracted directly from the raw MD trajectory and the parameters are
obtained using the first 10 ns to fit the data by a least-squares fit with a function of three

exponential terms

Chest(t) = Arexp(=t/m) + Agexp(—t/72) + (1 — Ay — Ag)eap(—t/73) (4.5)

Here there is no need to label S? or 7); in above equation. The purpose of this method is to
find the best function Cpes(t) being able to describe the total correlation function directly
from MD trajectory without any intermediate assumptions.

It is worth emphasizing that methods (1) and (2) for computing spectral density function
use the effective correlation time, 7j; for each individual bond vector, therefore, Eq. 4.24

that is attributed from overall tumbling, is applied to compute the spectral density function.
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4.3.1 Experimental Data

Experimental relaxation data depend strongly on both global and internal reorientational
motions: (i) the value of R1 mainly comes from J(wy) (see Eq. 4.8) and is more sensitive
to the variation of the correlation times 7 of either overall or internal motions; (ii) the value
of R2 is mainly dominated by how fast the molecule tumbles in solution (represented by the
J(0) term); (iii) if the tumbling of the molecule is described well by “rigid body” rotational
model, then the value of R2/R1 is just a function of diffusion tensor and the orientation of
that vector relative to the principal axes of the diffusion tensor. Therefore, it is common
to plot the back-calculated value of Ro/Rq based on the diffusion tensor derived from a set
of experimental R2/R1 data, as shown in Fig.4.4, in which blue line denotes the optimized
rigid body diffusion model for the relaxation data on the peptide T3-785 (Table 4.5 [2]).

The back-calculated R2/R1 values of the G15 and G18 deviate from the experimental
values by about 12%, suggesting a re-positioning of the backbone amide protons of Gly
residues (relative to the crystal structure) by adjusting the angle 6 to ~71 degree, out of
the C' — N — Ca plane toward the N — Ca bond. Such a modification of the NH position
of Gly residues is shown to improve the hydrogen bonds of amide group of Gly residues to
the carbonyl groups of Pro residues [2]. However, this conclusion depends strongly on the
neglect of internal motions, and might be reconsidered in light of the MD results reported

here.

POGPOGPOGITGARG'® L6 A1"GPOGPOG?*POGPOG

R1 error R2 error % error NOE
1G15 199 0.03 114 0.2 5.73 0.11 0.63
2G15 2,02 002 11.8 0.1 584 0.12 0.68
3G15 1.99 0.02 11.8 0.2 593 0.12 0.64
1L16 1.9 0.02 115 0.2 6.05 0.12 0.68
2L16 196 0.03 114 0.2 5.82 0.12 0.72
3L16 1.93 0.02 11.5 0.2 5.96  0.12 0.72
1A17 182 0.03 11.8 0.3 6.48 0.13 0.6
2A17  1.79 0.02 11.7 0.2 6.54 0.13 0.65
3A17 1.81 0.02 12 0.2 6.63 0.13 0.69
1G18 2.02 0.03 11.6 0.3 5.74 0.11 0.67
2G18 2,02 0.03 11.3 0.2 5.59  0.11 0.71
3G18 2.04 0.03 119 0.1 5.83 0.12 0.72
G24 2,04 0.03 115 0.2 5.64 0.11 0.59

The value of error was computed using 500, 600, 800 relaxation data.

Table 4.5: NMR relazation R1,R2, NOE data obtained using 500, 600, 800 MHz [2].
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Figure 4.4: The ratio of R2/R1 against the angle between NH wvector and the principal
axis of triple helical collagen peptide. Green circles are the NMR experimental
data [2]. Blue solid line follows the theoretical anisotropic diffusion model with
Dave = 0.024 x 10°(1/s) and D) /D =13.1. The number 1, 2 and 3 before the
residue name denote the leading, middle and trailing chain, respectively.

4.3.2 MD simulation Results

In our solution simulation of T3-785, the calculation of ®N relaxation data for a set of
residues is shown in Fig. 4.5. Three different approaches, methods (1)~(3), give similar
overall correlation times, which dominates the value of R2. On the other hand, these methods
show somewhat different values in R1, which depends on the parameters characterizing the
internal motions. In method (1), extended model-free formula gives S? and extra parameter,
the internal correlation time 7, for each NH vector in the peptide. This 7;,+ increases the
value of R1, as the 2nd term in Eq. 4.23, explaining why the values of R1 are literally
higher than those derived from other two approaches. The higher values of R1 (compared
to experiment) is a result of the fast overall tumbling of molecule in simulation.

Our objective here is not to accurately reproduce experimental relaxation measurements
reported by Xiao et al. [2], as these measurement strongly depend on the global tumbling of
the molecule, and it has been demonstrated earlier in Section 4.2 that molecule tumbles fast
in simulation than in the experiment. The discrepancy of relaxation data is depicted in Fig.
4.5. Rather, our study here aims to exam if the rigid body model is sufficient to accurately
capture the picture of internal motions existing in collagen-like peptide in solution, at the
same time, to provide a distribution of relaxation data of the residues in simulation. More

details will be discussed next.
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Figure 4.5: 19N relazation data Ry, Ry, and NOE for labeled residues in peptide T3-785 are
computed from MD simulation. Experimental relazation data ( black circles) are
collected at 20°C' at spectral frequency 500 MHz.

4.3.3 Re-scale overall Tumbling in Simulation ( iRED analysis )

Our previous calculation of the overall tumbling motion has suggested that the protein-
water interaction parameters in current force field may underestimate the strength of the
interaction between the protein and the solvent. Here, we examine how the simulated
diffusion tensor can be re-scaled to achieve a better fit to the relaxation data, then provide
an insight into the interpretation of the internal motions in solution nmr.

According to iRED analysis introduced by Bruschweiler and Promers [67], the agreement
between calculated results and experimental data can be effectively improved by adjusting
the correlation times of the first largest eigenmode to the experimental data. Treating only
10 correlation times 7, as variable parameters, we used the x? as a measure of proximity

to the experimentally determined relaxation rate constants:

N
X2 _ (Xicalc _ Xieﬂﬁp)2
T (o)

(4.6)

where X£¢ are the calculated and X7 are the experimental R1, R2, and NOE parameters,
and o; are the corresponding experimental errors. As described below, the correlation times
Tm can be adjusted to minimize x? using a least-squares fitting procedure.

Fast tumbling of molecule extracted in simulation leads to a x? value of 1.5 x 10°. The
five largest overall tumbling modes and the five largest internal modes are adjusted through
the fitting procedure of minimizing value of x? in Eq. 4.6. This fitting improves x? value

by about a factor 35 (x? = 4.18 x 102). The back-calculated relaxation parameters are
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displayed as blue circles in Fig. 4.6. For the most residues (except the values of R1 in Ala
residues), the data is well reproduced when considering only 10 fit parameters. The adjusted

correlation times are given in Table 4.3 together with the original values.
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Figure 4.6: The °N R1, R2, and NOE relazation data at 500MHz proton frequency for
labeled residues -(G15-L16-A17-G18)- and G24 in T3-785. 1, 2, and 3 represent
leading, middle and trailing chains, respectively. Relaxation parameters calcu-
lated using the iRED analysis after fitting the correlation times of the 10 largest
modes are shown as blue circles. Ezxperimental relaxation data are shown as X
with errors at 20°C at 500 MHz.

Re-scaling the overall tumbling times eliminates the possibility of an overall increase in R1
attributed from the fast tumbling in solution compared to experiment (as discussed above ).
Therefore, the internal modes from IRED analysis clearly give the higher values of R1 than
ones from experiment for the labeled residues Alal6 (Fig. 4.6), implying that the force field
may overestimate the rigidity of amide N-H vectors at Y position in the imino-acid poor
region.

