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ABSTRACT

Kellie N. Beicker: Development of a Combined Atomic Force Microscopy and Side-View Imaging System
for Mechanotransduction Research
(Under the direction of Richard Superfine)

Key metrics for understanding cell response to mechanical stimuli include rearrangement of the cy-
toskeletal and nucleoskeletal structure, induced strains and biochemical distributions; however, structural
information during applied stress is limited by our ability to image cells under load. In order to study the
mechanics of single cells and subcellular components under load, I have developed a unique imaging system
that combines an atomic force microscope (AFM) with both vertical light-sheet (VLS) illumination and a
new imaging technique called PRISM — Pathway Rotated Imaging for Sideways Microscopy. The combined
AFM and PRISM system facilitates the imaging of cell deformation in the direction of applied force with ac-
companying pico-Newton resolution force measurements. The additional inclusion of light-sheet microscopy
improves the signal-to-noise ratio achieved by illumination of only a thin layer of the cell. This system is
capable of pico-newton resolution force measurements with simultaneous side-view high frame rate imaging
for single-molecule and single-cell force studies. Longer-term goals for this instrument are to investigate
how external mechanical stimuli, specifically single-molecule interactions, alter gene expression, motility,
and differentiation.

The overall goal of my dissertation work is to design a tool useful for mechanobiology studies of single
cells. This requires the design and implementation of PRISM and VLS systems that can be coupled to the
standard Asylum AFM on inverted optical microscope. I also examine the strategy and implementation of
experimental procedures and data analysis pipelines for single-cell and single-molecule force spectroscopy.

These goals can be broken down as follows:
e Performed single-molecule force spectroscopy experiments.
e Performed single-cell force spectroscopy experiments.
e Constructed and characterized the side-view microscopy system.

e Applied combined AFM and side-vew microscopy system.
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Cells exist in a complex mechanical environment, in which there are a variety of mechanosensors
and force transducers with overlapping signaling pathways. Mechanotransduction pathways in-
clude, but are not limited to, the following: glycocalyx and cilia sense fluid shear, ion channels
are stretch activated, cell-cell adhesion complexes and gap junctions allow cell communication,
focal adhesions to ECM allow the cell to sense changes in stiffness or stretching, and signaling
molecules can bind to cell-surface receptors to create a chemical signal cascade or direct force
propagation to DNA through cytoskeletal filaments, LINC complexes and the nucleoskeleton.
Mechanical signaling pathways are specific to cell type. . . . . . . . . . . ... .. ... ... ...

Mechanotransduction has effects at many length scales, from single-molecule to whole-cell. (Left)
Force affects single-molecule interactions and conformation. Force applied to an interaction de-
creases bond lifetime and induces conformational changes in a molecule by tilting the energy
landscape. Adapted from Thomas et al.(2) (Right) Signal propagation in a cell can be either me-
chanical or chemical. Chemical signal propagation occurs when an interaction of the membrane
causes a biochemical signal cascade that takes tens of seconds to reach the nucleus. Mechanical
signal propagation is facilitated by direct mechanical linkage from the cell membrane, through
the cytoskeleton and LINC complexes, to the nucleus; this propagation occurs over the course of
microseconds. Adapted from Wang et al.(3) . . . . . .. .. ..o Lo

Mechanical response behaviors span a wide range of biologically relevant time (top), force (mid-
dle), and length (bottom) scales. Both passive material response and active biological responses
scan many timescales from elastic response to differentiation and proliferation. Forces range from
sub-piconewton protein-protein interactions to micronewton cell contractions, and relevant length
scales range from nucleic acids up to full tissues. Adapted from Ricca et al(4) and Suresh.(5)

Comparison of force and length scales for cell mechanics techniques. Note that the ranges reported
are not necessarily attainable using the same device setup (e.g. different stiffness substrates or
pillar arrays, and different AFM cantilevers). Adapted from Loh et al.(6) . . .. ... ... ...

Schematic of the AFM and force-indentation data. (A) AFM cantilever motion is measured by
the SLD signal collected on a position-sensitive detector. (B) Sample force-indentation deter-
mined from raw z-piezo and deflection data. The cantilever (1) approaches, (2) contacts, and
(3) indents the sample up to some predefined trigger force. Then the cantilever is (4) retracted
from the surface. If there is adhesion between the tip and sample, then (5) force-rupture peaks
corresponding to the rupture of adhesions are produced with the final rupture event peak causing
complete detachment of tip from surface and (6) the cantilever continues to retract without any
deflection (i.e., zero-force). . . . . . . . . L

Schematic of the different single-molecule and single-cell force spectroscopy experiments. Ad-
hesion events in the retract portion of a force curve are informative in (top-left) single-molecule
unbinding and (bottom-left) unfolding experiments. (Top-right) Cell elasticity and (bottom-right)
adhesion can be measured from the approach and retract portions of single-cell force curves. . . .

Schematic of fibrin polymerization. (A) Space-filled rendering of fibrin structure colored by
chain. In the crystal structure, created using Protein Data Bank entry 3GHG, neither the aC
domains nor the N-termini of the Aa and B/ chains are resolved and are therefore not shown. (B)
Cartoon illustration of the same fibrin monomer with exposed ‘A’ knobs. (B) Interaction between
holes ‘a’ and knobs ‘A’ form double stranded, half-staggered protofibrils. (C) Protofibrils grow
and aggregate laterally to form fibers. Fibers grow, branch and merge to form a complex fibrin
network. (D) Scanning electron microscope image of fibrin network. Images adapted from Averett
thesis.(I) . . . o o
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Constant-velocity SMFS of fibrin ‘A-a’ interaction. (A) Representative four-event characteristic
rupture pattern observed in constant-velocity AFM SMFS experiments aligned relative to the
second event. Characteristic ‘A-a’ forced unfolding of fibrin occur in one of four phenotypes
consisting of a doublet of higher force events (events 2 and 3) and optional proceeding or following
lower force events (events 1 and 4). (B) The distribution of force rupture events observed through
the ‘A-a’ interaction is bimodal with most probable rupture forces of 110 4+ 34 and 224 + 31 pN
. The uncertainties represent half-widths at half-maximum of the Gaussian fits and bins size is
20 pN. Figure modified from Laurel Averett’s Thesis.(1) . . . . . .. ... ... ... ... ...

Schematic of single-molecule AFM experimental configuration. Fibrin fragments desAB-NDSK
and fibrinogen were immobilized covalently onto a gold-coated AFM probe and substrate with a
carboxylic acid terminated SAM through NHS/EDC chemistry. All experiments were performed
in a buffer, which contained both surfactant and BSA. Space filling models of desAB-NDSK and
fibrinogen colored by chanis: a (blue), 8 (green), and v (red). The formation of an ‘A-a’ knob-
hole interaction is shown. The N-termini of the « chains do not appear in crystal structures;
therefore, the knobs ‘A’ are approximated (dashed lines). N-termini of 8 chains and «C domains
are not shown. . . . . . L L

Representative force curves showing prevalent patterns of rupture of interactions between desAB-
NDSK (tip) and fibrinogen (substrate). Curves A-D are characteristic of an ‘A-a’ interaction,
defined as containing a doublet of rupture events of ~200 pN. Of the four types of characteristic
force curves, two (C and D) contain an additional rupture event (event 4) following the doublet.
(E) Single event and (F) multiple event force curves occur with significantly less probability at
standard solution conditions (0.15 M NaCl, 27°C, pH 7.4). . . . . . .. .. ... .. ... ....

Probability that an interaction is characteristic (top row) and a characteristic interaction includes
event 4 (bottom row) as a function of NaCl concentration, temperature, and pH. Standard op-
erating conditions are NaCl concentration of 0.15 M, temperature 27°C, and pH 7.4. Asterisks
(*F,F%, *4%) represent significance values of p< 0.05, 0.01, 0.001 as determined by the t-test. The
asterisk color indicates standard CaCly concentration (blue) or the addition of additional 3 mM
CaCly (red). . . .« o o o

Probability that a force curve produces an interaction (top row) and the probability that a force
curve produces a single event interaction (bottom row) as a function of NaCl concentration, tem-
perature, and pH. Standard operating conditions are NaCl concentration of 0.15M, temperature
27°C, and pH 7.4. Asterisks (¥ /** ***) represent significance values of p< 0.05, 0.01, 0.001 as
determined by the t-test. The asterisk color indicates standard CaCly concentration (blue) or the
addition of additional 3 mM CaCly (red). . . . . . . . . ... .

Forces for events in characteristic force rupture curves as a function of solution conditions -
(A) NaCl concentration, (B) temperature, and (C) pH. Standard operating conditions are NaCl
concentration of 0.15M, temperature 27°C, and pH 7.4. Asterisks indicate statistical significance
with p-value< 0.05 as determined by the t-test. The asterisk color indicates standard CaCla
concentration (blue) or the addition of additional 3 mM CaCly (red).. . . . . .. ... ... ...

Absorbance at 350 nm as a function of time and temperature for fibrin polymerization. Figure
polymerization was catalyzed by (A) thrombin and (B) batroxobin. The polymerization was
investigated at three temperatures: 27°C (dashed line), 37°C (solid line), and 47°C (dotted line).
Figure from Laurel Averett’s thesis used with consent. (1) . . . . . . ... ... ... ... ....

