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Triple helical collagen in the most abundant protein found in the human body. It
is made of three right-handed polyproline chains that supercoil together with an n-1
stagger to produce a rigid left-handed helix. Collagen has various types based on the
combination of chains used to assemble the helix and each type can generate various
higher order structures, such as a thick collagen fibril. Collagen’s unique G-X-Y repeated
sequence and interstrand bonding network contributes to the protein’s high overall
structural integrity, with the GPO triplet (GPO) being the most rigid structure and,
therefore, the most often repeated sequence. A subdomain in the collagen sequence with
greater internal motion and flexibility is known to be areas of molecular recognition for
proteins such as the transmembrane protein integrin or the MHC-I protein subunit (2-
microglobulin (B2m). As full length collagen proteins are approximately 1000 residues in
length, collagen model peptides of thirty residues are often used for characterization
experiments in nuclear magnetic resonance (NMR) but are not necessary in indirect



ELISA binding assays

NMR relaxation experiments were conducted on a homotrimeric collagen model
peptide GFOGER, designed from the high affinity integrin binding sequence in
heterotrimeric type | collagen. Previous research indicated key areas of binding between
the two proteins, but flexibility information about the six-residue sequence is essential for
future binding studies with heterotrimer models. Experiments with longitudinal relaxation
and multiple transverse relaxation experiments have indicated the flexible nature of the
insert, and further work will be conducted to identify individual trimer residues and their
roles in integrin binding.

Indirect ELISA binding assays were conducted between full length type I
collagen and B2m to first confirm reports from previous studies, and to work toward
potentially identifying the binding domains on collagen that result in the initial binding
and subsequent aggregation of B2m. Work in replicating the binding assays did confirm a
strong binding interaction between collagen and B2m by experimenting with constant
collagen concentrations and various B2m concentrations, ranging from the normal serum
level to levels that are what is found in patients undergoing hemodialysis attributed to

renal failure.
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Introduction: The Triple-Helical Collagen Protein

Biological cells have a sophisticated internal skeletal system that provides not
only its overall shape, but a network in which organelles can shift throughout the
cytoplasm. Without this ability to provide internal organization, functionality in a cell
would suffer. The same can be said for the external environment of a cell or a collection
of bonded cells. However, the internal skeletal system cannot be used externally. A
separate, more stable and sophisticated environment must be in place to anchor
differentiated cells within a specific location as well as provide opportunities to pass
information between cellular groups. This is known as the extracellular matrix and in it
sits the most abundant protein in the human body: collagen. This rigid, rod-like protein is
so critical in an system’s organization that collagen accounts for up to 33% of all
proteomic content'2. Collagen research has been conducted for several decades by some
of the most brilliant thinkers in the early 20" century, such as American chemist Linus
Pauling, who proposed a structure of collagen in 1951; Indian physicist G.N.
Ramachandran, who presented sequence and composition data in 1955; and English
biophysicist Francis Crick, who helped in refining Pauling’s original proposal in 1961 to
the structure that is accepted today>*>® .

This critical protein contains a unique structural motif in that it is made by
supercoiling three polypeptide chains together to form its characteristic triple helix""® .
These proline-rich polypeptide chains (polyproline-Il (PP-I1) chains) adopt a rigid left-
handed configuration and when unbound, have a classical three residue per turn geometry
with a 3.14 rise per residue pattern”®'° . When trimerization occurs during the molecular

assembly of collagen, the PP-1I chains combine at the C-terminal regions of each strand



with a one-residue stagger between the chains, nucleates at the most rigid areas of the
chains, and propagates until a supercoiled, right-handed triple helix is formed, seen in
Figure 1%*'2 This supercoiling of the helix results in more residues per turn in the
structure (up to 3.33) and, therefore, only a 2.94 rise per residue’. This does not occur in
the extracellular matrix, but rather in the endoplasmic reticulum of cells to then secreted
out of the membrane, from which further modifications of the triple helix results in a

higher order fibril organization of collagen®.

Figure 1 A schematic view of the collagen triple helix where, at top, is the collagen peptide (POG),-POA-
(POG)s [PDB: 1CGD]* used to view the three PP-11 chains supercoiling together. At bottom left is a
cross-section of collagen [PDB: 1V4F]* where the green residues that are closely packed next to the
helical axis are glycine residues, proline residues in red, and hydroxyproline residues in blue. At the
bottom right is a zoomed-in view of the triple helical structure, showing the n-1 staggering that occurs
between the chains [PDB:1V4F] ***°

Another unique characteristic of collagen is that the PP-1I chains follow a strict
triplet peptide sequence repeat, X-Y-G, where the residues in the X-position are proline
(approximately 28% of the protein’s amino acid content) and those in the Y-position are
frequently hydroxyproline (approximately 38%)%". Every third residue must be a
glycine residue as it is requisite for the overall structure and stability of the protein as it

does not have a side chain and will allow for close packing of the PP-1I chains around a



common helical axis without any steric distortions*>*’

. These glycine residues are
therefore essential towards maintaining high level of structural integrity that collagen is
known for'"®. Sequence analysis in previous experiments have reported that the most
repeated triplet is P-O-G at 11% of total triplets in sequence and due to the high imino
acid content, it is the most rigid of all triplets possible™**°,