Another possible explanation (borrowed from Schurr et al. [113, 11}] ) suggests that
this increase in R; values would be interpreted as greater flexibility contributed from the
collective bending and twisting motion of backbone. This greater flexibility will give the
larger internal relaxation time and explain why the experimental R; values of Glyl5 NH
and Gly 18 NH are slightly higher than the others e.g. Leul6 NH and Alal7 NH ( Table
4.5). If this statement is true, then it may imply that dynamics of backbone of the collagen-
like peptide might be non-rigid body like. It may also suggest that a single reference frame
cannot be defined for analysis of the MD trajectory.
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4.4 Internal Motions for NH Bond Vectors

Next, we turn to a discussion of internal motions in collagen-like peptides. These are most
commonly described in terms of order parameters S?, which range from one to zero, and

measure the spatial restriction of that vector in the molecular frame.

4.4.1 Order Parameters

Here, we calculated S? from the MD trajectory in two ways, In method (1), overall
motion of the protein is first removed by superposing the backbone heavy atoms of each
conformer to a reference frame. Then, Cy(t) is calculated directly from the MD trajectory
after superposing, and S? is obtained by least-squares fit of the “extended” model-free (EMF)
model (more details in Appendix) for the correlation function introduced by Clore, et al [107],

which is defined as

Cr(t) = [S?+ (1 — SF)e /™ + (5} — §%)e7'/™]. (4.7)

EMF model allows the internal motion on two different time scales; 7y and 7, are the relax-
ation time for the fast and slow internal motions as well as S? and S2 are the squared order
parameters on the fast and slow time scales, respectively, where S? = S]%Sg. In this model,
S2serves as an approximation to the long-time limit of the internal autocorrelation function
limit, —0oCr(7). In method (2), S? is computed from the iRED where the conformers do
not need to be superimposed. Additional details on this analysis are provided in Sec. 4.8.4.

Two analysis methods yield S? values in the T3-785 that are consistent with each other
(Fig. 4.7): high consistency in the center region with higher value of S? but divergence a
bit at the sites with lower values of S? toward the end (Fig. 4.8(a)). Because there is no
need to separate internal and overall motions in iRED analysis, high correlation between two
methods implies the decorrelation of the bond vector orientation from molecular tumbling.
The larger discrepancy between the two methods is observed among the residues toward the
terminus, suggesting that the capability to separate internal and overall tumbling motions

might be limited.
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Figure 4.7: Comparison of the generalized order parameters. NMR-derived S? based on
model free approach (Gly modified) 500+600+800 NMR on the T3-785 are la-
beled as red cross. Calculated values were obtained from a 0.5 us MD simulation
using itRED and internal correlation functions fitting as described in the Methods.

The comparison of the values of S? obtained from MD simulation and those obtained
from experiment is often presented as a test of MD force fields. However, the limitation of
number of experimental observables makes this comparison difficult and incomplete [2, 64].
Qualitatively, the S? values obtained from both methods for most Gly residues in the triplet
Gly-Leu-Ala-Gly in T3-785 peptide are consistent with experiment. It suggests that the MD
simulation using the Amber ff99SB force field with the SPC/E water model can give a good
agreement for the Gly residues. The EMF-derived S? of Gly residues exhibits a general
correlation with the presence of main chain hydrogen bonding of its amide proton (Fig.
4.8 (b)). This hydrogen bond-related correlation was also observed in the N relaxation
measurement on the globular protein human ubiquitin [77]. These observations lead to
a conclusion that triple helical tight interactions provide the dominant restriction to high
frequency motion of the main chain with hydrogen bonding interactions.

Unlike Gly residues, the simulated S? for Leu and Ala (especially) residues are significantly
higher than NMR-derived S2. These sites are highly exposed to the solvent, it is possible that
AMBER f{f99SB force fields underestimate the flexibility of amide N-H vectors at the X and
Y positions in the imino-acid poor region, or in solution there are regions of conformational
space that give additional flexibility but have not been accessed in the simulation, or that the
fluctuations that are responsible for the experimental relaxation data possibly more complex
than can be described by the model-free formalism. But it is also possible that the method
for extracting order parameters from the experimental data is flawed, and we explore this

more in the next chapter.



Figure 4.8: Predictions of the values of S from MD simulation.
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Figure 4.9: The S? and 75 extracted from the Clore model-free formula Cr(t) = [S% + (1 —
Sj%)e*t/Tf + (SJ% — §2)e~t/7s] fitted to the correlation function of NH bond vectors
in the peptide T3-785 of MD simulation.

Last but not least in this section, we present internal correlation time 75 (Fig. 4.9) from the

Clore model-free analysis on the peptide T3-785. Most 7, values are around half nanosecond,

while for some of bond vectors, 75 values are even close to the overall tumbling time (~ 3.5

to 4.5 ns) in the simulation. The physical nature of these slow fluctuations of the backbone

is unknown, however, the nanosecond time scale might be related to the occurrence of large
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amplitude or more complicated concerted motions. These ideas will be explored in more

details in the next chapter.

4.4.2 Orientational Fluctuations

The predicted S? profiles can be reflected in the reorientational fluctuation of bond vectors
in molecular frame [130]. The mean value of orientation of individual NH bond vector with
respect to the molecular frame and its standard deviation are given in Table 4.6. That the
distribution of orientations of N-H bond vectors in simulation follows “Gaussian distribution”
indicates that the internal motion, particularly in the backbone, is highly restricted and

dominate in the case of harmonic dynamics.

G6 G9 110 T11 G12 Al13 R14 GIA15 L16 Al7 G18 G21 G24

T3-785 L 90(10.6) 86.3(9.1) 69.8(9.1) 77.4(6.8) 84.1(7.8) 70.2(7.5) 80.9(5.9) 84.1(7.5) 70.7(7.2) 82.1(7.0) 84.7(7.4) 89.5(8.9) 90.3(9.9)
M 90.2(10) 86.0(9.1) 72.1(9.1) 79.1(6.2) 84.6(7.8) 68.4(7.0) 82.2(5.7) 86.5(7.4) 70.4(7.2) 79.5(7.1) 86.0(8.0) 88.1(9.1) 88.2(10)

T 88.009.8) 85.5(8.4) 72.4(9.1) 80.4(6.3) 83.4(7.6) 69.7(6.8) 84.0(5.7) 85.2(7.3) 67.7(7.2) 81.4(6.8) 89.1(8.8) 89.3(9.4) 88.1(10)

POG10 L 885(10.4) 89.2(9.6) 89.6(9) 89.2(8.7) 89.3(8.7) 89.5(9.0) 89.5(9.8)
M 88.7(10) 88.6(9.5) 89.3(8.9) 89.3(8.5) 88.9(8.8) 88.9(9.2) 89.2(10)
T 89.1(11) 89.2(10) 89.3(9.1) 88.9(8.8) 89.4(8.7) 89.3(8.8) 88.8(9.5)
PPGI10 L 91.2(11) 89.9(9.9) 89.0(10) 88.9(8.6) 89.6(8.5) 89.6(8.9) 89.2(9.5)
M 90(10.6) 89.4(9.4) 89.7(8.8) 89.4(8.5) 89.2(8.6) 89.6(9.1) 90.2(10)
T 88.8(9.9) 883(9.2 89.18.7) 89.8(8.5) 89.1(8.7) 88.8(9.3) 88.9(10.2)
Gly2Ala L 91.3(11) 89.6(10) 88.8(9.4) 85.6(10.9) 84.3(8.6) 91.2(9.0) 90.1(9.5)
M 89.4(11) 89.5(9.6) 89.8(8.8) 100.7(10.3) 84.4(9.2) 89.0(9.4) 90.3(10.2)
T 88.2(10) 88(9.5) 89.4(9.3) 82.2(11.2) 89.(8.7) 86.9(9.6) 87.7(11)

Table 4.6: Mean' value of orientation of N-H vectors with respect to principal axis of inertia

tensor? of triple heliz. The value in the parenthesis is the standard deviation.