(A) Structure of v module (ribbon) with bound GPRP peptide (spheres), with histidine residues
are shown in blue. (B) Region of interest shows magnification of hole ‘a’ with GPRP peptide,
where all components are displayed as sticks and polar contacts are dashed lines. Figure created
from PDB-ID 1LTJ using Pymol and modified from Averett thesis.(l) . . . ... ... ... ...
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2.16

2.17

Energy landscape along a molecular reaction coordinate under force. The magnitude of the pulling
force affects the height of the energy barrier that must be overcome in the transition from folded
to unfolded state by tilting the energy landscape by F-x. This exemplifies the convenience of
force-clamp mode, where the energy landscape can be controlled experimentally. . . . . . .. ..

Interpreting force-clamp experiment results. A typical separation versus time recording (top
trace) obtained by stretching fibrinogen through the ‘A-a’ knob-hole interaction at a constant
force of 100 pN. The force applied to the AFM tip during this force-clamp pull is represented as
force versus time (bottom trace). A cartoon illustrating the extension of a protein in a typical
force-clamp experiment is shown above the data, where the final event is full rupture of the knob
hole interaction. . . . . . . .. L

Constant pulling force selected from constant-velocity SMF'S results. Illustration of characteristic
‘A-a’ fibrin unfolding produced by (left) constant-velocity experiment displayed as force versus
separation trace and (right) force-clamp experiment displayed separation versus time trace. The
hypothetical clamping force (Fg) for used to produce the force-clamp trace is shown in the
force-separation trace as a dashed green line. Fach plateau represents a mechanically stable
conformation associated with an event in the characteristic pattern (as indicated by color), and
the rise between the plateaus represents the increase in molecular length between the mechanically
stable conformations. . . . . . ... Lo

Fingerprint of 150 pN constant-force ‘A-a’ unfolding of fibrin. (Top) Separation versus time and
(bottom) force versus time for a typical 150 pN force-clamp recording of fibrinogen unfolding. The
step noise level in the separation-time plot above is 0.49 and 1.01 nm for the standard deviation
and range, respectively. The force applied to fibrin during these steps is 154.49 + 4.79 pN. Each
step had over 100 data points and reported average and standard deviation are calculated from
1280 data points equivalent to 0.64 s. . . . . . . . Lo

Variations in characteristic 150 pN constant-force ‘A-a’ unfolding of fibrin. Multiple sample force-
clamp curves for different fibrinogen molecules taken with a 150 pN pulling force. The blue curves
show separation versus time and the green curves show the corresponding force versus time plots
for characteristic fibrinogen unfolding through the ‘A-a’ knob-hole interaction. . . . .. ... ..

Repeatable 6.6 nm extension step characteristic of 150 pN constant-force fibrin ‘A-a’ unfolding.
Plots of several separation-time curves at a constant pulling force of 150 pN. All force curves
exhibit an ~6.6 nm extension step; however, they each have different lifetimes for each step. The
curves have been modified such that the first steps all have the same value in order to emphasize
the reproducibility of the extension step. . . . . . . . . . . .. L Lo

Constant-force fibrin unfolding at 150 pN is characterized by a single extension step of ~6.6 nm.
For a data set of force-clamp curves (n=363) acquired at a constant pulling force of 150 pN,
the curves with extension steps are dominated by single-step curves as shown in (A) the plot of
number of curves with a certain number of extension steps. (B) A histogram of the step height
of each single extension step curve shows a clear peak at 6.57 = 1.08 nm when fit by a Gaussian.

Force-clamp and constant-velocity results agree for 150 pN clamping force. (A) Force-separation
data data for a force-clamp experiment at 150 pN (blue) and a constant-velocity experiment (red).
This shows the direct correlation between beaks in the two methods. (B) Force-separation data
for 157 constant-velocity force experiments were averaged to obtain the scatter plot data below.
All force curves exhibiting characteristic peaks 2 and 3 were averaged and the averaged peaks
were fit with a freely-jointed chain model. The Kuhn length (@) and contour length (I¢) in nm
for the fit to each peak are shown in the legend. . . . . .. .. .. ... .. 0.
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Interpretations of the protein folding energy landscapes. In this representation, the vertical axis
represents the free energy and the horizontal represents conformational degrees of freedom. (A)
An idealized funnel energy landscape for protein folding describes two-state folding kinetics with
no significant kinetic traps. (B) A rugged energy landscape for protein folding describes a multi-
state system. Modified from Nature Structural Biology.(1) . . . . . . . . .. ... ... ... ...

Definition of force-clamp terms. Separation-time curve produced by force-clamp experiment at
75 pN, separation is normalized so that first step is zero. Step height is the separation between
sequential steps in a separation-time curve. Total extension is the separation between the first and
last steps in a separation-time curve. Associated with each step is a lifetime for the conformation
state; the end of the final conformation lifetime is rupture of the ‘A-a’ knob-hole interaction.

Comparison of extension steps for different clamping forces. Fibrin v module unfolding behavior
over a range of clamping forces. Each row corresponds to a different constant pulling force from
200 pN to 65 pN. The first plot (left) gives the number of separation time curves with a given
number of unfolding steps. The second plot (middle) is a histogram of the total unfolded extension
of the v module prior to knob-hole rupture where each color represents the number of unfolding
steps in the separation time curve. The data is represented as a stacked bar graph. The final plot
(right) is a histogram of the height of extension steps, grouped by number of steps in the curve,
fit with a Gaussian distribution (or double Gaussian, as necessary). . . . . ... .........

The average extension increased and step size decreased for lower clamping forces. Average and
deviation values extracted from Gaussian fits to histograms of the total extensions and individual
step heights of all force-clamp curves (top two plots) and force-clamp curves with a specific
number of steps (bottom two plots). Bar graphs exhibiting the center and standard deviation for
(A) the total extension, exposing the average extension of fibrinogen due to unfolding, (B) the
individual extension step height, exposing the average extension of individual unfolding domains,
(C) the total extension grouped by the number of extension steps in the force curve, and (D) the
individual step heights grouped by the number of extension steps in the force curve taken at each
constant pulling force. Asterisk indicates significance (p<0.05) as determined with a t-test.

Sample 125 pN force-clamp traces. Typical constant force unfolding trajectories as separation
versus time plots. All data acquired at 125 pN. . . . . . . . . . . .. ...

Sample 75 pN force-clamp traces. Typical constant force unfolding trajectories as separation
versus time plots. All data acquired at 75 pN. Note the time scales are different for each plot. . .

Intermediate unfolding state observed at low clamping force. The intermediate unfolding state
present at low force fibrinogen unfolding shown here with separation-time plots of fibrinogen
unfolding at 125 pN (blue) and 75 pN (red). The plots are artificially offset in time to make
visualizing the differences easier. . . . . . . . . . .. L

Sample force-clamp data collected at 125 pN (left) and 75 pN (right). The data is displayed as
(top) separation-time in which extension events are plateaus in extension, (middle) force-time
in which extension events are brief changes in constant force application, and (bottom) force-
separation in which extension events appear as rupture peaks. Note that the time axis differs
between the two forces because it takes longer for unfolding to occur at 75 pN than 125 pN. . . .
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2.26 Sample NEA for 75 pN force-clamp experiment. (A) Typical separation-time traces (blue) for
fibrinogen « module unfolding through the ‘A-a’ knob-hole interaction at a constant force of 75
pN (green). Under a constant stretching force, fibrinogen elongates in a series of stair steps with a
minimum of 3 nm extension each. (B) The normalized average time course of unfolding obtained
by summation and normalization of 315 separation-time traces, including those shown (A). The
unfolding of fibrinogen is non-exponential at a constant stretching force and the shown single
exponential fit is a poor descriptor for these unfolding traces . . . . .. ... .. ... ... ... 54

2.27 Fibrin v module unfolding is force dependent. NEA of separation-time traces for the range of
forces investigated, 65-200 pN, indicates that the probability of unfolding is dependent on the
constant pulling force. . . . . . . . L 54

2.28 Single-exponential fits to NEA. (A) Single-exponential fits to normalized averages of separation-
time traces for the range of forces investigated, 65-200 pN, indicate that the probability of unfold-
ing is not a Markovian process. (B) Plot of the exponent («) of the single-exponential fits versus
the constant pulling force. Bell’s model was used to determine ag = 1.1 s~ and Az = 0.04 nm. . [5d

2.29 Multiple fits to NEAs. NEA traces for each of the constant pulling forces investigated — 65
pN (226 curves), 75 pN (315 curves), 100 pN (136 curves), 125 pN (316 curves), 150 pN (122
curves), and 200 pN (27 curves). At all forces, there is deviation form a single-exponential fit.
Additionally, the curves have been fit with a second exponential to account for a second unfolding
rate constant and a stretched exponential to investigate glassy dynamics in fibrinogen unfolding. 54

2.30 Stretched exponential fits to NEA. (A) Stretched-exponential fits (1 —e_(“t)b) to normalized

averages of separation-time traces for the range of forces investigated, 65-200 pN, indicate that
the probability of unfolding is representative of rough energy landscape where a is the unfolding
rate and b is the stretching factor. (B) Plot of the unfolding rate (a) versus the constant pulling
force. Bell’s model was used to determine a(to) = 1.2 s~ and Az = 0.4 nm. (C) Plot of the
stretching factor (b) versus the constant pulling force deviates from a simple linear trend. . . . . [5d