The imino acid content not only provides the rigid structure in the collagen
chains, but it also is the bedrock of an extensive hydrogen bonding networking between
the neighboring chains. Research conducted by Pauling and Corey?, Rich and Crick®, and

Bella and Berman, et al %

, among others, have reported on how such a network increases
the global stability of the protein and has gone so far as to identify the locations of these
bonds. This bonding network is based on two hydrogen bonds that are formed for every
triplet in sequence between chains: one hydrogen bond is formed between one chain’s
glycine amide hydrogen and a carbonyl group on a neighboring chain’s X-residue (seen
in Figure 2); the other hydrogen bond exists between the alpha carbon’s hydrogen on
either the glycine or the Y-residue and the carbonyl group on the X-residue or

glycine®*®?. Further studies by the Helen Berman and Barbara Brodsky’s groups have

shown evidence of water-mediated

A N2 N? b
hydrogen bonding both intrachain GV Prow=o.,  Hyp Gy
Pl'O[( =0, H_\p 1 'N]Gl§' Pl‘O[( =0
and interchain with carbonyl N
Hyp NGly Projc=o__ Hyp
groups as well as hydroxyproline  NGly Projc-o. Hyp o NIGly
. . R - - T N < ” )
alcohols with carbonyls intrachain o= Hyp IGly Progc-o
Figure 2 A view of the hydrogen bond between the
and interchain to the atoms**. amide hydrogen from the glycine residue with the

carbonyl group on the proline residue on the
adjacent chain, where N’ is the first chain to view
the interaction between Pro in chain N*



Due to the POG triplet’s relatively low frequency in the PP-II chain, the rod-like
collagen proteins, which can stretch up to 1000 residues in length, is neither uniform in
stability nor in overall structure'. These subdomains within collagen, with greater
flexibility and molecular motion because they can unfold cooperatively as an independent
unit, are the first to be considered and experimented on as possible molecular recognition
and binding sites between collagen and other proteins®'®. The natural prevalence of
heterotrimeric collagens over homotrimers points researchers in a direction of higher
subdomain content with molecular recognition possibilities’. Further functional analysis
must transcend sequential analysis, much of which has been vastly studied, as the
interchain bonding networking and steric interactions between the chains have a strong
connection to flexibility and recognition. Even a decrease to the degree of hydrogen
bonding within a subdomain can increase or decrease its recognition ability**°.

In the human system alone, there are 28 various collagen types made up of close
to 50 potential chains, each collagen type creating either higher-order fibrils, helical
networks, or other throughout the body in key locations to provide stability and support

L9 For

between cells and the extracellular matrix, where collagen proteins reside
instance, type | collagen is a fibril-forming protein made up of two al type I chains and a
single a2 type I chain found in tendons and is the major organic matrix in bone, type Il
collagen, also fibrillar, is a homotrimer of al type II chains and is found predominantly in
cartilage, and type IV collagen is a networking collagen distributed among basement
membranes and has three possible chain compositions*®*°. The subdomains that exist on

these specific collagen types allow for increased or decreased rigidity based on external

stimuli and even with binding of a specific protein for allow for tissue or barrier repair.



With a large number of different collagen types comes a series of diseases that
arise from mutations within the molecular triple helix that has large-scale implications to
either the larger collagen fibril or to the basement membrane network that it supports™.
For instance, with a non-fibrillar collagen, glycine mutations or deletions in the triplet
sequence repeats are typically a part of the nature of the protein and these breaks, such as
the twenty breaks in type IV collagen, have gone relatively unexplored®'; however, a
single Gly—> Any residue mutation (such as glycine to alanine, an amino acid with a
small side side) can result in connective tissue diseases such as osteogenesis imperfecta
(OI), known as “brittle-bone” disease, when such a mutation occurs in type | collagen®.
This single mutation occurs at the molecular level and may occur once, but as mentioned
previously, the glycine residue is required to keep that signature stability of the triple
helix and once the flawed triple helix assembles into a higher order fibrillar structure, that
single kink within the organic matrix in bone can be devastating and even fatal®*%*"8,

Research with collagen has limitations due to the sheer size and global structure
of the protein. While the use of full length type I and Il collagen proteins may be used in
exploratory research into protein-protein binding studies, experiments in nuclear
magnetic resonance (NMR) require modifications in size?. Therefore, a significant
amount of collagen experimentation for biophysical characterization requires collagen
model peptides: triple helical monomers with a maximum 30 residues per chain.
Although this seems rather limiting, collagen model peptides have proved invaluable in
studying subdomains of collagen. The models are frequently designed to have the rigid
POG triplets flank the subdomains in question. Work with these collagen model peptides

have shed light on wild type sequence flexibility and changes due to sequence mutations.



Such works include research conducted on the model peptides T3-785 (seen in Figure 3),
designed based on a type Ill collagen sequence starting at residue 785 and located C-
terminal of a collagenase cleavage site, and T1-858, from type | collagen in experiments

with Gly->Ser (serine) mutations from OI1**%.