L Mean, p, of the Gaussian distribution function p(x) = O_\}gexp(f(x_“)) and

202

its standard deviation, o shown in bracket.
2 The orientation of inertia axis is aligned to the N terminus of the triple heliz.

The iRED-derived order parameters SZ-QRE p of the N-H vectors are presented in Fig. 4.10
for four different triple helical collagen peptides. All of the backbone bond N-H vectors
exhibit similar S? profiles with gradually reduced S? values toward both termini of the
triple helices (except where the Gly is replaced by Ala residue); a maximum S? values of
around 0.88 occurs near the middle of the sequence, while a minimum value of around 0.65
is observed at the ends. This fraying effect is accomplished by a relatively low separability
index (g~ 2.5) between overall and internal motions, which suggest that the capability to
distinguish between internal and overall motion is limited. The same trend is observed in
a study of backbone dynamics of a-Helix in the uncorrelated relation in dihedral angles, in
which the distortions is maximized relative to the reference helix and the fraying effect is
high [78§].
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Figure 4.10: Comparison of the model-free derived order parameters from iRED analysis for
all peptides

It is worthy noting that the values of S? of Gly residues in imino-acid poor region is
slightly higher than those at the same sites in the imino-acid rich region. This is consistent
with the trend of orientation fluctuations of the Gly NH vectors in Table 4.6, in that the

fluctuation amplitudes increase near the termini.

4.4.3 Inter-chain Hydrogen Bonding

Here we look carefully into the inter-chain hydrogen bonds to understand the higher order
parameters S2 observed in the simulation than those in experiment in the peptide T3-785.

In crystal, a report of T3-785 structure has been published on the formation of interchain
water-mediated hydrogen bonds as well as its hydration pattern [28, 55]. On average, two of
the three amide groups in each triplet in the imino acid poor region are involved in hydrogen
bonds in T3-785 in crystal (Fig. 4.11); one is the conventional inter-chain hydrogen bond,
NH(Gly)- - - OC(X), between the amide proton of Gly residue in one chain and the carbonyl
groups of the X position in the adjacent chain; another hydrogen bond; the second type of
hydrogen bond runs in the opposite direction from the first type hydrogen bonds through
water molecules. On average, these nine water molecules (W1m~W9 shown in Fig. 4.11)
are 2.85 A away from N atoms and 2.99 A away from the O atoms, and make an average
angle of 107.1°. Despite of the lack of imino acids in the central zone, there is little deviation
of these values from the average values, indicating that the three chains in this imino-acid

poor region are not pulled apart to any significant extent.
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Figure 4.11: Hydrogen bonding pattern in amino acid-rich region of peptide T3-785 in “crys-
tal structure”. The conventional main chain direct hydrogen bond NH(Gly)-
O0=C(X) is shown as solid green line. All water-mediated hydrogen bonds are
marked with dotted lines. There are three types of water-mediated hydrogen
bonds shown: (i) water molecules, denoted as blue circles, form hydrogen bonds
with the carbonyl oxygen of Gly residues and with backbone nitrogen of residues
in X position of an adjacent chain (black dotted lines); (ii) water molecules,
Wi, W2, W8 form extra hydrogen bonding to side chains of Hyp (T), Thr (L),
Thr (M), respectively (red dotted lines). Although Thr in T chain is close to
W/, its side chain is not properly oriented for H bond forming in this crystal
structure; (4i) water molecules W8 and W9 form extra hydrogen binding to the
long side chains of Arg (L) and Arg (M), respectively.

In solution, NMR hydrogen exchange measurements showed that Gly and Leu have similar
exchange rates and are more protected from exchange than Ala, suggesting that the amide
groups of the Gly and X positions have similar hydrogen bonding and different from those
at the Y position [64]. Both experimental observations are accordance with the model with
two hydrogen bonds per tripeptide, which has been proposed for Gly-X-Y sequences where
X is not an imino acid by Ramachandran and Chandrasekhar [81].

In our simulation, these two hydrogen bonds are also observed for every triplet (Gly-X-Y)
in the imino-acid poor region, and the amide groups in the Y position are essentially external
and exposed to the solvent molecules. In Table 4.7, higher occupancies are displayed by sites
W1, W8, and W9, in which the water molecules are further stabilized by H-bond interactions
withe the side chain of the residues at the Y position. This high occupancy of W8 and W9
might be due to mobility of Argl4 side chain and the Ile. Additionally, the high occupancy
of W1 is due to the participation of the hydroxyl group of Hyp residue water mediated
interaction with carbonyl group of Gly in the same strand. These water sites locate around

the edge of imino-acid rich and poor region might be crucial for the triple helix stability.
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The imino acid poor region of the T3-785 molecule is heavily hydrated than the POG
regions at the ends of the molecule. Then the C-terminal zone is next well hydrated, and N-
terminal zone is least well-hydrated [55]. It has been suggested that the extensive hydration
in the central region is partially the result of the additional donor groups of the amide
nitrogen atoms in contrast to POG regions in which the only donor groups are the hydroxyl

groups of Hyp and water molecules.

w1l W2 W3 W4 W5 W6 W7 W8 W9 T2?2

Occupy% 80.3 589 39.8 514 79.6 67.7 66.5 889 831 6.7
Ave. time(ps) 45 21 31 32 44 28 28 157 53 12
Max. time 156 68 98 126 152 118 108 476 158 90

Table 4.7: Water mediated hydrogen bonds (labels are shown in Fig. 4.11 ) parameters in
the imino-acid poor region in T3-785 peptide of MD trajectory. HB length cutoff
3.3 A and HB angle cutoff 120°.

LW denotes NH(X)-WAT-OC(Gly) water-mediated hydrogen bonding two different
strands: the water molecule bound to the amide group of the amino acid in the X
position and the carbonyl groups of Gly in the adjacent strand.

2T2 denotes hydroxzy group of Thr in leading chain hydrogen bonding to the water
molecule W2 as shown in Fig. 4.11, which is Oy1Hy1-WAT-OC(Gly) hydrogen
bond connecting the same strand: the water molecule interacts with the side chain
of the Thr in the same chain as the Gly carbonyl which is at the N-terminal side
of Thr.

It should be noted that the low B-factors of the amino acid residues do not reflect on
the stability of the triple helical conformation, but rather are indicative of the numerous
interactions mediated by these residues to symmetric-related molecules. Thus, the presence
of non imino acid residues plays an important role in collagen structure by providing a looser
helical conformation while also permitting the formation of important hydrogen bonding
that stabilizing not only the triple helix but also mediated helical helices contacts that are
important in collagen packing [54]. The main reason to have a water molecule bridging
N-H(X)--- O=C (Gly) hydrogen bond is to avoid the distortion of the triple helix [131] and

further get a set of interactions almost as strong as direct inter-chain hydrogen bonds.

4.5 Internal Motion for Collagen Side-chains

4.5.1 Mobility of Side-chains upon the Sequence of the Triple Helix

Collagen side chains, except one at Gly residues are accessible to solvent, therefore, side-
chain flexibility and mobility are important for understanding the interaction of collagen
with receptors, other collagen and other matrix molecules. NMR studies of amino acids

incorporated into collagen have showed a high degree of side-chain and backbone mobility in
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fibrils [62]. High resolution x-ray structures of model peptides show side-chains with multiple
occupancies, indicating that fluctuations of the side-chain conformation can occur within
crystals [132]. Studies of intrinsic fluorescence in the collagen triple helix have provided an
insight into the mobility and accessibility of individual side chains at the X and Y position
[133].