2.31 Unfolding domains in the v module. (A) Cartoon ribbon rendering of fibrin structure, created
using Protein Data Bank entry 3GHG, colored by chain. Boxed region is enlarged in (B) and (C).
(B) The v module contains compact domains - (red) N-terminal, (yellow) central, and (orange)
C-terminal domains. Fully unfolded structure colored below. (C) One coiled-coil strand and
~v module as used for simulations with key residues involved in the ‘A-a’ knob-hole interaction
identified in red. . . L. l6d

2.32 Simulated 150 pN « constant force module unfolding. The times at which these configurations
appear will vary depending on the simulation, but they occur in the same order from top to
bottom. First, the D fragment prior to unfolding; force is applied up and to the right. First
extension is due to the region at the base of the gamma module near the coiled-coils extending
and almost simultaneously the ‘a’ binding region separates from the rest of the gamma module.
Then the region of the gamma module closest to the coiled-coil unfolds into 3 different subdomains
(SD1, SD2, SD3). Finally the middle domain completely unfolds. Additionally there become two
well defined beta strands near the ‘a’ pocket. . . . . . . ... oo oL 62
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2.33

2.34

2.35

2.36

2.37

2.38

3.1

3.2

Multiple unfolding pathways produce three different subdomains in the v module. To accomplish
the extension between separation of separation of the ‘a’ pocket from the rest of the v module and
the v module dividing into three subdomains (labeled as SD1, SD2, SD3 from left to right), the
protein unfolds through one of two pathways. Pathway 1 accounts for 7 of the 10 simulations and
is characterized by subdomain 1 (SD1) separating from the bulk of the gamma module before the
formation of subdomain 2 (SD2) and 3 (SD3). Pathway 2 accounts for 3 of the 10 simulations and
is characterized by SD3 separating from the bulk of the gamma module prior to the formation of
SD1 and SD2. . . . . . . .

Residue separations in 150 pN v module unfolding. (A) Separation between vCys 153 and GPRP
GLyl aCarbons for each iteration. For the same simulation, the number of residues with CB
atoms (or CA in the case of GLY) separated by 7.5 A where both residues are in the (B) same
chain or (D) different chains versus the iteration step. (C) The number of native contacts, where
both residues are in the C chain, still remaining in contact at each iteration. The red and green
dots identify iterations that have a large decrease in the number of native contacts greater than
10 and 5, respectively. DMD time units (~1mns). . . . ... .. L

Average number of contacts for all 10 simulations where both residues are in the (A) same chain
and (B) different chains versus iteration. The dark blue line is the average over 10 simulations
and the light blue lines represent the upper and lower bounds to these results determined by the
standard deviation of the average. . . . . . . . . . . . . ...

Average number of contacts for all 10 simulations where both residues are in the (A) same chain
and (B) different chains versus iteration. The dark blue line is the average over 10 simulations
and the light blue lines represent the upper and lower bounds to these results determined by the
standard deviation of the average. . . . . . . . . . . . . ...

Images of native contacts implicated in force-clamp unfolding v 156-8:178-80, v 285-90:319-24, ~
301-5:382-3, v 303-8:313-8, and «y 315-8:349-50. Purple region identifies the residues of interest
before (left) and after (right) unfolding event. . . . . . . . . .. ... .. . ..

Representative force-quench results exhibiting both refolding and nonrefolding behavior of the ~
module. (Top) separation-time traces acquired for force-quench experiment exhibiting refolding
(blue) and no refolding (red). The percentage of refolded and not refolded traces are reported
based on a population of 20 force-quench curves. (Bottom) Force-time plots of the 100 pN, 10 pN
and 100 pN force pulses of 0.5 s, 1 s, and 0.5 s for each of the force-quench experiments. Note,
the red and blue force curves have been offset slightly in force to allow better visualization of
force data. . . . . . . e

Images of cell indentation experiments. Overlaid, false-colored images of bright-field and two
fluorescence images are shown for (A) SKOV, (B) IGROV, and (C) AFM tip. (A) SKOV and (B)
IGROV images were taken immediately prior to AFM measurement over the nucleus with outline
of the cell and triangular region of the cantilever from bright-field image (black and white), SYTO
82 throughout the cell but brightest in the nucleus (red), and 5 pym bead tip (green). Scale bar
IS 10 . . . L e e e e e

AFM stiffness measurements of ovarian cancer cells. (A) Representative force-indentation curves
for HEY (green), SKOV (blue), and IGROV (red). The dots are actual data points from the
force curve, and the solid line and dotted line are Hertz model fits to data with Young’s moduli
of 621 Pa (dashed red), 541 Pa (solid red), 550 Pa (dashed blue), 182 Pa (solid blue), and 162
(solid green). (B) Results of stiffness measurements for each cell type. Wilcoxon rank-sum test
p-values established statistical significance between cells where *, ** and *** correspond to the
p<0.05, p<0.01, p<0.001, respectively. . . . . . . . . ..
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3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

Reproducibility of AFM measurements of IGROV cells, which are stiffer than SKOV cells. (A)
Average and standard deviation for the elastic modulus of each cell determined from Hertz model
fit to all force curves acquired on-nucleus. Nearly 30 SKOV (blue) and IGROV (red) cells, all
collected over the course of one day’s experiments. The solid horizontal lines at ~200 Pa and
~600 Pa are the averages of SKOV and IGROV cells, respectively, with the standard error mean
ranges shown with dashed lines. (B) Box plots of elastic modulus distributions for cells grouped
by day. Wilcoxon rank-sum test p-values established statistical significance between days; the
only significance was seen between SKOV and IGROV at p<0.001. . . . . . ... .. ... ....

Stiffness correlates with invasion. (A) Invasion assays were conducted on the indicated cancer cell
lines. Data represent the mean and standard error mean of three independent experiments. (C)
Maximum compliance, where boxes indicate different scored regions based on relative invasion.
(B) Stiffness values plotted relative to relative invasion, where the boxes represent the same scored
regions as in C. (D) The same data as B with power law correlation. The inset shows power-law
correlation on a log-log plot. Figures adapted from work published by Swaminathan et al.(g)

Cell stiffness measurements are dependent on location and grouping. Box plots of elastic modulus
measurements for single SKOV cells on- (S-On) and off-nucleus (S-Off), groups of SKOV cells
on-nucleus (SG-On), single IGROV cells on- (I-On) and off-nucleus (I-Off), and groups of IGROV
cells on- (IG-On) and off-nucleus (IG-Off). Wilcoxon rank-sum tests established statistical sig-
nificances between elastic modulus groups where p<0.05, p<0.01, and p<0.001 are represented
by the blue, green, and red bars at the top of the plot, respectively . . . . . .. .. ... ... ..

Fluorescent nuclei of H2B-GFP labeled cells. (A) MSC cell nucleus in standard microscope plan-
view (top) and a pathway rotated side-view (bottom). More details on side-view imaging in
Chapters [ and Bl Fluorescence H2B-GFP (red) and bright-field (grey) overlaid images of (B)
SKOV and (C) IGROV cells. All scale bars 10 pm . . . . . . . . .. oo oo

H2B-GFP affects the elastic modulus of SKOV cells. Box plots of elastic modulus measurements
for unlabeld SKOV (SKOV), H2B-GFP SKOV (SH2B), SYTO labeled SKOV (SSyto), unlabeled
IGROV (IGROV), H2B-GFP IGROV (IH2B), and SYTO labeled IGROV (ISyto). Wilcoxon
rank-sum tests established statistical significances between elastic modulus groups where *, **,
and *** represent p<0.05, p<0.01, and p<0.001, respectively. . . . . . . .. . ... ... ... ..

Scanning electron microscope images of 5 um bead attached to TR400PSA pyramid tip from
(A) top-view and (B) side-view. (C) Bright-field and fluorescence images overlaid to show the
alignment of YG fluorescent bead over HPDE cell. . . . . . . .. ... ... ... .. .......

Imaging showing different morphology of HPDE and HPNE cells. (A) HPDE and (B) HPNE
cells imaged with the AHTM in the 490 nm and 575 nm channels and merged in ImageJ. 2 ym
YG beads are shown in green (12 ms exposure) and 568 alexafluor phalloidin stained F-actin in
red (500 mS €XPOSUIE). . . . . .t v vt e e

Force-indentation curve acquired over the nucleus of a CC cell. The larger plot shows the entire
force-indentation curve (blue), contact point determined by custom MATLAB code (red circle),
and the Hertz model fit (red line) for 200 nm indent. The inset shows a detailed view of the
Hertz model fit (black) with an elastic modulus of 422 Pa to the data points from 0 up to 200
nm indent shown in red. The units on both the inset and main axes are the same . . . . . . . ..
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3.11

3.12

3.13

3.14

3.15

3.16

AFM compliance data for cells. (A) ‘On-nucleus’ compliance acquired with bead-tip directly over
middle of nucleus and (B) ‘off-nucleus’ compliance acquired one one bead diameter away from the
nucleus on each cell type. Wilcoxon rank-sum tests with Bonferroni-corrected p-values established
statistical significances between constructs using AFM where *, ** and *** correspond to the
p<0.05, p<0.01, and p<0.001, respectively. The abbreviated labels are HPDE (DE), construct
control (CC), H-Ras (H-), Myristoylated-Akt (My), TSRI (RI), BCL-2 (B2), and HPNE (NE). .