(GPO), GITGARGIA (GPO),
More rigid helical structure More flexible helical structure More rigid helical structure

Figure 3 A schematic diagram of the T3-785 collagen model peptide and its more-flexible insert based on
the type 111 collagen sequence of interest compared to the more rigid G-P-O repeat flanking the insert and,
at the bottom, a comparable look down the helix between a GPO-repeat region [PDB: 1V4F] and the T3-
785 [PDB: 1BKV], which will begin to curve out from the axis due to the internal flexibility brought on by
the insert

With this information, two projects were conducted to investigate the versatility
of collagen as a binding protein in two ways. The first project focuses on the role of a
subdomain’s molecular flexibility with binding and how NMR experiments can be used
to characterize such properties. A series of NMR experiments relaxation experiments
were conducted to study the flexibility of a very powerful subdomain in type I collagen
that binds with integrin, a transmembrane protein. The second project was focused on
elucidating protein-collagen interactions through binding assays. Using full length type |
collagen and the major histocompatibility complex-I subunit known as f2-microglobulin,
which catabolizes off the complex at a regular rate, circulates in the blood stream, and
causes joint problems with patients undergoing hemodialysis treatments due to renal

failure.



Chapter 1: Biophysical Characterization of Collagen Model Peptide GFOGER

Although collagen is a protein that exists in the extracellular matrix, its influence
on cellular behavior is staggering. By having a specific domain on either one of its three
chains or a collection of residues on multiple chains, collagen’s presence can improve a
cell’s response to its environment. Based on the extracellular protein extending from the
cellular membrane interacting with collagen, the cell could improve upon its adhering to
the matrix, undergo cellular growth and division, or even express differentiating
phenotypes®®?’. One such protein is the transmembrane protein integrin, the principal
family of cell surface proteins that interact with the matrix which is composed of
generally conserved structures of a-p heterodimers®’. Of the many a-subunits, only al,
02, al0, and al1 can be combined with the B1 domain to constitute the native collagen-
binding integrin family, with a2B1 as one of the most widely distributed heterodimers®,
The 021 integrin protein is found on platelets in the circulatory system and is used to
adhere platelet to a damaged blood vessel wall, whose damage will result in exposed type
| collagen proteins®*°. This activity will lead to platelet aggregation and repair of the
vessel wall.

A fascinating feature of the a2P1 integrin protein is that it can exist in at least two
affinity states, which previous crystallographic experiments have shown to be the two
conformations of the a2 I-domain®!. The I-domain is a 200-residue subunit central to
ligand binding due to a very important metal ion-dependent adhesion site (MIDAS site)
situated at the upper area of the domain®*®. In order for collagen-integrin binding to
typically occur, the transmembrane protein must first become activated, as it is typically

held at its low affinity resting state.



Integrin proteins bind to a specific six-residue domain: GXX’GEX”, where X’ is
typically hydroxyproline and X frequently arginine®**. The affinities of this domain can
range from low/null to high. An example of a binding domain is the sequence GFOGER,
a six-residue sequence found in the al chain of type I collagen. The affinity range of
integrin to this six-residue sequence can be due to factors such as the heterodimer
configuration of integrin, its activation state, or even the state of collagen surrounding the
binding domain. With this particular domain, GFOGER has such a high affinity binding
affinity that is has the ability to bind to integrin while the transmembrane protein is in its
resting state?’. Experimental work conducted by the Farndale group from the University
of Cambridge has shed significant light on the GXX’GEX” collagen domains through the
use of toolkits, or large sets of overlapping triple-helical peptide sequences from
collagen®”. One such advancement from the toolkit approach has allowed for the
crystallization of a homotrimer model peptide of collagen with GFOGER flanked by

GPO-repeats bound to a separated I-domain from o2 (see Figure 4)°.

Figure 4 Integrin alpha2-betal I-domain (green) bound to a collagen model peptide with GFOGER
inserted between GPO-rich regions (with leading chain in yellow, middle chain in purple, lagging in cyan).
Image on left shows both the full I-domain and the GFOGER model peptide and the right shows the axial
view of the model peptide in relation to the integrin I-domain to show the bend of the collagen’s overall
structure[PDB: 1DZI]%’



Because of the significance of the high-affinity sequence, closer study into the
biophysical nature of GFOGER is paramount. Previous characterization of a smaller
GFOGER collagen model peptide unbound and bound to an a2 subunit of integrin
showed an increase to the overall angles of the model peptide between three distinct
regions. Further analysis showed that of the three collagen strands, the middle strand was
responsible for completing the metal ion coordination sphere in the MIDAS region of
integrin®. Unlike the type | collagen that it is found in, the GFOGER model peptide is
homotrimeric and the data previously collected indicates a biologically relevant internal
flexibility allowing for protein-protein binding. Therefore, the goal for this project will be
to investigate the flexibility of this molecular recognition site by characterizing the
(GPO),GFOGER(GPQO), peptide using NMR experiments, where Gly7, Glyl3, and
Phel4 are labeled with *°N, including a series of longitudinal and transverse relaxation

experiments to observe its backbone dynamics.
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Methods & Materials

A series of nuclear resonance experiments were conducted in order to
biophysically characterize the GFOGER model peptide, whose configuration is seen in
Figure 5. Only three residues of the peptide were labeled: Gly7, Gly13, and Phel4. The
Gly7 residue sits in the heart of a POG-rich environment while the —GF- neighboring
residues sit at the end of the N-terminal POG- cap and are situated N-terminal of a —
GER- triplet. Heteronuclear Single-Quantum Coherence (HSQC) experiments were
conducted on a Varian 600MHz NMR and also on a Bruker 700Mhz at 10°C to
determine the specific *H-">N spectra for further identification and comparison for

additional experiments as spectral data from such experiments are unique to the peptide.