Gly PRO(Xaa) HYP(Yaa) veve POG10 ey PPG10
o ) o N 0.8 st s E N
Il I Il Il % 06| el
c—N—C—C—N—CQ—c—N—CA—Ci T an ey og o B
H f

3 6 9 12 15 18 21 24 27 30 3 6 9 12 15 18 21 24 27 30

residue index residue index
(a) (b)

Figure 4.12: (a) Structure of collagen motif, Gly-X-Y triplet, where X is often Pro and Y
is often Hyp residue. (b) The S2pp(Eq. 4.15) for backbone bond vectors and
side chain of aromatic residues (Pro/Hyp) for four collagen-like peptides. Filled
circles represent backbone N-H (red) and CA-HA (green) bond vectors, respec-
tively. Open squares represent side chain CD-HD (blue), CB-HB (magenta),
and CG-HG (orange) bond vectors.

However, specific models for characterizing the internal motion has not yet been obtained
for large side chains and the data analysis is complicated by the fact that a side chain can
assume many different conformations; meanwhile, the experimentally determined Lipari-
Szabo S? provide minimal data about small regions of the collagen-like peptide. Th iRED
approach allows the calculation of the SZZR pp for any N-H or C-A bond vector as it requires
no needs of superimposing the conformers ( Fig. 4.12 (a)). Among the C-H bond vectors
in side chain at X and Y position, CB-HB and CG-HG are more accessible to the solvent
than GD-HD vector. The iRED analyses on the simulation of the four CMPs show that all
the backbone bond vectors exhibit similar SZ?R pp brofiles with gradually reduced S 2 value
toward both termini by around 0.15 compared to ones in the middle (Fig. 4.12 (b)).

The profiles of SER rp of these four peptides reveals the extent to which side-chain mobility
reflects differences in local flexibility upon the sequence content of the triple helix. For the
GPO region in (POG)19, Gly—Ala, and T3-785 peptides, the values of S?RED of side chain
at the X position are lower than those at the Y position, indicating that side chains at the
X positions are more mobile than ones at Y sites in the host region. It is consistent with
the observation by Kristein et al., [133] who employed Trp fluorescence to compare the X

and Y positions of collagen in solution. It has been suggested that this higher accessibility
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of side chain at X position may be responsible for interacting with other molecules or self-
association [133, 134]. It is possible that this extra mobility allows side chains at X position
to fluctuate to fit into the binding to other macromolecules. Replacing Hyp residues with Pro
residues in Y position (PPG)jo or mutating Gly with Ala (Gly—Ala) apparently interrupts
this pattern of mobility of side chain at X and Y sites; e.g. an increase in side chain flexibility

at Y position and a decrease in the mobility of side chain of proline at X position.

4.6 Correlated Dynamics

4.6.1 Principal Component Analysis

General speaking, the intramolecular dynamics of protein is very complex compared to
overall rotational diffusion, since it consists of motions of different types, at different time-
scales, and amplitudes. One strength of MD simulations is its ability to reveal correlated
dynamics through principal component analysis (PCA).

The results of PCA on all the four peptides share some similarities including that (i) the
first five PCAs account for up to ~80% of the structural variance of the Ca atoms. Over
half of this structural variability is mainly described by the PC1 and PC2 modes, which
corresponds to orthogonal global bending-like oscillatory modes of the backbone ( Fig. 4.13
); (i) the PC3 mode describes the twisting-like motion; (iii) whereas the next higher modes
represent the higher harmonics of motions. In overall, visualization of the projection of the
PCA modes onto the MD trajectories shows that the essential dynamics of these peptides

is very similar.

120
[0}
308
100 =]
>
(=
S
80 3 0.6
B =
= 60 S
Q04
10 i}
=}
e—e PPG10 = . e—e PPG10
20 o—e POG10 302 o—e POG10
° oo T3-785 oo T3785
oo Gly2Ala oo Gly2Ala
0 10 o E5 00 R (R R R (R
( a) eigenmode index (b) eigenmode index

Figure 4.13: (a) Eigenvalues plotted in descending order of magnitude are obtained from Ca-
atoms coordinate covariance matriz in the MD simulation of collagen model
peptides. (b) Relative cumulative sum eigenvalues to the total eigenvalues of
the motions along the eigenvectors obtained from the Ca atoms coordinates
covariance matriz in all peptides.
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Figure 4.14: (a) The atomic fluctuation of the essential motions of Ca atoms of the collagen
mode peptides along the most three significant eigenvectors: PC1, PC2, and
PC3. Residue numbers 1-29, 31-59, and 61-89 belong to leading, middle, and
trailing chain, respectively. (b) Time correlation function of backbone bending
and its associated correlation time.

The atomic fluctuations from the three largest PC modes on the four peptides are shown
in Fig. 4.14 (a). Although, these fluctuations have some similarities in both ordering and
the nature of PCs for all four sequences, it does reveals some slight differences induced by
mutations in the projection of the PCs modes onto the MD trajectories. For example, a
Gly—Ala has the most flexibility in terms of the backbone bending. The Gly— Ala peptide
has the longest bending correlation time among the peptides (Fig. 4.14 (b)).

In addition, the Gly— Ala also exhibits an anisotropic backbone bending, which is reflected
in the atomic fluctuations of PC1 of each chain that are slightly different from one another
(This chain asymmetry was discussed more fully in Chapter 2, above). While the T3-785
exhibits the least fluctuations in both bending (PC1 and PC2) and twisting-like (PC3)
modes. This is consistent with the previous calculations of the S? profiles on the same

peptides, in which T3-785 has the highest values of SZ-QRE p than other peptides (Sec. 4.4).

4.6.2 iRED Approach

iRED is an alternative method for detecting correlated molecular motions through an
analysis of the angular fluctuations of spin interactions as well as describing both the over-
all reorientation of the molecule, along with collective motions of internal fluctuations of

chemical groups.
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Figure 4.15: Eigenmode collectivity plots. The collectivity factor, k (defined in Eq 4.14), as
a function of eigenvalue\ of each mode for the peptides POG10, PPG10, Gly-
Ala, and TS3-785. The degree of separability between global and internal modes
can be quantified by a separability index go. The value of go is 2.83, 2.76, 2.58

and 2.62 for peptides POG10, PPG10, Gly-Ala, and T3-785, respectively.

It can give a quantitative measure for the separability of global and internal motions in

collagen-like peptides. A good separability is characterized by a large gap in two dimen-

sions: eigenvalues A and collectivity k. The plot of the eigenmode collectivity k versus the

eigenvalue A of each mode for each collagen-like peptide provides a summary of the motions

accessible to each peptide (as shown Fig. 4.15). This plot summaries the properties of

the dynamics of system and examines if the separability assumption can be applied to the

system, if not, the experimental data will have to be analyzed using something other than

the Lipari-Szabo model-free formalism.