Results of comparative analysis methods - AHTM and invasion assay. (A) A standard Matrigel
invasion assay reporting invasion index for each cell type and construct. (B) Passive bead mea-
surements of median MSD at 7=1 second for each construct, as assessed using the AHTM. All
significance values reported in Table Bl . . . . . . . . . ... o oo

The nucleus plays a role in cell sensing, polarity and migration. (A) Guilluy, et al. measured
stiffening of isolated nuclei in response to force applied to nesprin-1. Diagram and scanning
electron micrograph of experiment shown.(9) (B) Hirsch, et al. observed a moving cytoplast
(left) was closer in appearance to keratocyte (right) than fibroblast. Actin labeled in green
and nucleus in blue.(10) (C) Bornens found that the nucleus-centrosome axis is a marker of cell
symmetry breaking, except in cytoplasts where the centrosome sits precisely at the center and the
microtubule network is symmetrically distributed.(11) (D) Petrie, et al. showed that enucleated
fibroblasts (cytoplasts) adhere to the matrix but migrate more slowly than intact cells in 3D
matrix. All shown scale bars are 10 pm.(12) . . . . . . ... .o

AFM stiffness measurements of intact fibroblasts and cytoplasts. (A) Overlaid bright-field, red
fluorescence, and green fluorescence image of AFM cantilever over fibroblast with intact nucleus.
In bright-field image, the AFM cantilever is a large black triangle and the outline of the entire
fibroblast can be seen. The nucleus labeled with TD tomato is false-colored red and a 5 pm
yellow-green fluorescent bead attached to the end of an AFM cantilever is false-colored green.
(B) Overlaid bright-field and red fluorescence image of cytoplasts, showing that some cytoplasts
lacking the nucleus are uniformly labeled with TD tomato. (C) Bright-field image of fibroblast
with intact nucleus and cytoplast, as labeled. Locations for AFM measurements are denoted
with asterisks —over the nucleus of intact fibroblasts (red), over the midzone of intact fibroblasts
(blue), and over the center of the cytoplast (green).. . . . . . . . ... .. L L.

Box plot of the elastic modulus for cytoplasts, over the nucleus of intact fibroblasts, and over the
midzone, one bead diameter away from the nucleus, of intact fibroblasts. Each box plot represents
the collection of average elastic modulus for each cell, with the red line indicating the median of
the data, the cental box representing the central 50% of the data, the notches setting the 25%
and 75% quantile of the data, the Tukey whiskers indicating remaining data outside central box
up to 1.5 times the height of the central box, and all other remaining points marked by the red
crosses as outliers. Asterisks (*,**  ***) represent significance values of p< 0.05, 0.01, 0.001 as
determined by the Wilcoxon rank-sum test. The average elastic modulus and standard deviation
for each type are shown above each box plot. . . . . . . .. ... ... ... ... ... .. ...

Average stiffening of cells reported as values normalized to the first force curve for AFM mea-
surements in which dwell parameters were set to mimic magnetic bead pulling experiments (i.e.,
AFM cantilever held at constant force for a 4 second dwell in contact with the cell and 6 second
dwell away from the cell). . . . . . . . .
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4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

Combined AFM and Confocal Imaging. (A) Plan-view (left) and a zx-slice (right) of confocal
stack for osteoblast loaded with calcein-AM. (Right) One image was taken before indentation (red)
and one during indentation (green), and both images were superimposed. The area displaced by
indentation is shown in red. Scale bar is 10 pm. Figures adapted from Charras et al.(13) (B)
Mlustration of experiment (left) and Z-stack confocal images (right) of a human bladder cancer
cell with AFM needle tip indentation. (Right) Red membrane and blue nucleus label show cell
membrane and nuclear envelope penetration resulting in deformed chromatin. Figures adapted
from Liu et al.(14) . . . . . . . o

Combined AFM and Side-View Imaging. (A) Typical stretching experiments on Chinese hamster
ovary (CHO) cells, where force measurements are extracted from images. (B) A custom-built
horizontal force on the stage of an inverted microscope. A variety of pipette-held test objects
can be translated to or from the stationary cantilever by a closed-loop piezo actuator. (C)
Custom side-view chamber built for AFM measurements. (Top) Schematic of system. (Bottom)
Brightfield and merged images taken in epi-fluorescence for a U20S cell. Scale bars are 20
pm. Images (A), (B), and (C) are modified from Canetta et al.(15), Ounkomol et al.(16), and
Chaudhuri et al.(17), respectively. . . . . . . . . .

To-scale SketchUp illustration of the combined AFM-PRISM-VLS system, including 5 pm yellow-
green fluorescent bead Norland attached to ArrowTL1 AFM cantilever, 180 pm micro-prism with
reflective hypotenuse attached to capillary tube, ~1 ym VLS, and several cells with SYTO-labeled
nuclei (red) on glass. . . . . . . .

PRISM image formation illustration and demonstration. A cartoon of the PRISM imaging sys-
tem showing mirror surface of prism, objective, and cells (red, blue, and green for illustrative
purposes). Both the plan- and side-view imaging planes are shown on the left, with their corre-
sponding objective height, and on the right, as they would appear in common widefield microscope
camera. (Bottom-Right) PRISM demonstration imaging piled cells in both plan- and side-view

Modifications to AFM cantilever holder and micro-prism mounting. (Top-Left) Side-view cutaway
image of cantilever holder with ~1 mm clearance between the glass window (grey and glass
coverslip due to use of shims (orange). (Bottom-Left) The bottom view of micro-prism (red)
placed near AFM cantilever, as would be seen by an inverted optical microscope. All elements
are drawn to scale except micro-prism, which is shown larger to clearly identify its location.
(Top-Right) Side-view image of micro-prism mounted on bottom of shaved capillary tube. The
eye indicates the direction from which the front-view image is drawn. (Bottom-Right) Front-view
of micro-prism on capillary tube, where the eye indicates the direction from which the side-view
image is drawn. . . . . . . . L e e e e e e

Cantilever power spectrum showing thermally-limited detection of cantilever in water under the
PRISM apparatus. The best function to the first resonance of the power spectrum is shown in
blue. The calculated spring constant based on this fit was 21 pN/nm, which is within manufacturer
specifications of 20 pN/nm. . . . . . . . L

AFM-camera synchronization signal flow. Double-headed arrows indicate a flow of data in both
directions. . . . . . . . L e

Sample synchronized AFM and 10 fps image data. The AFM software acquires both Z sensor
(and deflection) data from the AFM and BNC output voltage used to signal the camera. These
pulses recorded in AFM software can be used to directly relate force data to images acquired with
the pulsed voltage. . . . . . . . . . L

Xix

- [11d

117



4.9

4.10

4.12

4.13

4.14

4.15

5.1

Combined AFM and PRISM system demonstration. Simultaneous (A) AFM force-indentation
curve - approach in red and retract in blue - and (B) PRISM side-view image of ovarian cancer
cell with SYTO 83 DNA stain. Green outline shows location of beaded AFM cantilever for this
particular image. Scale bar is 5 pm. Higher quality images produced with the incorporation of
VLS illumination are in Figures andB3 . . ...

Schematic of VLS optical layout. The system consists of a series of spherical lenses (fsy,1, fsp2,
and fy), cylindrical lenses oriented either along the sheet waist axis (fcp1, fope, and feps) or
along the sheet length axis (fowi and fowe), control and specimen objectives, axial and lateral
mirrors, and polarized beam splitter. A dichroic was used in the place of a standard plane mirror
to allow excitation wavelength to be reflected and the epifluorescence emission wavelength to pass
through. The lateral mirror provides lateral displacement of the laser illumination in the sample
plane. The control objective and the axial mirror are used for remote axial translation of the
light-sheet up and down relative to the sample plane. . . . . . . . ... ... ... ... ... ...

Image of completed AFM-PRISM-VLS system. The left image shows the AFM head on top of
the inverted optical microscope, the 3-axis micromanipulation stage on which the capillary tube
PRISM assembly is mounted, and the VLS optics to the right of the microscope. The right image
illustrates the beam’s transition from a circular shape to a flat sheet upon entering the microscope
and was created by performing a long exposure image of the optics path while allowing liquid
nitrogen condensed water vapor to scatter the laser light. . . . ... ... ... ... .. ... ..

Vertical light-sheet characterization. (A) Intensity of 20 nm fluorescent bead sample illuminated
by VLS as a function of the lateral position translated by the AFM scan stage. Sample images
of a 20 nm fluorescent bead sample illuminated by VLS as it is translated through the sheet are
shown below. (B) FWHM of the VLS as a function of axial mirror position, which provides a
measure of the sheet depth of field. . . . . . . . ... ... .. oo

Vertical light-sheet (VLS) illumination improves imaging of ovarian cancer cells labeled with
20 nm fluorescent beads. (Top) False colored plan-view image of broad (red) and VLS (green)
illumination of 20nm bead-labeled cells. (Bottom) PRISM-view images of the same cell with both
broad and sheet illumination. Intensity profiles for the yellow line in each image. . . . . . . . ..

Vertical light-sheet (VLS) illumination improves imaging of ovarian cancer cells labeled with mem-
brane (Vybrant) and nucleic acid (SYTO83) labels. PRISM-view images of same exposure time
for the same cell with (left) broad and (right) sheet illumination show a dramatic improvement
in signal-to-noise with VLS illumination. . . . . . . . .. .. .. .. oo oo

Sample experiment performed on a SKOV cell. Images A-E are select PRISM-view images from
a video of the SKOV cell deformation acquired simultaneously with AFM force data. Plan-
view images F and G are false-colored red, green and bright-field, and are of the same cell and
AFM cantilever in broad and sheet illumination, respectively. The bottom-right plot is the force-
indentation curve simultaneously acquired with the corresponding images indicated. Figure 5.3
depicts a cell with more internal nuclear structure due to a change in label. . . . . . . .. .. ..