1) |[G|P|O|G|P|O|G|P|O|G|(P|O|G|F|O|G|E|R|G|P|(O|G|P|O|G|P|O|G|P|O

2) G|P|O|G|P|O|G|P|O|G|P|O|G|F|O|G|E(R|G|(P|O|G|P|O|G|P|O|G|P|O

3) G|P|O(G|P|O|G|P|O|G|P|O|G|F|O|G|E|R|G|P|(O|G|(P|[O|G|P|O|G|P|O

1) (G|P|O|G|P|O|G|P|O|G|(P|O|G|F|O|G|E|R|G|P|(O|G|P|[O|G|P|O|G|P|O

Figufe 5 The tfiple-helix residue mép for the model peptide GFOGER, which all isotope-labéled residues
in red and the GFOGER insert highlighted

From the HSQC data, a series of relaxation experiments were conducted on the
GFOGER peptide, mainly R1, NOE, and R2 relaxation experiments in a Varian 600MHz
NMR at 10°C. Two R2 experiments were conducted on the peptide: The first with a
delay time of 2.000sec and a 14 of 0.625msec and the second based on modifying the
pulse sequence of the previous R2 experiment (“modR2”), using a 14 of 0.300msec and a
delay of 2.300sec.

After the initial series of experiment, two additional relaxation experiments were
conducted as a means to observe large internal motion within the peptide and for details

about conformational exchange. Unlike the two previous R2 experiments, whose pulse



11

sequence causes suppression of conformational exchange by repeatedly perturbing the
peptide with radio frequency (rf) pulses, an R2 Hahn-Echo experiment (R2"%) uses a
pulse sequence with a longer detection time use in obtaining the full conformational

exchange of the peptide.
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Results
HSQC Experiments

Any information about the flexibility of the insert GFOGER must start from data
collected during HSQC experimentation, as seen in Figures 6(a) and 6(b), due to the
unique and unchanging spectrum it generates for the peptide. The peptide is a homotrimer
with only three residues labeled with *°N, yet peaks are expected for both trimer signals,
due to interchain interactions, and for monomer signals, due to the unraveling of the triple
helix during experimentation. Figure 6(a) shows the anticipated ten peaks: three
monomer peaks (one for each labeled residue), one lone peak for trimer Gly-7 due to the
homogeneity of its surroundings, three trimer peaks for Gly-13, and three trimer peaks
for Phe-14. The HSQC shows two coupled peaks (E-F and H-1) and further analysis

confirmed that they are, in fact, separate residue signals.
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Figure 6 (a, left) An HSQC spectrum of the collagen model peptide GFOGER at 10°C from a Varian
600MHz NMR; (b, right) Normalized HSQC peak intensities of GFOGER taken before and after a T2
relaxation experiment

During processing, normalized HSQC peak intensity values, seen in Figure 6(b),

were used to determine the monomer peaks of the peptide due to the difference in signal
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strength between a monomer signal and a trimer signal. A second HSQC spectrum was
generated, this time overlapping an HSQC of the GFOGER collagen peptide with the
highly-documented T3-785 model peptide, seen in Figure 7(a). This was done to
determine the location of both the Gly-7 monomer and trimer peaks, as they have the
same interchain environment as the Gly-24 residue in T3-785, as well as to differentiate
glycine and phenylalanine residue peaks, since the Phe-14 peaks will sit well below the
Gly residues on the HSQC. Monomer peaks of the GFOGER peptide and the lone Gly-7
trimer peak can thus be selected and are labeled in Figure 7(b); yet there is not enough
evidence to pick specific peaks for the Gly-13 and Phe-14 trimer signals, so a set of

arbitrary labels were attached to these peaks to be used during relaxation experimentation

for analysis.
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Figure 7 (a, left) An HSQC spectrum overlaying collagen model peptides T3-785 (in cyan) and GFOGER
(in red). The green circles indicate glycine residue peaks that the two models have in common; (b, right)
The HSQC of GFOGER with peaks either picked or labeled, where M denotes monomer and T for trimer
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Relaxation Experiments

Data analyzed from the longitudinal R1 relaxation experiment shows little
differences between the Phe-14 trimer peaks and the Gly-13/Phe-14 monomer peaks see
in Figure 8. The data shows that the Phe-14 residues in the triple helix are the slowest to
return to equilibrium while Gly-13 trimer residues, Gly-13 monomer, and Phe-14
monomer return to equilibrium the quickest. The Gly-13 trimer residues have a higher
degree of variability compared to the Phe-14 trimer residues. The monomers returned to
equilibrium quickly with the exception of Gly-7, whose R1 value is much closer to the

Phe-14 trimers than to the other monomers.
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Figure 8 Comparison of R1 values with the Gly7, Gly13, and Phe14 labeled residues from the GFOGER
collagen model peptide