The results of iRED analysis lead to a variety of conclusions (Fig. 4.15):

1. collagen-like peptide processes overall “axially” anisotropic rotation as the three cata-

logs out of these five largest amplitudes modes;

2. the overall tumbling of these four peptides are similar as a results of the similar dis-

tributions of eigenvalues of the five largest modes;

3. these four collagen-like peptides have similar value of separability gap between 2.58

and 2.83;

4. there are some differences in the first two largest amplitude modes corresponding to

the correlated internal motions. For instance, in Gly—Ala peptide, the two largest

local modes shift to higher value in the A dimension compared the ones in POG10 or
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PPG10 peptide, while in T3-785, the first two largest internal modes are the lowest
ones among four peptides. The decrease in the value of A in the local modes is reflected

in an increase in the value of S5, (Fig. 4.10);

. although the eigenvalues corresponding to the global tumbling motions can be distinct
from those of internal motions in A dimension by visualization, these values of sepa-
rability index are close to that of a less ordered system where the overall and internal

motions are “not” separable [67];

. furthermore, for the system in which the internal and overall motions are separable,
the collectivities (k in the Y axis) should decrease with descending A\. However, such
a gap is not really observed in the collectivities dimension, indicating that some in-
ternal modes should be the collective motions through the whole system instead the
high frequently local motion. These observations above implies that the global and
internal dynamics of the collagen-like peptides are likely not rigorously separable at
some extent, it might lead to the inaccurate NMR-derived order parameters, and the
discrepancies of S? toward the terminus between iRED method and model-free ap-

proach.
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Figure 4.16: The values of 65% of the bond vectors along the triple heliz for the reorien-
tational modes e = 1,...,5 in the peptide POG10 (a), PPG10 (b), Gly-to-Ala
(c), and T3-785 peptide (d). Filled Circles represent spin pairs of the backbone:
N-H (red) and CA-HA (green) interactions, respectively. Open squares repre-
sent spin pairs of side chain: CD-HD (blue), CB-HB (magenta), and CG-HG
(orange) interactions.

Fig. 4.16 depicts how the iRED modes affect the sites collectively. The overall reorienta-
tional modes m = 1, .., 5 are highly collective affecting a large portion of all bond vectors in
a correlated way. The residues that are not affected by the el mode are significantly affected
by the e2 eigenmode (data not shown), indicating that they are indeed separate modes with
global character since they demonstrate a large collectivity index, as shown in Fig. 4.15.

According to an axially anisotropic rigid-body diffusion theory, the overall correlation time
of any spin pair should be only dependent on its orientation regardless the position of the
label sites. However, the positional-dependence of mobility is seen by the modes of el + e2
along the triple helix: the effect of el 4+ €2 on backbone decreases as the sites move away

from the center (excluding the mutated sites), implying the coupling between the sites and
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the intrinsic flexibility of the triple helix. The third mode €3, the longest decay mode, affects
over 70% spin interactions, where the side chain CB-HB at the X position are affected the
most. The effect of this mode on the sites at the end is similar to the sites in the center.
The second longest decay mode with e4 and e5 together contributes to backbone CA-HA
vector of Gly residues the most throughout entire helix. Overall, these five modes show a

very similar sequence profile.
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Figure 4.17: The values of 652 of the bond vectors along the triple helix for the modes €6, €7,
and e8 in the peptide POG10 (up left), PPG10 (up right), Gly-to-Ala (bottom
left), and T3-785 peptide (bottom right). Filled Circles represent spin pairs of
the backbone: N-H (red) and CA-HA (green) interactions, respectively. Open
squares represent spin pairs of side chain: CD-HD (blue), CB-HB (magenta),
and CG-HG (orange) interactions.

The remaining modes, associated to the fast motional modes in Fig. 4.17, have much
smaller and localized contributions to the internal dynamics of peptides. The modes e6
and e7 mainly affect the terminal end but the sites in the center region of helix, indicating
some kind of internal motions, e.g. twisting-like motion. Mode e8 mainly affects the spin
interactions of residues around the center of triple helix, implying some kind of bending
motions which seems to be the least in T3-785 compared to other peptides. The mobilities

attributed by these modes are in lines with the observations found in PCA.
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4.7 Conclusions

The structural features of collagen-like peptides have been investigated experimentally in
studies using x-ray crystallography and solution NMR. The global diffusion properties and
internal motion have also been investigated by NMR spectroscopy. The results presented in

this chapter can be summarized as follows:

4.7.1 Overall Tumbling Times 7,

One long 0.5 pys MD simulation of T3-785 peptide solvated with SPC/E waters at 298
K allows us to look into the influence of the flexibility of a molecule on NMR relaxation
parameters (R1, R2, and NOE). Various aspects of the triple helical peptide dynamics have
been considered. In the simulation at 293 K, the peptide stays in a folded conformation, and
the internal dynamics is confined to motions in the side-chains and in the terminal residues.

The rotational correlation time computed with iRED method is approximately 4.5 ns,
which is 30% lower than the value indicated by NMR experiments at 293 K (7as ~ 6.9
ns). Theoretical calculations based on hydrodynamic modeling shows that the rotational
diffusion tensor is affected by the extent of bound water. It was found that the faster overall
tumbling from simulations is the consequence of the absence of the hydration layer attached
to the peptides, indicating inaccuracy of the strength of protein-water interactions in the
simulation.

Many of the common rigid models overestimate the diffusion constant. Previous studies
of the viscosity for different water models commonly showed the significant differences be-
tween the calculated results and the experimental data [135]. For a SPC/E water model,
Balasubramanian et al. [136] calculated its viscosity at T=303.15 K about 18% less than the
experimental value; Hess [137] computed the viscosity at T=300K, which is about 30% lower
than the experimental value; Wu et al. simulated its shear flow at T=298.5 K and reported
an error about 23% between experimental data and calculated results [138]. As would be
expected, the use of the SPC/E water model here underestimated the overall tumbling times
by speeding up the rotational diffusion [135, 139]. Further improvement of current water
models for use in simulation setups to treat accurately the strength of protein-water interac-
tion which is important in the study of the NMR relaxation parameters and the hydration

layer attached to the peptides.

4.7.2 Order Parameters

The order parameter represents the information about the reorientational fluctuation of

inter-nuclear vector at any site of protein. The order parameters S? computed in this work
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for triple helical peptide are basically (1) the plateau value of local or internal autocorrela-
tion function of a given N-H bond vector after superposing the ensembles to the reference
frame; and (2) iRED analysis without the requirement of superimposition. Two of methods
provide highly consistent results for the triple helical peptides of studies. The variation of
52 along the triple helical peptide reflects contribution from long-range motion onto the
local environment. The fraying effect is observed in the order parameter profiles toward
the termini of the triple helices and the fluctuation amplitudes of the NH bond orientation
with respect to the molecular frame increase from middle toward the termini. Although the
origin of this effect is nonlocal, it is seen locally in S2.

The present paper further discusses hydrogen bond factor on the local order parameters.
The MD simulation of T3-785 peptide show a second inter-chain backbone hydrogen bond
mediated by a water. NMR hydrogen exchange studies and X-ray structure support its
presence as well. The studies of sequence-dependent variation in triple-helical parameters,
the collagen regions with rich in imino acids, e.g. the (Pro-Hyp-Gly) repeat units, adopt
tighter helix, close to 7/2 symmetry (3.5 residues/turn), while regions with deficiency in
imino acids are likely to have a looser helix. This looser conformation might fit the second

type water-mediated inter-chain hydrogen bond into the helix.

4.7.3 Correlated Motions Accessible to Collagen Model Peptides

MD simulations have pointed to significant amounts of bending and twisting motions ex-
isting in the triple helical collagen peptides. PCA has showed that over half of the backbone
structural variability are mainly described by the orthogonal global bending-like oscillatory
modes of the backbone as well as the twisting-like motion.

Similar to PCA, the iRED analysis have exhibited that some fast motional modes mainly
affect the terminal sites, indicating some kind of twisting-like motion, and other modes
affect the spin interactions of residues around the center of triple helix, implying some
kind of bending motions. Both PCA and iRED methods suggest that the imino-acid poor
region in T3-785 has the smallest-amplitude low frequency motions in terms of bending
and twisting compare to other peptides. These concerted motions imply the undetermined

reference frame, which will result in systematic errors to the model-free derived S? value.