Experiment design for single cell mechanotransduction studies. Note that the complex mechanical
environment surrounding the cell (e.g., fluid shear, extracellular matrix, cell-cell adhesions) is not
a part of this experiment but rather a reflection of all the types of forces that a cell can experience.
The fibronectin-coated AFM tip is brought into contact with the cell over the nucleus. Indentation
of the cell can be used to measure direct deformation of cellular and subcellular components, and
focal adhesions formed between the tip and cell can be used to measure adhesion.. . . . . . . ..
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5.2

5.3

5.4

5.5

5.6

5.7

Kymograph analysis of deformation images of SKOV cell. (A) Representative side-view image
sequence with vertical sliced section as the region-of-interest directly through the AFM tip center.
Labeled regions of the cell - Syto 83 (nucleus) and Vybrant (cell membrane) - and the AFM bead-
tip can be seen in this image. (B) Kymograph of the yellow ROI over the course of the approach
portion of the dataset. (C) Gaussian fits to each of the 5 user-identified fluorescence intensity
peaks for a single time point. (D) The result of Gaussian fits to each of the time points was a line
for the top cell membrane (red), top of the nucleus (blue), and bottom of the nucleus (green).
There are two additional lines (cyan and magenta) corresponding to punctate labels within the
nucleus. . . ..o

Simultaneous AFM force data and images. AFM deflection and z-piezo data was converted into
force and indentation to produce force-time (Top-Left) and force-indentation (Top-Right) curves,
which can be partitioned into several regions - approach and indent (blue), retract and adhesion
(red), and dwells at constant deflection either at the surface or away from the cell (magenta).
[A-F] Simultaneously acquired images of Syto83 and Vybrant labeled SKOV cell at a rate of 50
fps. Scale bar indicates 10 pm. Their location in the force curves are marked. . . . . . . . . . ..

Simultaneous AFM force data and side-view images of cell deformation. (A) Force-time plot
with different slope regimes (I and IT) with dashed lines to illustrate the difference in slope. (B)
Force-indentation data fit to a Hertz model for each of the regimes identified in the force-time
plot. (C-E) Sample images from a time sequence acquired simultaneously with force data, as

identified on the force curves. . . . . . . .. @

Change in force regime associated with compression of SKOV cell cytoplasm (blue) and nucleus
(red). (A) Representative image from a side-view image sequence of SKOV cell labled with mem-
brane (Vybrant) and nucleus (Syto83) label. Vertical ROI directly below the AFM tip shown in
yellow, cytoplasmsol height indicated in blue and nucleus height indicated in red.(B) Kymograph
of the yellow ROI over the course of the approach portion of the dataset with Gaussian tracked
intensity peaks. (C) Membrane height above top of nucleus accounts for the cytoplasm region
(red) and nucleus height is measured from top to bottom of nucleus (blue). These separation
values were normalized to their initial position and tracked over the course of the time sequence.
(D) Corresponding force-time data showing the two ROIs. . . . . . . . ... .. ... ... ....

Material deformation models with different stiffness regimes. (A) Schematic representation of
stiffness as effected by depth for a multilayer material. Figure modified from Radotic et al.(18)
(B) Schematic illustrating the effect of a hard inclusion on the mechanical properties measured
in force curve. Figure modified from Roduit et al.(19) . . . . . . .. .. .. ... ... ...

Strain decreases further from tip. (A) Representative image from a side-view image sequence of
SKOV cell labled with membrane (Vybrant) and nucleus (Syto83) label. Subsequent separations
between cell membrane, nucleus boundaries, and punctate labels have been labeled with differ-
ent numbers and colors. (B) Each of the regions identified are the separation between lines in
the kymograph. (C) Plot of induced strain and absolute length of each of the regions due to
deformation of the cell with AFM tip. . . . . . . . . . . . . . . .
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5.8 Simultaneous force and image data acquired for adhesion between fibronectin-coated AFM tip
and SKOV ovarian cancer cell. (A) AFM force-indentation showing a number of adhesion events
on the retract portion of the curve (red). The approach and surface dwell are shown in blue and
magenta, respectively. (B) Representative image from the simultaneously acquired image time
sequence. The vertical yellow line was selected for creating a kymograph of cell motion over the
course of the retract curve (C). (C) The kymograph shows motion of the AFM tip off the cell
surface eventually leaving the FOV at ~ 4 seconds, and several bright fluorescent regions of the
cell - cell membrane (red), top of nucleus (green), punctate region within nucleus (cyan), and
bottom of nucleus (magenta) - tracked with my gaussian peak tracker. (D) Time synchronized

force (blue - left axis) and displacement (red, green, cyan, magenta - right axis) are displayed on
the same plot. . . . . . L e [151

5.9 Measurement of adhesion between fibronectin-coated AFM tip and SKOV ovarian cancer cell
measured by simultaneous AFM and PRISM imaging system. (Top) Retract portion of force-
indentation curve with points corresponding to force-synchronized images (B-H) identified. These
images correspond to (A) the first data point in the retraction curve and the position of maximum
cell indent, (B) the point of zero force application to the cell, (C-G) force-rupture peaks, and (H)
after all rupture events. The green regions in the peak images (C-G) outline the regions of motion
determined from difference images occurring between the top of the peak and the first image at
the bottom of the peak (identified with an empty circle and following the peak by at least three
frames). A closer examination of Peaks F and G can be found in Figure BI0L . . . . . . . .. .. [153

5.10 Closer examination of Peak F and G from Figure (Top) Portion of force-indentation retract
curve containing Peaks F and G with points corresponding to force-synchronized images identified.
No point is shown for F.0 because this is the frame immediately following Peak F. Between F.0
and F, there is the extension of a 1.8 pm fluorescent region of the cell membrane. Green regions
in peak images show regions of motion determined from difference images occurring between
subsequent images. . . . . . ... L L. L [155

5.11 (Left) Short-lived 1.8 um tether produced at Peak F. (Right) Separation between tip and substrate
just prior to final rupture event at Peak G. . . . . . .. ..o oo oo [154

6.1 Next generation of VLS illumination and imaging systems for combined AFM-PRISM-VLS sys-
tem. (Top) Schematic and image of completed next-generation illumination system with key
components labeled in both schematic and image. Key improvements in the new system in-
clude a multi-wavelength light engine, the use of the rear illumination port of microscope; and
computer-controlled electrically tunable waveplates (WP1, WP2), lenses (E1, E2) and galvanome-
ter mirrors (GM1, GM2). (Bottom) Schematic and image of completed next-generation imaging
system with key components labeled in both schematic and image. Key improvements in the new
system include remote focusing electrically tunable lens (ETL) and Gemini image splitting optic. [167

6.2 SKOV cell labeled with green nucleic acid (SYTO16) and red membrane (MitoTracker) stains
acquired with different wavelength light sheet in PRISM-view. The nucleus (top-left) and mem-
brane (top-right) images were acquired separately and then overlaid (bottom) to visualize the
entire cell. Simultaneous acquisition of both wavelengths required later implementation of split

side-by-side imaging. . . . . . . . . . L [16d
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6.3 SKOV and IGROV deformation comparison. Representative PRISM images of SYTO-labeled
nucleus from time series acquired during (top-left) IGROV and (top-right) SKOV cell deforma-
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CHAPTER 1: Introduction to forces in biology

Mechanical forces have been identified as instrumental in regulating many physiologic and pathologic
processes; as such, the analysis of mechanotransduction is a rapidly advancing area of current research.
Mechanical forces affect a broad range of biological scales from single-molecule interactions and domain
unfolding to viscoelastic properties and remodeling of single-cells. Mechanotransduction is the process by
which mechanical stimuli are converted into biochemical and functional responses from the single-molecule
to the single-cell levels. The atomic force microscope (AFM) offers unprecedented opportunity to probe the
functional properties of cell surface molecular mechanics (piconewtons) and entire-cell mechanical properties
(nanonewtons). Additionally, the AFM can be coupled with optical microscopy to observe the effects of
nanoscale mechanics on the remodeling and on changes to cells’ functional states.
This chapter is comprised of several key sections:

[I.31 Mechanobiology

1.2] Fundamentals of Atomic Force Microscopy

[1.3] Significance and Goals

Section 1.1: Mechanobiology

Mechanical forces play a crucial role in the growth and shape of virtually every tissue and organ in
our bodies. The skeleton provides structural support against the force of gravity; in the absence of skeletal
loading, humans suffer from muscle atrophy and bone resorption.(26) Our skin must stretch to accommodate
motion and interaction with our environment.(27) Circulation requires the generation of forces to pump blood
around the body and the ability of blood vessels to withstand the shear forces associated with blood flow.(28)
As fundamental biological components, living cells must possess the ability to sense, withstand and respond
to external mechanical forces from their environment. These properties are essential to the physical integrity
and biological function of the cell. However, understanding the mechanisms by which individual cells sense
their mechanical environment and convert these mechanical cues into a biological response, a process known
as mechanotransduction, is an active field of research with much left to be understood.