Following the longitudinal relaxation experiment, transverse R2 experiments were
conducted to observe flexibility of the residues, with collected data seen in Figure 9. The
R2 data shows a significant difference between residues in trimer and monomer form:
monomeric residues have a rather low R2 value compared to those of the trimeric form,
suggesting a greater flexibility with monomeric residues. There also does not appear to be
much difference in location, as Gly-7, in the rigid GPO-rich environment, has relaxation

rates similar to Gly-13 and Phe-14. Transverse relaxation occurs due to entropic relations,
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Figure 9 Comparison of R2 values with the Gly7, Gly13, and Phel4 labeled residues from the GFOGER
collagen model peptide

through mutual energy swapping between spins, so having greater flexibility with
residues with less interchain neighbors would make sense. The relaxation decay curves
generated for the Gly-13 and Phe-14 trimer residues (Figures 10 and 11) show a similar
decrease in intensity between the two and the Gly-7 timer residue and also a leveling-out

of the trending prior to the final time point.
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Figure 10 Relaxation R2 experimental decay curves between the three Gly-13 trimer peaks and the Gly-7
timer peak of the GFOGER collagen model peptide
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Figure 11 Relaxation R2 experimental decay curves between the three Phe-14 trimer peaks and the Gly-7
timer peak of the GFOGER collagen model peptide

It is because of the leveling-out in the R2 decay profiles that altering the R2 pulse
sequence would be the next course of action to observe any changes to the R2 values.
Altering the initial R2 relaxation experiment in both changing the pulse sequence and tq4
generated a smaller time scale to view all seven decay curves, from 0.11sec to 0.072sec,
as seen in Figure 12, and shows similar data to the original R2 experiment seen in Figure
13. Yet, modR2 reduced the likelihood of the leveling-out of the graph past a particular

time point and these new decay profiles have greater error in the intensity points.
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Figure 12 Decay curve generated by the modified R2 experiment for the Gly7 timer peak, the three Gly13
trimer peaks, and the three Phel4 trimer peaks of the GFOGER model peptide
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Figure 13 Comparison of R2 values from the modified pulse sequence with the Gly7, Gly13, and Phel4
labeled residues from the GFOGER collagen model peptide

Two additional relaxation experiments were conducted as a means to observe
large internal motion within the peptide and for conformational exchange. An NOE
relaxation experiment was conducted to determine whether significant internal motion
occurs by generating two HSQC spectra: one of a *H-unsaturated GFOGER peptide and
the other of an 'H-saturated peptide. A ratio between the HSQC peak intensities were
calculated, tabulated in Table 1, and seen in Figure 14. The Gly-13 and Phe-14 trimer
residues show NOE values > 0.60, indicative of no internal motion. The NOE of the Gly-

7 trimer residue is 0.547, which is rather close to the other trimer peaks.

Table 1- Peak Intensities of the GFOGER collagen model peptide during unsaturated and saturated proton
HSQC experimentation and the NOE ratio produced

HSQC Peak Unsaturated HSQC Saturated HSQC Ratio in Peak
Assignment Peak Intensities Peak Intensities Intensities
Gly13-M 51990 1820 0.035
Gly13-T(x) 38388 26060 0.679
Gly13-T(y) 40881 25599 0.626
Gly13-T(z2) 41359 25963 0.628
Gly7-M 67769 -22321 -0.329
Gly7-T 116759 63908 0.547
Phel4-M 51695 9796 0.189
Phel4-T(a) 55211 36186 0.655
Phel4-T(b) 68242 48922 0.717

Phe14-T(c) 68612 49906 0.727
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Figure 14 NOE values of each residue from saturated and unsaturated HSQC spectral data from the
GFOGER collagen model peptide

The biggest changes occur between the monomers; however, the saturated portion
of the NOE experiment will reduce the intensity of the monomer peaks, which is
expected since the monomer will not have residues within a distance of 5A. An
interesting feature from the NOE experiment happens to be a negative peak for the Gly-7
monomer residue, generating a negative NOE peak. The GFOGER model peptide is
considered a relatively small molecule by weight (~8.74 kDa), which means that there
should be all positive NOE peaks.

To view conformational exchange, an R2 Hahn-echo experiment was conducted
which, unlike the two previous R2 experiments whose pulse sequence causes suppression
of conformational exchange by repeatedly perturbing the peptide with rf pulses, an R2"¢
experiment’s pulse sequence is designed to allow for a longer detection time. This will
provide information for the full conformational exchange of the peptide as shown in

Figure 15.
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Figure 15 Comparison of R2 values from the Hahn-echo experiment with the Gly7, Gly13, and Phel4
labeled residues for the GFOGER collagen model peptide

28X the R2 values from modR2

To determine the conformational exchange value, or R
and R2"F were subtracted and shown in Figure 16. Based on the range of R25* values,

there does not appear to be minimal conformational exchange, if any at all, although one

Phel4 and Gly13 appears to generate the large R25* values.
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Figure 16 Estimated R25* values from the modified R2 experiment and the R2 Hahn-echo experiment of the
GFOGER collagen model peptide
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Discussion

Analysis of the GXX’GEX” sequences has been able to state which particular
residues can replace X, X’, and X’ and affect integrin binding. Toolkit experimentation
has provided a list of low and high affinity binders with X’ as hydroxyproline residues
and X’ as arginine. This has even lead to a crystal structure of an integrin subunit
binding to the high affinity sequence GFOGER. However, more information needs to be
collected as to the nature of this binding region. While such valuable binding information
has been collected, the question now shifts to what drives the high affinity GFOGER
sequence over another, such as GAOGER, of which alanine has a smaller side chain than
phenylalanine.