4.7.4 Extra Information by iRED Approach

The iRED method basically provides a general framework for characterizing the macro-
molecular dynamics on the timescales accessed by MD simulation without any assumptions.
Therefore, the results of this method have been all over the places in this chapter. Most

results of the iRED method have been compared with others to test the validation of the
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other approaches. However, it also provides some information that other methods have not

explored yet:

1. NMR relaxation measurement of proteins provided the information of motional am-
plitudes and times scales under the standard procedures, such as model-free approach
and analytical model, for data interpretation. The iRED analysis of rank 2 provides
such information depicting correlated dynamics of different NH vectors together with

mode-specific correlation times;

2. unlike model-free approach, the iRED analysis is not restricted to globular systems
for which overall and internal motions are well separable. Isotropic RED is based on
a principal component analysis of irreducible lattice functions. The overall tumbling
observed during the finite MD trajectory is displayed as isotropic ensemble. In this
study on the collagen-like peptide, the satisfactory agreement between experimental
and theory is achieved by adjusting the correlation times of 10 largest amplitudes

modes;

3. an axially anisotropic rigid-body rotational model states that the overall correlation
time of the spin-pair is orientational-dependent. However, iRED analysis reveals the
positional-dependence of mobilities by the first two largest overall amplitude modes
for the spin-pair with similar orientation: the effect of mobilities gradually decreases
as the sites move away from the center, implying the coupling between the sites and

the intrinsic flexibility of the triple helix;

4. while some specific models for characterizing the internal motion has not yet been
obtained for large side chains and the data analysis is complicated by the fact that a
side chain can assume many different conformations. The iRED method allows one
to calculate the order parameters for the C-H bond vector of side-chain. The results
have shown that side chains at the X positions are more mobile than ones at Y sites
in the host region. Replacing Hyp residues with Pro residues in Y position (PPG)1g
or mutating Gly with Ala (Gly—Ala) apparently interrupts this pattern of mobility

of side chain at X and Y sites.

MD simulations can be thought of as a computational “experiment”; when there are dis-
crepancies between its results and those of the real experiment, it can often be hard to gain
an understanding of the source of the differences. In these circumstances, simpler model

calculations can be of use, and we will turn in that direction in the next Chapter.
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4.8 Appendix

4.8.1 Parameterization of Hydroxyproline

’ Atom ‘ Charge ‘ Atom ‘ Charge ‘ Atom ‘ Charge
N -0.25480 | HG2 | 0.02130 | HA 0.0641
CD 0.00192 CB -0.0070 C 0.5896
HD2 | 0.03910 | HB2 | 0.02530 0] -0.5748
HD3 | 0.03910 | HB3 | 0.02530 | OD | -0.6761
CG 0.30610 CA | -0.0266 | HD | 0.41020

Table 4.8: Point charges for hydrozyproline (Hyp)

L[] g |
| Hyp | 29.73 [ 147.86 |

Table 4.9: Dihedral angles
a. & is the dihedral angle N-C*-CY-O*
b. x1 is dihedral angle (N-C*-CY-CP)

4.8.2 General Relations in NMR Relaxation Data

According to the relaxation theory of Bloch, Wangsness, and Redfield [140, 141], the
spectral density function determines the relaxation parameters measured in NMR, i.e. spin-
lattice relaxation rate (R1), spin-spin relaxation rate (R2) of a 15N nucleus and the NOE
factors, which are contributed by the dipolar-dipolar relaxation and the chemical shift

anisotropy relaxation, according to the following

R1; = q34{3J;(wn) + Ji(wn — wn) + 6J;(wh + wn)} + @Ggadi(wn) (4.8)
2
R2; = M=447;(0) + 8J(wn) + Jj(wn —wn) + 6J;(win)+
q2
(6J;(wh +wn)} + %{4@-(0) +3J;(wn)} (4.9)
NOE; =1+ 1 (4.10)
YN RL]'

where g2, = (82130 < 7 %, sa = Bk (A0, T, = ,{6J,(won + ) -
Jj(wg — wn} which is the 'H to 1PN cross-relaxation rate constant, ug the permeability
of vacuum, h Planck’s constant, vy and vz the gyromagnetic ratios of N and 'H nuclei,

and Ao the chemical shielding anisotropy constant, and ry g the N-H distance; wy and wgy
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Larmor frequencies (in rad/s) of N and 'H nuclei, respectively. We set Ao = -176 ppm
for the N spin , ryg= 1.01 A, and external magnetic field of 11.74 T. The other values
are 1.054x 10E34 for the Plank constant, 47 x 10E7 TmA~! for the permeability of free
space fig, 2.675 x 10E8 T~1S~! for v and -2.71 x 10E7 T~'S~ for yy.

For the rate of transfer of longitudinal magnetization from the N to its proton R1 in Eq.
4.8, as wyy and wyy wy are large frequencies compared to wy, consequently J(wy £wy) and
J(wpr) are altogether negligible in compare to J(wy), and make no significant contribution
to R1. For the rate of transfer of transverse magnetization, only the term with zero angular
frequency make a non-vanishing contribution.

These relaxation constants for backbone amide moieties in proteins in solution depends
on the autocorrelation functions, C(t), of the N-H bond unit vector orientations p(t) in

laboratory frame. This autocorrelation function is defined by

C(t) =< P[p(0) - u(t)] > (4.11)

where Pp[z] = (322 — 1)/2 Legendre polynomial and the angle brackets denoted ensemble
averaging. The Lipari-Szabo model interprets the explicit expression to J(w), which is the
Fourier transformation of C(t), in terms of the global tumbling correlation time (75r) as well
as internal correlation time (7.) associated with the motion for each spin pair and an order
parameter (S2), which is a measure of the spatial restriction that the vector experiences in
a molecular frame. This expression provides a path for refining collagen structures and the

local flexibility from NMR experimental data.

4.8.3 Principal Component Analysis (PCA)

A principal component analysis (PCA) carried out on the molecular dynamics trajectory
involved two main steps: (1) the construction of the covariance matrix, using positional
deviation of the Cav atoms from the ensemble which must be superposed to filter internal
motion from overall rotational and translational motions. This is accomplished by a least-
squares fit each frames to a reference structure (e.g x-ray structure or average structure);
(2) the diagonalization of this covariance matrix, yielding a set of eigenvectors, which are
the indicators the directions of the motions, and the associated eigenvalues, which repre-
sent the amplitudes of that motion. In PCA, eigenmodes are usually sorted according to
variance rather than frequency. Nevertheless, the largest-amplitude mode of a PCA also
represents the slowest dynamical mode. Projecting the trajectories onto individual eigen-
vectors provides information about the time dependence of protein conformation along these

eigenvectors.
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4.8.4 Theory of iRED

The iRED is an alternative method for detecting the molecular motion through the angular
fluctuations of spin interactions, describing both the overall tumbling of the molecule, along
with collective motions of internal fluctuations of chemical groups. The effect of these
fluctuations on the relaxation parameters are reflected in variances and covariance of the
spherical harmonics Ya,,(2) with L=2. “Isotropic” reorientation means that the overall
orientation of molecule is isotropically distributed to get the averaged covariance matrix
with each element calculated between any two relevant bond vectors (e.g. N-H or C-H
vectors) in the same snapshot. Reorientational eigenmodes (eigenvectors) and amplitudes
(eigenvalues) are estimated using principal component analysis of the isotropically averaged
covariance matrix. Mathematical details are given in following.