Cells sense their environment through a diverse group of mechanosensory proteins and cellular struc-

tures (Figure [[1).(29) At the most fundamental level, mechanotransduction results from single-molecule
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Figure 1.1: Cells exist in a complex mechanical environment, in which there are a variety of mechanosensors
and force transducers with overlapping signaling pathways. Mechanotransduction pathways include, but
are not limited to, the following: glycocalyx and cilia sense fluid shear, ion channels are stretch activated,
cell-cell adhesion complexes and gap junctions allow cell communication, focal adhesions to ECM allow the
cell to sense changes in stiffness or stretching, and signaling molecules can bind to cell-surface receptors to
create a chemical signal cascade or direct force propagation to DNA through cytoskeletal filaments, LINC
complexes and the nucleoskeleton. Mechanical signaling pathways are specific to cell type.

interactions at the cell surface. These interactions induce conformational changes in proteins, which become
biochemical events that produce downstream signals (Figure [[2)).(30) Mechanotransduction pathways in-
clude proteins in focal adhesions, which can sense a stretch or change in stiffness of the extracellular matrix
(ECM); surface structures like the glycocalyx and cilia, which are exposed to changes in fluid shear; ion chan-
nels, which are activated by cell membrane stretching; and cell-cell adhesion complexes and gap junctions
that allow cells to transmit mechanical response. At the single-molecule level, force can induce unfolding or
conformational changes in proteins to expose mechanical domains. For example, forces applied to stretch
talin induce conformational changes to facilitate vinculin (a membrane-cytoskeletal protein in focal adhesion
plaques) binding.(@) These triggers can lead to cytoskeletal reorganization and modulations in cellular and

nuclear shape, as well as gene expression. A few of these mechanotransduction pathways are listed below:

1. Forces can cause protein unfolding or unraveling to expose previously inaccessible (hidden) domains.
2. Forces can structurally expose protein-binding domains or reorient proteins for signaling other proteins.

3. Forces (e.g., pressure, rigidity) can modulate mechanosensitive ion channels by altering tension over a

membrane.



4. Force can influence the assembly, stability and turnover of subcellular structures and proteins.

5. Forces can physically bring molecules closer together to increase their local concentration and proba-

bility of interaction.
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Figure 1.2: Mechanotransduction has effects at many length scales, from single-molecule to whole-cell. (Left)
Force affects single-molecule interactions and conformation. Force applied to an interaction decreases bond
lifetime and induces conformational changes in a molecule by tilting the energy landscape. Adapted from
Thomas et al.(2) (Right) Signal propagation in a cell can be either mechanical or chemical. Chemical signal
propagation occurs when an interaction of the membrane causes a biochemical signal cascade that takes tens
of seconds to reach the nucleus. Mechanical signal propagation is facilitated by direct mechanical linkage
from the cell membrane, through the cytoskeleton and LINC complexes, to the nucleus; this propagation
occurs over the course of microseconds. Adapted from Wang et al.(3)

Signal propagation from the initial mechanical event can be either chemical or mechanical in nature
(Figure[[2)). A mechanical force that induces a chemical signal cascade within the cell propagates its signal
to the nucleus within a few seconds.(3) The recent discovery and study of specialized nuclear anchoring
structures for cytoskeletal filaments, known as the LINC (linker of nucleoskeleton and cytoskeleton) com-
plex, has revealed a method of direct mechanical signal propagation to the nucleus. A force that is applied
to cytoskeleton-linked integrins propagates to the nucleus in just a few microseconds.(3) Recent findings
indicate that the nucleus may bypass mechanosignaling through the cytoplasm altogether to directly modu-
late the expression of mechanically exposed genes.(3;132) The molecular mechanisms responsible for a cell’s
mechanical response are of interest due to the downstream effects of force on gene expression, differentiation

and motility.(33; 34)



In addition to the large disparity in timescales for signaling, mechanically relevant processes can span
a wide range of biologically relevant time, force, and length scales (Figure [[3)).(4; 15) Mechanical response
behaviors include both passive material response and active biological responses. The material response of a
cell or subcellular structure can run the gamut from microseconds for a purely elastic response to several min-
utes for viscous response. Active biological responses to mechanical stimuli occur over disparate timescales,
as seen in the activation of signaling; changes in contraction behavior; focal adhesion strengthening, phos-
phorylation, and growth; transcriptional regulation; and differentiation and proliferation (reviewed by Ricca
et al.).(4) Force and length scales of relevance to cell and molecular biomechanics span several orders of
magnitude, range from piconewtons for protein-protein interactions to micronewtons for cell contraction and
from nanometers for proteins to hundreds of microns for cells.

Mechanobiology can be described as an amalgam of contributions from individual cellular components;
however, it is important to understand that these components do not act in isolation but instead contribute
to a complex network of signaling pathways. These mechanical responses may encourage the cell to test
its environment again, thereby producing a feedback loop of amplifying force response. Therefore, each
seemingly discrete event or individual component exerts an influence on others and allows the system to
continuously adjust to changes in its environment in order to maintain integrity by eliciting appropriate
responses.

As discussed, cells experience a multitude of external forces, from single-molecule receptor interactions
to large deformations due to fluid shear or extracellular matrix stretching. These forces are then transmitted
from the outer surface of the cell via the cytoskeleton to inner cellular organelles like the nucleus. Moreover,
cells themselves also generate force and change their mechanical properties in response to applied forces. A
variety of methods, including complaint substrates, micropillar arrays, micropipette aspiration, and magnetic
tweezers, have been used to measure the mechanical properties of single molecules or single cells; however,
few are able to span a significant portion of the force parameter space to measure both single-molecule and

single-cell mechanics (Figure [[4).

Section 1.2: Fundamentals of Atomic Force Microscopy

The AFM is capable of applying and sensing forces from several piconewtons well into the nanonewton
range, which makes it the tool of choice for a broad range of biomechanics studies. Though originally invented
as a high-resolution imaging tool, the force spectroscopy application of the AFM has rapidly become a popular
method for studying both single-molecule and single-cell mechanics. The AFM has been used to investigate

levels of cellular mechanics ranging from the strength of individual cadherin-cadherin bonds(35; 136; 137; 138)
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Figure 1.3: Mechanical response behaviors span a wide range of biologically relevant time (top), force
(middle), and length (bottom) scales. Both passive material response and active biological responses scan
many timescales from elastic response to differentiation and proliferation. Forces range from sub-piconewton
protein-protein interactions to micronewton cell contractions, and relevant length scales range from nucleic
acids up to full tissues. Adapted from Ricca et al@) and Suresh.(ﬁ)
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to global viscoelastic properties of the cell.(39; 40; 41)) Additionally, the AFM can be combined with various
forms of optical microscopy (e.g., fluorescence microscopy) for simultaneous imaging of the cell.(29) Despite

the complexity of data gathered, the AFM requires only basic principles to describe, as shown in Figure
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Figure 1.5: Schematic of the AFM and force-indentation data. (A) AFM cantilever motion is measured by
the SLD signal collected on a position-sensitive detector. (B) Sample force-indentation determined from raw
z-piezo and deflection data. The cantilever (1) approaches, (2) contacts, and (3) indents the sample up to
some predefined trigger force. Then the cantilever is (4) retracted from the surface. If there is adhesion
between the tip and sample, then (5) force-rupture peaks corresponding to the rupture of adhesions are
produced with the final rupture event peak causing complete detachment of tip from surface and (6) the
cantilever continues to retract without any deflection (i.e., zero-force).

The AFM cantilever with a tip on its end is moved toward and away from the substrate with sub-
nanometer precision via a piezo. This piezo is referred to as the z-piezo because it moves the AFM cantilever
in the z-direction relative to the sample stage (which provides x and y motion to the sample). The z-piezo
can be used to move the cantilever at a constant speed, allowing the cantilever to bend as it interacts
with the surface, or it can vary the cantilever position in order to maintain a constant deflection. These
two spectroscopy modes are respectively described as ‘force-ramp’ and ‘force-clamp’, and are discussed in
more detail in relation to single-molecule experiments in Chapter Pl The default operation for AFM force

spectroscopy is the constant-velocity, force-ramp mode.

The cantilever’s deflections are detected with a superluminescent diode (SLD) reflected off the back of
the cantilever and onto a quadrant position-sensitive photodetector. The measured deflections are converted
into applied force using a Hooke’s law approximation for the cantilever (i.e., F'= —k -z, where F is force, x
is the deflection, and k is the empirically determined spring constant).(42; 43)

Parameters such as tip geometry, cantilever stiffness and surface functionalization are varied to probe
the mechanical properties of interest. For single-molecule experiments (Chapter 2)), a flexible cantilever and
a protein-coated silicon nitride pyramid probe are selected to measure piconewton forces associated with

unfolding and to reduce surface area, thus decreasing the probability of multiple interacting molecules.
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Figure 1.6: Schematic of the different single-molecule and single-cell force spectroscopy experiments. Ad-
hesion events in the retract portion of a force curve are informative in (top-left) single-molecule unbinding
and (bottom-left) unfolding experiments. (Top-right) Cell elasticity and (bottom-right) adhesion can be
measured from the approach and retract portions of single-cell force curves.

For single-cell mechanics measurements, a 5 pm polystyrene bead is attached in-house as described in
Appendix[l). Beaded tips are more suitable for single-cell measurements (ChaptersBland []) in order to avoid
puncturing the cell during measurement; the bead reduces the indentation depth and localized pressure,
increases contact area over inhomogeneous surfaces for elasticity measurements and increases interactions
for adhesion measurements. Experiments have also been performed that measure cell-cell adhesions where

the tip is replaced by a living cell,); this technique was not used in our studies.