The longitudinal and transverse relaxation experiments confirmed the flexibility
of the GFOGER sequence, with Figure 13 showing differences in R2 values between the
multiple R2 experiments conducted in this investigation. As shown, the three R2
experiments do not appear to have much in the way of rate value differences, expect
between the Gly7 trimer residue, a Phel4 timer residue, and the three Glyl13 trimer
residues; yet some of the differences seen in Figure 17 are between the initial and
modified R2 experiments. Yet this was as expected, as modR2 was designed to reduce
the leveling out that occurred in the later time points of the initial transverse pulse
sequence.

The relaxation experiments conducted now has led research with GFOGER
characterization towards first differentiating the trimer peaks of the Gly-13 and Phe-14
neighbors. Emsley, et al (2004)%, reported that the middle chain’s GFOGER sequence

closes the MIDAS coordination, so two questions are now raised: does the size of the
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Figure 17 Comparison of all R2 values collected from the original R2 experiment (green), the modified R2
experiment (cyan), and the R2 Hahn-echo experiment (orange)

model play a role in binding with the I-domain and how does this information translate to
full length type I collagen, where the GFOGER sequence is only presented twice in a
region, as it is only found in the al chains and not in the 02? Will the six-residue
sequence that sits adjacent to GFOGER in 02 increase or decrease the flexibility and,
thus, the molecular recognition between integrin and collagen? Finally, how does a
mutation in the o2 six-residue sequence change GFOGER’s strength in affinity? These
questions can propel integrin-collagen research forward as well as collagen mutation
work in computational studies of both structure and functional sequence analysis.
Understanding the overall flexibility of the GFOGER peptide will play its part towards

improved molecular recognition thermodynamics.
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Chapter 2: Binding Study between Type | Collagen and Beta-2 Microglobulin

One of the most critical functions of the immune system is a cell’s ability to target
antigens and generate an appropriate antibody response, which is done by presenting
polypeptide strands to thymus lymphatic cells (T-cells). An integral transmembrane
protein complex is used, known as the Major Histocompatibility Complex class | (MHC-
1), and is comprised of a 45-kDa heavy-chain (HC) segment, a short antigen peptide that
is presented to the extracellular environment, and an 11.8-kDa light-chain segment
known as B2-microglobulin (B2m) that is used in chaperoning assembly of the overall
complex (Figure 18(a))****. The 100-residue B2m subunit (Figure 18(b)) is fully exposed
to the extracellular environment and has numerous contact points with both the
transmembrane HC subunit and antigen-presenting domains, thereby consistently
affecting the conformation of the HC subunit®. This protein complex has a relatively
high turnover rate and as a result, it undergoes catabolism. As B2m is not attached to the
cellular membrane, catabolism results in the protein’s collection in plasmatic fluids and is
circulated through the body until it reaches the kidneys and is excreted as waste®>*®. The
three-dimensional structure of monomeric, wild-type B2m has been solved several times
with initial x-ray crystallography data describing the protein, characterized as a “B-
sandwich” configuration, comprised of seven anti-parallel p-strands stabilized by a lone
disulfide bridge contacting two distant strands (Figure 18(b))**’,

The protein’s accumulation and subsequent amyloidogenesis, a protofilament
seen in Figure 18(c), in a patient undergoing hemodialysis due to renal failure has been

the focal point in B2m research®. As B2m is dissolved in renal tubules, complications in
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Figure 18 (a, left) MHC-I resolved imaged from PDB 1HSA®, showing the three extracellular alpha
subunits in brown and the B2m subunit in white; (b, middle) ribbon diagram of B2m in solution using NMR
from PDB 1JNJ “°; (c, right) ribbon diagram of B2m amyloid protofilament using solid-state NMR from
PDB 2E8D"

the kidneys will result is a larger concentration of B2m in the plasmatic fluid, ranging up
to 40-50 times greater than normal serum levels (up to 2 pg/mL)*****. Dialysis-related
amyloidosis (DRA) of B2m has been known to target the osteotendineous system, as such
symptoms of carpal tunnel syndrome and arthralgias, among others, have been reported
by hemodialysis patients***. The landmark work reported by Homma, et al®, found
from clinical findings that these DRA-related symptoms are occurring specifically in
areas of abundant collagen fibers, such as heterotrimeric type | collagen and
homotrimeric type Il collagen, and noted past research stating the close proximity
between generated amyloid fibrils and pre-existing collagen fibers. Research conducted
by A. Relini, et al**®, utilizing atomic force microscopy has shown not only that
collagen and B2m interact but that they are closely associated, adding to evidence of
collagen’s possible role as catalyzer for localized B2m amyloid fibril formation when

experimenting with type I collagen®*.
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However, there lacks a clear explanation as to what is the primary force driving

the interaction between collagen and B2m. Homma, et al®®

, presented evidence of
collagen concentration-dependent binding in the presence of B2m, with binding
interaction activity increasing with both increasing B2m concentrations (with constant
collagen concentration) and increasing gelatin concentrations (with constant B2m
concentration). Experimentation conducted by both Moe and Chen* (2001) and S.
Giorgetti, et al*® (2005), concluded that binding properties between the MHC-1 subunit
and type I collagen is higher than that of type II. Relini’s atomic force microscopy work
discussed the unique role of collagen as an immobilized positively-charged surface and
electrostatic interactions between the proteins®*. Research into the location or specific
binding interactions, including a closer look as to whether specific residues in one or both

proteins, will provide insights into the mechanism of amyloid formation and ways to

target and eliminate DRA symptoms.
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Methods & Materials