The theory of iRED method are summarized briefly in this section. For the further deriva-
tion and explanations can be found in appendix of Prompers and Briischweiler’s paper [67].
The iRED analysis was used to detect molecular motions through the angular fluctuations
of interaction vectors within the molecules. The isotropically averaged covariance matrix M
is computed with elements

Mij =<< PQ(COS(QrL' — QJ)) >, (412)

where P is the Legendre polynomial of rank L=2, (£;—;) is the angular difference between
two vectors §); and €); in the same snapshot, and the overbar indicates the isotropic averaging
over all snapshots of the trajectory. Unlike RotDif analysis described above, in which each
snapshot is rotated uniformly as a rigid body, reliance on the single reference frame is
eliminated. In this approach, the conformers do not need to be superimposed because the
covariance matrix M constrains only inner products which are rotationally invariant. In this
analysis, all N-H, CA-HA, CB-HB, CD-HD, and CG-HG bond vectors (n=210 for peptide
POG10, PPG10, and Gly-to-Ala, and n=198 for T3-785 peptide) were used to generate a
second order iRED matrix. This set of inter-nuclear interactions provide both backbone and
side chain dynamics.

Next, a principle component analysis is performed by solving the eigenvalue problem
M|m >= Ap|m >, where =|m > describing correlated modulations of different spin in-
teractions, and eigenvalues, A, representing the eigenvalues. The values of \,, are sorted
in descending order and correspond to the variance of the amplitude fluctuations of the

trajectory along each eigenmode.
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4.8.4.1 Separability Index g2

The distribution of the eigenvalues is used as a direct indicator of whether the assumption
of the separability between internal and overall motions is fulfilled. The separability index g3,
providing a measure of the separability of internal and overall modes of motion, is calculated

as

DIIEDY

9o = f;)\z (4.13)
If the molecule is complete rigid, indicating no eigenmode attributed from the internal
dynamics, so go — 0o. For a flexible molecule, go will reflect how good the separability is
between internal and overall tumbling motions. A large value of go reflects good separability

between internal and overall motions.

4.8.4.2 Eigenmode Collectivity «

Eigenmode collectivity k , a measure indicating the percentage of the bond vectors col-

lectively affected by this given mode, can be calculated as

1
K = ﬁexp{—E};:le >k |210g [|m >k |2} (4.14)

where |m >y is the kth component of the normalized eigenvector |m >. The eigenmode
collectivity (k) plot versus the eigenvalues of the mode (\) provides the summary of the
motions accessible to a system. For an ideally rigid molecule, indicating no internal motion,
thus there should be only five points with nonzero eigenvalues and collectivities of the
associated eigenmodes should be very high. Thus, the separability gap, defined in Eq.
4.13, between internal and global motions ideally is infinity. At the same time, the gap
in collectivity phase, proportional to difference in the percent of sites significantly affected
by a given eigenmode between the five largest global modes and the n-5 internal modes,
should go infinity as well. For the non-rigid molecule with correlated internal motions, the
corresponding modes would appear at lower (k, A) plot. This plot can examine whether the
separability assumption is suitable for the system, if not, the experimental data will have to

be analyzed using something other than the Lipari-Szabo model-free formalism.

4.8.4.3 The Principal Order Parameter

The sz value for the jth vector is calculated as

SP=1-Y 653, (4.15)
m=6
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where 5Sj2m the principal order parameter components and the sum extends over the eigen-

vector |m > belonging to the N-5 smallest eigenvalues, which correspond to internal motions.
2 . . . . . . .

The 65 5m represents the contribution of a given mode with corresponding eigenvector |m >

to the decay of the correlation function for a given interaction j, can be expressed by

555, = Am(jm >< ml); (4.16)

where 5S%m >0, and Emésim =1.

4.8.4.4 Derived Overall Correlation Function

As the time information is lost when constructing the covariance matrix, here we demon-
strate how to construct the time-dependent correlation function C;(¢) for the jth vector in
iRED analysis. First, timescale information within the trajectory can be reconstructed by

calculating correlation function, Cy,(t) of each eigenmode m as following

Cn(t) = 212:_2 <ap, (t+T)ma(r) > (4.17)

Second, in Lipari-Szabo model, the C]‘?w"(t) overall correlation function of the jth bond

vector is contributed by the five largest eigenmodes

5 5
Coer(t) = 37 882, Cm(0)/(Y 652, (4.18)
m=1 m=1

if taking more modes into consideration, this overall correlation function will approach to

the total correlation function, which is given by

oy = 3 6s§mcm<t>/<iés?m> (4.19)
m=1 m=

where n is equal to the number of the spin vectors considered in the iRED matrix. For
example, the overall and total correlation functions of Gly8 NH vector are plotted in Fig.
4.18 in the case of T3-785.
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Figure 4.18: The overall and total correlation functions extracted from iRED method. The

overall correlation function CR7f_g(t) extracted from the eigenmodes of the ma-

trix M averaged over 500ns trajectory of peptide T3-785, is computed using Eq.
4.18(black line). The total correlation function (red lines), Eq. 4.19, of the
same bond vector, is computed with all the eigenmodes and is expected to ap-
proach to the real total correlation function of NH residue 8 extracted directly
from row trajectory depicted as green line.

4.8.4.5 Special Density Functions

With the assumption of monoexponential decaying correlation function of each mode, the
correlation time 7, of each mode can be computed by integration of Cy,(t). In the triple
helical peptide T3-785, the internal modes were found to decay in a good approximation
mono-exponentially and a lifetime 7, associated with motional mode can be established.

Thus, the spectral density function J(w) is analytically expressed as

Jj(w) = /0; C’;Ot( )Yeos(wt)d Z 652 imT w2 = 2 Z 4S; (4.20)

4.8.4.6 Convergence Issues

The use of Cy,(t) can help in determining the convergence of the trajectory, indicating
that a well-behaved correlation function will asymptotically decay stably to zero and can be
fitted with monoexponential function. A well-converged simulation, statistical error from
non-linearly fitting the correlation function is negligible. In the case of peptide T3-785,
the correlation functions corresponding to the overall modes displayed a less ideal decay

shape, indicating that these modes do not follow in good approximation a monoexponential
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decay as in the case for most of other internal modes. Therefore, an reliable estimates 7,

determining the spectral density function cannot be extracted just from trajectory.

0.98

092

30 40 30 40

0 ' 1‘0 20 10 20
time (ns) (l total production time (ns)
-/

Figure 4.19: (a) Correlation functions corresponding to the largest ten amplitude modes of
the matriz M averaged through 180ns trajectory from iRED analysis. Among
the modes representing the overall modes, only Cy(t) decays to a relative sta-
ble asymptote. Cs and C5 failed to reach an asymptote. Insect plot shows the
mode correlation functions in 5 ns delay time. (b) Convergence of iRED eigen-
vectors. The dot products of the iRED eigenvectors corresponding to the five
largest modes at different simulation time to task the convergence of our MD
simulation.

In Fig. 4.19, the correlation functions of the five overall reorientational modes m =1, ..,5
seem to follow the monoexponential function well during the first 5 ns simulation, to obtain
the better mode correlation functions following in a good exponential decay, only the 5 ns
correlation function is used to fit.

These poorly converged correlation functions indicates a problem with trajectory or its
length. To task the convergence of the MD trajectory, we also calculated the dot products of
the normalized modes obtained at different trajectory length (Fig. 4.19 (b)). It shows that
the covariance matrix is well converged at 10ns timescale for the peptide T3-785, suggesting
that the average iRED covariance matrix through 10ns long trajectory is sufficient to describe

the motions of the peptide.