A typical force spectroscopy experiment begins with the cantilever away from the sample (Figure [L3]).
The cantilever approaches the substrate and, as the probe encounters the sample, the cantilever is bent
upward until a predetermined trigger force (or deflection) is reached. The cantilever is then retracted from
the sample at a constant velocity. If interactions occur between the tip and sample, the cantilever is bent
downward until the restoring force of the cantilever exceeds the strength of the tip-sample interaction.
After the tip-sample interaction is broken, the cantilever continues to retract without any deflection (i.e.,
zero-force).

The data collected in a force spectroscopy experiment are traces of force versus separation, or ‘force
curves’. Depending on the type of experiment performed (Figure [L6]), different information can be extracted

from these force curves. In single-molecule experiments (Chapter 2]), the height and separation of rupture



events in the retract curve can be used to extract information about bond strength and unfolding domains.
Varying the protein type on the tip and substrate, forces or solution conditions can provide information on
physiologically relevant force-dependent behavior. For single-cell experiments, the Young’s modulus (i.e.,
stiffness) of a cell can be determined by fitting a contacts mechanics model (i.e., Hertz in the case of a
spherical indenter) to the indentation portion of approach curve (Chapter Bl). From the retract portion of
the curve, information related to the number and strengths of adhesions was acquired.

When coupled with optical microscopy, the AFM can provide simultaneous force and structural data on
a cell’s response to mechanical stimuli. The Asylum MFP-3D-BIO AFM, used for all experiments described
herein, is a commercial, fully-capable AFM integrated with an inverted optical microscope, and it has been

used for single-molecule and cell mechanics studies.

Section 1.3: Significance and Goals

One of the overall goals of my dissertation work has been to design a tool that is useful for mechanobiology
studies of single cells. In order to study this broad range of mechanosensing components (from single-
molecules to subcellular structures such as the nucleus) of biological elements as they occur in realtime in
the cell, an instrument and analysis pipeline is needed that will allow the user to probe a broad range of
force and to perform high-speed and high-resolution imaging in the direction of applied load. To study
the mechanics of single cells and subcellular components such as the nucleus under load, I have integrated
a new imaging technique called PRISM (pathway rotated imaging for sideways microscopy) with atomic
force microscopy and light sheet illumination. This system is sensitive enough to measure single-molecule
unfolding, while maintaining the breadth to measure single-cell mechanical properties and structural changes.

A large portion of my work is associated with the design and implementation of the this new technique,
which required the design, construction, characterization, and implementation of the PRISM system (Chapter
@ and Chapter Bl and the implementation of experimental procedures and data analysis pipelines for single-
molecule (Chapter [2) and single-cell spectroscopy (Chapter B]). The work described in Chapter 2 was part
of a larger research project within our group on the mechanical properties of fibrin that was distinct from
the more recent research effort focused on mechanobiology (which is the biophysical problem motivating
Chapters Bl [, and B). However, the single-molecule mechanical work described in Chapter [ including
the AFM protocols and single-molecule force spectroscopy analysis, are directly applicable to the larger cell
mechanobiology goal outlined in the later chapters. Chapters Bl M and [l are of a piece and describe the
co-evolution of cell mechanics work and instrument development.

This document is organized into AFM measurements of different types — single-molecule force spec-



troscopy, single-cell mechanics measurements, and the combined AFM-PRISM-VLS system.
1. The goal of Chapter[Ilhas been to provide a brief overview of mechanobiology and the AFM instrument.

2. In Chapter 2] I applied the AFM to single-molecule force spectroscopy experiments on fibrin. Here, I
used applied constant-velocity, constant-force and force-quench experimental techniques in conjunction
with Monte Carlo methods and molecular dynamics simulations to understand the origins of fibrin’s
dynamic properties. These are the first investigations into fibrin unfolding under constant-force and the
reversibility of single-molecule fibrin unfolding. As such, they reveal previously unobserved unfolding
and refolding behavior in the fibrin molecule. All protocols for unfolding event recognition and kinetic

analysis can be used to study single-molecule interactions in the single-cell environment.

3. In Chapter Bl T applied AFM single-cell force spectroscopy techniques to ovarian cancer, pancreatic
cancer, and de-nucleated cells. These studies provided unique mechanical measurements of the cells
investigated and insight into the contribution of the nucleus to a cell’s mechanical properties. However,
these experiments lacked the imaging capabilities necessary to acquire structural information in the

direction of applied force.

4. In Chapter ] I described the design and characterization of the system necessitated by experiments
performed in Chapter Bl The combined AFM and PRISM system simultaneously delivers imaging of
cell deformation in the direction of applied force and piconewton resolution force measurements with
the additional inclusion of light-sheet microscopy to improve image quality. With this new system, I
was able to acquire previously unattainable ~ 300 nm xz-plane image resolution and millisecond time

resolution in the direction of applied force.

5. In Chapter Bl I demonstrated the utility of the combined AFM-PRISM-VLS system for identifying the
structural components of the cell responsible for changes in depth-dependent mechanical properties
during deformation and identifying direct mechanical linkages between the cell membrane and the
nucleus during adhesion. Through a detailed analysis, I illustrate the utility of the integrated force
measurement and synchronized high frame rate, side-view imaging system for the study of intracellular
(and intranuclear) motion due to force applied at the cell surface. These data are some of the first

continuous side-view imaging of nuclear deformation with corresponding AFM force measurements.

6. Finally, T present a discussion of the conclusions and future directions of this work in Chapter [l
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CHAPTER 2: Single-Molecule Force Spectroscopy Studies of the Fibrin ‘A-a’ Interaction
and 7 Module Unfolding

Fibrin networks, the structural mesh upon which blood clots form, must elastically withstand the shear
forces of blood flow and provide mechanical stability to the clot. The mechanics of these networks are
determined by the mechanical properties of individual fibrin monomers and the interactions between them.
A critical interaction in the polymerization of fibrin fibers is the ‘A-a’ knob-hole interaction. In order to
investigate the mechanical response and unfolding dynamics of the protein when pulled from the knob-
hole interaction, I (1) built on previous work by Laurel Averett to investigate the effect of environmental
conditions on the knob-hole forced rupture pattern, (2) designed single-molecule force-clamp experiments to
apply constant force specifically to the ‘A-a’ knob-hole location, and (3) performed preliminary force-quench
experiments to understand reversibility of ‘A-a’ forced unfolding. This represents the first application of the
force-clamp and force-quench techniques to single-molecule fibrin studies. The resultant information about
the reversible nature of single-molecule fibrin unfolding may be helpful in creating a course-grained model
for fibrin clot behavior. Additionally, all protocols for unfolding event recognition and kinetic analysis can
be used for understanding single-molecule interactions in the single-cell environment.

This chapter is broken down into several key sections:

Background on Fibrin and Single-Molecule Force Spectroscopy
Experimental Methods

Effect of Solution Conditions on Constant-Velocity Fibrin Unfolding

Intermediate Unfolding Domains Revealed by Constant-Force Fibrin Unfolding

HEHEE

Conclusions and Future Work

Section 2.1: Background on Fibrin and Single-Molecule Force Spectroscopy

Cells can sense and convert mechanical factors in their environment into a biological response that ul-
timately regulates cellular processes, including adhesion, proliferation, differentiation, and apoptosis.(45)
Researchers are only beginning to learn how cells convert mechanical forces into biochemically relevant in-
formation through a processes referred to as mechanotransduction. At the most fundamental level, mechan-
otransduction results from single-molecule interactions at the cell surface inducing conformational changes

in proteins, which become biochemical events that produce down stream signals involving complex signaling
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pathways that intersect and modify each other to produce reliable cell responses.(30) Understanding the
molecules involved and molecular mechanisms by which mechanical cues are converted into biological signals
requires measurements of the mechanical properties of individual biomolecules, protein unfolding pathways,
and characterization of the change in functional states of proteins under load.(30) Single-molecule studies
have uncovered diverse force sensing arrangements, including force-regulated conformational changes and
intermediate states in unfolding pathways which provide access to previously unaccessible regions of the pro-
tein for binding, phosphorylation, or transcription. Combining single-molecule force-spectroscopy (SMFS)
with cell biology provides a powerful method for exploring how forces applied to the cell-surface differentially

regulate cell signaling pathways.

To study the effect of single-molecule interactions on cell signaling pathways, the force measurement
system must accomplish force measurement and application from the piconewton to nanonewton scale under
physiological conditions. The AFM has become a powerful tool in molecular and cell biology for single-
molecule and cell mechanics studies due to (1) high vertical and lateral resolution for precise force ap-
plication and topographic information, (2) precise application and measurement of piconewton forces, (3)
variety of probe devices and tip functionalization methodologies, and (4) the ability to probe a variety of
sample geometries in natural conditions, such as buffer. AFM force spectroscopy has facilitated piconewton
force measurements of single-molecule interactions to provide insights into cell adhesion,(46; 47) molecular

recognition, (48; 149; 50) protein folding and unfolding,(51; |52) and DNA mechanics.(53)

To collect SMFS on fibrin monomers, methodologies for single-molecule tip functionalization, various
methods of force application, and methods for analysis of single-molecule forced protein unfolding and
unbinding were developed. Here in, I use AFM SMFS methods to measure the single-molecule unfolding
properties of fibrin. Fibrin has been implicated in cell mechanosensing;(54; 155; 156) however the original
motivation for fibrin mechanics was a separate research thrust from the cell mechanics project but fibrin

unfolding serves well as a trial mechanical protein.