To determine the potential binding interactions with B2m and collagen, a series of
ELISA binding assays were conducted. Materials and objectives were similar to the
protocol established by Homma, et al®®, with a key difference of utilizing two antibodies
over one. This technique, called an indirect ELISA (schematic in Figure 19), was chosen
to minimize any cross-binding effects and false-positives that would result between the

primary antibody and any non-B2m protein in the assay.

Figure 19 A schematic of a full indirect ELISA binding assay in which B2m (PDB entry 1JNJ )* is
introduced to type | collagen (PDB entry 1CAG)? after it was coated to an untreated polystyrene plate.
Primary antibodies (blue) will bind to the B2m proteins and then add secondary antibody

A 5ug/mL sample type | collagen, 100uL/well, was coated to an untreated 96-well
polystyrene plate after dialysis from a stock solution of 0.1M acetic acid, pH 4.0, to the
bicarbonate coating buffer at 100uL/well. After a 12 hour incubation period at 4°C, the
plate was washed with PBS-T four times, blocked with 300uL of 2% bovine serum
albumin (BSA) in PBS-T solution, and incubated at 4°C for an hour. For the binding
phase of the experiment, a series of 100uL B2m samples, the protein as a kind gift

provided by Dr. Sheena Radford (University of Cambridge), in PBS-T with
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concentrations used in Homma, et al*®, [1.3ug/mL, 10ug/mL, 40ug/mL, and 80ug/mL]
were added following a 300uL/well PBS-T wash four times and binding incubation was
set for five hours, again at 4°C. Following another 300uL/well PBS-T wash four times,
the plate was set at room temperature for the antibody binding stage, 100uL/well of
primary antibody [monoclonal mouse anti-human 1° antibody (Fischer Scientific,
Hanover Park, IL)] with a dilution factor of 1:50,000 added and incubated for an hour,
then repeated the wash procedure and 100uL/well of secondary antibody [polyclonal goat
anti-mouse 2° antibody with a TMB substrate attached (GenScript, Piscataway, NJ)] with
a dilution factor also of 1:50,000.

Following the one hour incubation of the secondary antibody binding and another
round of the wash procedure, a 1:1 mixture of peroxidase and TMB substrate solutions
(Fischer Scientific, Hanover Park, IL) were mixed, 100uL aliquots were added to the
plate, and the plates were allowed to react for up to an hour or until the color reached a
certain high intensity color change. To stop the reaction, 100uL/well of 2.5M H,SO, was
added resulting in a blue to yellow color change of the plate. The plate was placed in the
OmegaSTAR plate reader for absorbance detection at Assonm.

Controls utilized during experimentation included equivalent concentrations of
BSA rather than collagen, omitting the initial proteins used for coating at the beginning
of the assay, and removing B2m protein from the protocol during the binding stage.
Changes to the experiment were done to maximize the signal following secondary
antibody binding by fine-tuning the secondary antibody’s dilution factor and increasing

the starting concentration of collagen two-fold and three-fold.
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Results

Several experimental conditions needed to be determined prior to the indirect
ELISA binding assays. Determining the ideal dilution factors for the mouse anti-human
1° antibody and goat anti-mouse 2° antibody was detrimental for signal strength and also
to prevent any precipitation that would occur from loosely-bound 2° antibody that would
react with the TMB substrate solution, separate from the 1° antibody, and accumulate as
blue particulates in the wells. Based on a combination of absorbance readings and
precipitation visual cues, a 1:50,000 dilution factor was selected for both antibodies, as
indicated as the red entry in Table 2; yet continual changes of antibody dilution factors
occurred to fine-tune the signal once binding assays. These adjustments resulted in an

increase to a 1:40,000 dilution factor for either antibody.

Table 2 Absorbance data at 450nm of a primary/secondary antibody optimization assay, with units of OD
associated with table value

1:45K 1:46K 1:47K 1:48K 1:49K 1:50K
1:42K 0.713 0.792 0.785 0.794 0.857 0.814
1:44K 0.838 0.772 0.773 0.848 0.779 0.839
1:46K 0.851 0.702 0.721 0.801 0.755 0.796
1:48K 0.835 0.739 0.750 0.756 0.762 0.742
1:50K 0.777 0.756 0.773 0.764 0.723 0.771
1:52K 0.701 0.683 0.722 0.775 0.728 0.739
1:54K 0.740 0.675 0.763 0.865 0.749 0.762
1:56K 0.735 0.798 0.768 0.779 0.704 0.063

Following antibody optimization came determining which coating, blocking,
binding, and wash buffers would need to be used to optimize absorbance signal.
Although the final buffers that were decided upon were based on previous ELISA assays
with B2m, optimization work did provide information about changes in buffer types, such

as Tris-based or phosphate-based buffers, and the ideal amount of BSA and Tween-20 in
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the blocking buffers can be useful for future assays and can be seen in Figures 20 and 21.
The final buffers selected were the bicarbonate coating buffer of pH 8.3, a binding and
wash buffer of PBS, pH 7.4, with Tween-20 (PBS-T), and a blocking buffer of PBS-T,

pH 7.4, with 2% BSA.