4.8.5 Woessner’s Equations

Anisotropic diffusion for the fully asymmetric system (D, # D, # D.), the correlation

times can be expressed in terms of diffusion constants as following:

' =Dy + D, +4D,

75 =6D +6y/ D% — L2
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751:6D—6\/m
' =4D, + Dy + D,

7' =D, +4D, + D, (4.21)
where D = (D, + D, + D.)/3 and I? = (DyDy + DyD. + DD,)/3. In the case of axial

symmetry top (D, = D, = D), then the above equations will reduce to

7—1_1:7-2_1:2DL+4DH

7—3_1:6DJ_

7'4_1:7'5_1:5DJ_+DH (4.22)

4.8.6 Lipari-Szabo Approach - Spectral Density Function

This section, we discuss the effects on calculation of the spectral density functions, which
is the Fourier transform of the total correlation function of the vector described in the

extended model-free (EMF) approach:

T(@) = S Joper (@) + (5% = §2) Jins(w) (4.23)

where Jint(w) and Jyyer(w) are the spectral density functions attributed from internal mo-
tions and overall tumbling, respectively. In Eq. 4.23, Ji(w) is expressed as 27/(14 (wr’)?)
where 1/ =1 /v + 1/71 , Tar and 77 denoting the relation times from overall tumbling of

the molecule and internal motion, respectively.

4.8.6.1 Effect of the Iso- and Aniso calculation of Overall Tumbling Time on J,,¢, (w)

For the simple isotropic motion of a spherical molecule, the overall tumbling motion gives

the Lipari-Szabo spectral density function J(w)

2Tm

150 _
rat(w) - 1+ (WTM)Q

(4.24)

where 7)/ is the relaxation time for uniform (rigid-body) motion.
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For the rigid cylindrical rod such as the collagen-like peptide of studied here, the corre-
sponding spectral density function attributed from overall tumbling “should be” expressed

as

2
aniso 24Ty
rot (w) = Z 1 (425)

where w is the angular resonance frequency, and terms 4y = i(300529—1)2, Ay = 3cos®0sin?0,
and Ay = 3sin’@ ( 6 is the angle between the time-averaged N-H bond orientation and the
long axis of the diffusion tensor); time constants 7o = 1/(6D1), 11 = 1/(5D1 + D)j), and
T2 = 1/(2D1 +4D))). The effective relaxation time for that vector can be expressed by

™ = AogTo + A1 + Ao (4.26)

In the case of a molecule with low anisotropy r (i.e. r ~ 1), three relaxation times are
not far from one another, indicating the formula of Eq. 4.24 is still suitable for computing
spectra density function at frequency w. However, it is not the case for the molecule with

high anisotropy, e.g. the collagen model peptide with 10 < r < 15. The explanation is

following.
> _// >
2 2
1.5 1.5
z z
s e
= =
1 1
0.5 0.5
isoJ isoJ
0 anisoJ 0 anisoJ
0O 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
(a) 6 (degrees) (b) 0 (degrees)

Figure 4.20: Spectral density function using Eq. 4.24 (black line) and Eq. 4.25 (red lines)
against the orientation of the NH vectors relative to the molecular frame with
(a) low anisotropy r = 1.5 and (b) high anisotropy r = 13. Here the order
parameter S? =1 is assumed.

Fig. 4.20 (a) depicts that when the anisotropy is low (i.e. r = 1.5), the discrepancy
between Eq. 4.24 and Eq. 4.25 in calculation of J(w) is negligible. While the anisotropy is
high e.g. 13, the discrepancy becomes significant, particularly for the vectors perpendicular
to the symmetry axis of the diffusion frame as shown in Fig. 4.20 (b). Therefore, in
the case of the triple helical collagen peptide with most NH vectors pointing away from
symmetric axis of diffusion frame, knowledge of the orientation of the NH vector relative to

the symmetric axis of diffusion frame is required to accurately estimate the relaxation data.
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4.8.6.2 Effects of Internal Parameters

Due to the mathematics form of the spectral density function, it is clear that it reaches
its maximal value as the correlation time approaches the reciprocal of the spectrometer
frequency. For relaxation of the nitrogen by the neighboring proton R1 in Eq. 4.8, as wgy
and wy + wy are large frequencies compared to wy, consequently J(wy + wy) and J(wpr)
are altogether negligible in compare to J(wy), and make no significant contribution to R1.
Hence, an increase in J(w) will increase R1 rates. As the total R1 includes the contribution
of the pure dipolar and pure chemical shift anisotropy terms, to make less complicated, we
will focus on the R1 contributed from the dipolar relaxation, R1P the first term in Eq. 4.8.

The spectral density function J(w) is a complicated mixture of order parameter S? and
the correlation times. Here we are interested in looking at how the internal parameters 52
and 77 affects the J(wy) at f = 500 MHz so as to R1P( Fig. 4.21),

1. Fig. 4.21 (a) demonstrates that when the internal correlation time, 77 , for the local
angular motion is sufficiently small (i.e. wr < 1), a reduction in J(wy) is strongly
caused by the decreasing S2. However, when the 77 approaches its reciprocal of the
spectrometer frequency, the internal motions can pronouncedly increase the spectral
density functions as the order parameter is reduced. When the 7; becomes compara-
ble to the correlation times of the uniform (rigid-body) rotations, J(wy) reaches its
maxima value and becomes a lot less sensitive to the internal motions. Therefore, the
value of the internal correlation time is extremely important in determining whether

the spectral densities increase or decrease as the order parameter changes.

2. For the higher spectrometer frequency in , e.g. wy — wy ~ 2.82 x 10%(1/s) in
J(wy —wpg) in Fig. 4.21 (b), when 77 is approaching its reciprocal of the spectrom-
eter frequency, J(w) decreases as the S? is increasing. Other than that, J(wy — wp)

becomes insensitive to the S2.

3. The part of R1 in Eq. 4.8 contributed from dipole-dipole interactions, R1P which is
proportional 3.J(wy) + 7J(wp), is sensitive to internal correlation time 77 or order
parameter S? or both under some circumstances. The calculated values of 3.J(wy) +
7J(wgr) are presented in Fig. 4.21(c). When the relaxation time for the local angular
motion is sufficiently small (i.e. wr < 1), R1P becomes independent of 7, but declines
with decreasing S2. When 7 becomes comparable to the correlation times for the uni-
form (rigid-body) rotations, R1” becomes insensitive to the S2. Apparently, J(w) for

low frequency dominates the variation of R1 more than the one with higher frequency.

4. Slow down the molecule tumbling yields the lower value of J(w) in average as shown

in Fig. 4.21 (d). That point 7, where all curves with the same overall tumbling
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time cross, only exist when 7oper > 1/wn. The internal correlation timer; below and
beyond 7, shows how varied S? affects J(wy) differently. For example, the increased
52 reduces the value of J (wn) when 71 > 7,. The value of 7, reduces to the region
of time scale less than 1 ns when the molecule tumbles very slowly, e.g. 12 ns. We
need to be careful about the interpretation of R1 rates if the real internal correlation
time is close to the value of 7, Since higher value in R1 does not commit to be more
rigid in backbone dynamics based on the circumstances of (2). Therefore, knowledge

of internal correlation times for each inter-nuclear bond vector of studied is crucial

when the molecules tumble slowly.
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Figure 4.21:  Model-free spectral density function J(w) for simple isotropic motion in Eq.
4.23 over a range of internal correlation time 11 versus a spectrometer frequency,
f = 500MHz, which gives (a)wy ~ 0.319 x 10°1/s , (b) wy —wn ~ 2.82 x 10,
(c) wy ~ 0.319 x 10° with different overall correlation time T,. (c) The value
of spectral density function from dipole dipole interaction term is approzimately
proportional to RY in Eq. 4.8. The results are shown in (a), (b), and (c) using
overall correlation time for the overall molecules used for rigid cylinder model
are Toper ~ 6.9 ns. (d) the distribution of J(wy) at different overall tumbling
times.
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