0.600
£
c
2
2 0.400
F ]
©
)
2 0.200 -~
@©
K]
S
8 0.000 -
'<° 2% BSA in PBS-T 5% BSA in PBS-T 10% BSA in PBS-T 2% BSA in PBS
M 5ug/mL collagen-coated M coating buffer coated M 5ug/mL BSA coated
M 40ug/mL BSA coated M 5ug/mL lysozyme coated M 40ug/mL lysozyme coated

Figure 20 Change in both coating proteins and blocking buffers in combination at various concentrations
during collagen-B2m indirect ELISA binding assay optimization
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Figure 21 Buffer Optimization data of the PBS-T coating buffer using different coating proteins (in legend
and blocking buffers (x-axis)

Once optimized, the experimental objective of the indirect ELISA binding assays

was to confirm the findings reported by Homma, et al*®

, in which ELISA assays showed
a relationship between B2m and type | and type Il collagen, both in assays of various
collagens binding to B2m and in an experiment with a constant type | collagen
concentration against various B2m concentrations (1.3ug/mL to 80ug/mL). Initially, the

96-well plates was coated with only a type | collagen of 5ug/mL and allowed to react
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against control protein BSA, seen in Figure 22. The results show an increase in
absorbance as the concentration of B2m increases, indicative of increased binding
activity between collagen and B2m, while the BSA-B2m control interaction did not

appear to increase in absorbance.
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Figure 22 Absorbance data at 450nm for an indirect ELISA binding assay between coating proteins type |
collagen and BSA to different concentrations of B2m

Considering the difference in absorbance readings in the above-normal B2m
levels as well as the work Homma, et al*’ (1989), reported with various gelatin
concentrations, two further assays were conducted based on a 2-fold and 3-fold increase
to the collagen concentration, in Figures 23(a) and 23(b). In both experiments, there does
appear to be the same increase in absorbance at increasing B2m concentrations with
collagen, but unlike the 5Sug/mL experiment, an increase in B2m-BSA absorbance

activity also results.
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Figure 23 Absorbance data at 450nm for 10ug/mL (a, left) and 15ug/mL (b, right) type | collagen and BSA
in an indirect ELISA binding assay with varying concentrations of B2m



30

Discussion

Research experimentation between collagen and the MHC-1 subunit B2m have
provided significant insights into protein-protein interactions and fiber-fiber
proximity***3 However, there still are questions as to the nature of this interaction,
including the subdomain on both B2m and collagen where this interaction occurs.
Although the further goals within the scope of this work include utilizing collagen model
peptides as a coating protein, the primary objective needed was to recreate the
experimental findings previously reported. Choosing to conduct an indirect ELISA rather
than a direct ELISA® or the *I-labeled B2m binding studies** was to reduce any
chances of multiple binding events that might occur after the binding protein was allowed
to react during incubation.

The data collected from the indirect ELISA experiments for all three collagen
concentrations (seen combined in Figure 24) shows an increase in absorbance as the
concentration of B2m increases, thereby confirming the findings previously conducted.
However, an interesting observation to the data shows that the absorbance data did not

increase because of the two-fold and three-fold increases in collagen; that is to say, by

2.00

1.50 -

1.00

0.50

0.00 _4_—=—-__'_l

1.3ug/mL 10ug/mL 40ug/mL 80ug/mL
Beta 2-microglobulin Concentrations

Absorbance (450nm)

@5ug/mL Collagen @ 5ug/mLBSA [ 10ug/mL Collagen @ 10ug/mLBSA @ 15ug/mL Collagen [ 15ug/mL BSA

Figure 24 Absorbance data at 450nm for three indirect ELISA binding assays of type | collagen and of BSA
with varying concentrations of B2m
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doubling or tripling the amount of collagen, the absorbance, and therefore the binding
between collagen and B2m, did not increase proportionally. This would indicate that all
B2m present would interact with collagen, and this is an occurrence for all four B2m
concentrations. However, when considering next steps to the experiment, there was
concern as to the nature of collagen. By increasing the concentration, there runs a risk of
aggregation into a fibril. Even by conducting the assays in a 0°C cold room and letting all
solutions reach that temperature before continuing, there does lie that fibril risk. Although
work reported by Relini, et al, both in 2006* and 2008% showed a relationship between
the higher-ordered structures of B2m and collagen, such interactions would not help with
gathering preliminary information into subdomain binding information between the
proteins.

The results shown through indirect ELISA binding assays cements the interaction
between collagen and B2m and can allow further work into the question of global
structure versus subdomains-specificity between the proteins. By working next with
either a different full-length collagen type or by well-studied collagen model peptides,
insights into what initiates B2m-collagen binding subsequent B2m aggregation will
further work done to help hemodialysis patients minimize side-effects to life-saving

treatments.
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