Fibrin, the structural mesh upon which blood clots form, is an inherently mechanical protein with various
domains implicated in physiologically relevant single-molecule unfolding.(57; |58) Experiments designed to
probe the unfolding pathways of fibrin through forces applied to a critical clot formation interaction have
revealed a complex but incomplete picture of single-molecule fibrin force response.(57) Here in, I use AFM
SMF'S methods to measure the single-molecule unfolding properties of fibrin. This will inform our under-
standing of the mechanical properties of fibrin as they relate to blood clot formation and also provide an

ideal single-molecule system for developing force application and analysis pipelines.
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2.1.1: Fibrinogen and Fibrin

Fibrinogen, the precursor of fibrin monomer, is a 340 kDa glycoprotein made up of three pairs of polypep-
tide chains A«a, B, and ~, held together by 29 disulfide bonds.(lgj) The amino termini of all six chains are
held together by disulfide bonds in the central E region, while the C termini of the B8 and the « chains

form the § and the v modules that constitute the distal D regions. The structural regions are connected by

helical coiled-coils of all three polypeptide chains that maintain a symmetrical D-E-D linear conformation

of fibrinogen. (@; |;|)
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Figure 2.1: Schematic of fibrin polymerization. (A) Space-filled rendering of fibrin structure colored by
chain. In the crystal structure, created using Protein Data Bank entry 3GHG, neither the «C domains nor
the N-termini of the Aa and BS chains are resolved and are therefore not shown. (B) Cartoon illustration
of the same fibrin monomer with exposed ‘A’ knobs. (B) Interaction between holes ‘a’ and knobs ‘A’ form
double stranded, half-staggered protofibrils. (C) Protofibrils grow and aggregate laterally to form fibers.
Fibers grow, branch and merge to form a complex fibrin network. (D) Scanning electron microscope image
of fibrin network. Images adapted from Averett thesis.@)

Upon injury to a blood vessel, the coagulation cascade generates thrombin, which converts soluble fib-
rinogen into insoluble fibrin. Thrombin cleaves the fibrinopetides from the N termini of fibrinogen’s A«
and B chains, exposing polymerization sites called knobs ‘A’ and ‘B’.(62) The knobs ‘A’ of one molecule
noncovalently interacts with complementary binding sites, holes ‘a’, located in the yC modules of the D
region of another molecule.(@; @ The ‘A-a’ knob-hole interaction forms half-staggered protofibrils and
laterally aggregate to form ﬁbers.(@; Ia) Fibrin fibers branch and undergo cross-linking to form stable,

three-dimensional fibrin networks critical to blood clotting. In addition to ‘A-a’ interactions, other specific
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interactions play a critical role in the assembly of fibrin clots include ‘B-b’ knob-hole , D-D interface,
module and 8 module lateral, and aC-aC interactions.(64; [66; 67) Because elimination of knob-hole inter-
actions impair fibrin formation and dissolve formed clots,(68; [69) the knob-hole interactions are viewed as

the principle promotors of fibrin clot assembly and contributors to clot integrity.

2.1.2: Mechanical Studies of Fibrin

As the structural scaffold of blood clots, fibrin must stop hemorrhaging at the site of vessel injury. In
order to be successful, fibrin possesses seemingly contradicting mechanical characteristics. In hemostasis, the
clot must withstand the shear forces associated with blood flow to stop hemorrhaging. However, fibrin cannot
impede the flow of blood when a clot is not necessary. Inappropriate mechanical properties of fibrin clots
may cause bleeding and clotting disorders such as hemophilia (insufficient clotting and excessive bleeding),
thrombosis (excessive clotting leading to vessel blockage), and thromboemoblism (dislodged clots that can
block vessels away from the site of injury). The biological roles and physical properties of fibrin have made
it an attractive molecule for mechanical studies.

Despite such critical importance, the structural basis of clot mechanics is not well understood.(58) The
rising attention to this dilemma has resulted in an abundance of papers describing mechanical properties
on multiple levels, including the strength of the whole-clot network, the elasticity of individual fibers, and
changes to monomeric structure under force. Whole-clot viscoelastic and rheology studies have focused on the
correlation between clot structure (i.e., thickness of fibers and porosity) and mechanics.(70) Individual fibers,
manipulated in the context of a whole clot or gel, are characterized as semi-flexible biopolymers and exhibit
strain-stiffening behavior.(71; [72) Single fibers suspended over micro-channels were mechanically extended
resulting in the discovery that fibrin fibers are among the most extensible biopolymers. Furthermore, much
of the observed fiber extensibility is reversible.(73; [74; [75; [76; [7T; [78)

The exceptional extensibility of fibrin fibers is generally considered an important mechanism helping to
accommodate strain, but there is no agreement on the particular structures of the fibrin molecule responsible.
The following molecular origins have been suggested: (1) unfolding of the globular v module,(57; [79) (2)
unfolding of the coiled-coil region, (65; 80) (3) straightening and unfolding of the aC domain, (71; 181; 175; 182;
83) and (4) some combination of these regions.(76; [84; [74; I85; [86)

In previous thesis work by previous UNC physics graduate student Laurel Averett, the AFM was used to
perform SMFS experiments on the monomeric restructuring of fibrin’s v module and the effects of force on
the ‘A-a’ molecular bond.(l) Force applied to the ‘A-a’ interaction resulted in a reproducible, well-defined

forced rupture pattern consisting of two to four peaks in the force-extension curve associated with stepwise
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unfolding of the v module of fibrinogen, where the final peak is rupture of the ‘A-a’ interaction. The
distribution of rupture forces measured during a typical force map did not produce a single mode or most
probable rupture force. Instead, the force distribution was characterized by two distinct force populations
(Figure 2Z2B), which lead to a thorough examination of the individual events in the force curves. The largest
population of curves was characterized by a doublet of high force rupture events (~ 225 pN) separated by
~ 8 nm, which was often preceded and/or followed by an event of lower force. A sample force-extension
curve is shown in Figure Z2IA with all four rupture peaks labeled. Peaks 2 and 3 contributed the higher
force rupture mode (~ 225 pN), and peaks 1 and 4 contributed to the lower force rupture mode (~ 100 pN).
Through a rigorous battery of controls, these interactions were found to be highly specific to unfolding of
the v module due to force applied to the ‘A-a’ interaction, as none of the other known fibrin interactions

contributed to the characteristic pattern.
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Figure 2.2: Constant-velocity SMFS of fibrin ‘A-a’ interaction. (A) Representative four-event characteristic
rupture pattern observed in constant-velocity AFM SMFS experiments aligned relative to the second event.
Characteristic ‘A-a’ forced unfolding of fibrin occur in one of four phenotypes consisting of a doublet of
higher force events (events 2 and 3) and optional proceeding or following lower force events (events 1 and
4). (B) The distribution of force rupture events observed through the ‘A-a’ interaction is bimodal with
most probable rupture forces of 110 + 34 and 224 £+ 31 pN . The uncertainties represent half-widths at
half-maximum of the Gaussian fits and bins size is 20 pN. Figure modified from Laurel Averett’s Thesis. (1)

2.1.3: Significance and Goals

The exceptional extensibility of fibrin fibers is an important mechanism for the accommodation of physio-
logical strain, but there is no agreement on the particular structures of the fibrin molecule responsible. Fibrin
unfolding through ‘A-a’ knob-hole interactions are the focus of the work presented in this chapter because
they are critical intermolecular interaction involved in the assembly and structural stability of fibrin polymer.

I attempt to gain a molecular-level understanding of forced v module unfolding and dissociation of the ‘A-a’
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interaction through the application of SMFS techniques. Specifically, two aspects of fibrin single-molecule
unfolding are investigated in this chapter — ([23)) the effect of solution conditions on ‘A-a’ interaction and

@) v module unfolding due to a constant-force.

Fibrin polymerization is a complex, multistep process that is influenced by solution conditions, including
sodium chloride (NaCl) concentration, pH and temperature. Each of these parameters has notable effects
on the kinetics of fibrin polymerization, as well as the structural and mechanical properties of the final clot.
However, the effect each of these parameters on fibrin polymerization at the molecular level is poorly under-
stood. Therefore, I sought to evaluate the influence of environmental parameters (i.e., NaCl concentration,

pH, and temperature) on the mechanical behavior of the ‘A-a’ knob-hole interaction in Section

In the case of constant-velocity force spectroscopy, the force applied to the interaction varies dramatically
and inconsistently, as the protein is unfolded. Mechanical unfolding of a protein is known to be dependent
on applied force,(817) therefore it would be beneficial to directly measure protein unfolding as a function of
applied force. In Section 2.4l I develop a force-clamp spectroscopy technique and analysis pipeline to allow
probing unfolding behavior under constant force. This technique enables the probing of unfolding behavior at
lower force to measure conformational diversity inaccessible with constant-velocity experiments and a direct
method of extracting unfolding kinetics without assumptions associated with current models. The force-
clamp methodology is also an ideal system for understanding the reversible nature of v module unfolding

due to force applied at the ‘A-a’ interaction in a variant technique often referred to as force-quenching.

Identification of the molecular mechanism responsible for fibrin extensibility would allow identification
and possible treatment of fibrin related clotting disorders. In the more general field of protein unfolding,
lower force unfolding events remain an uncommon observation but they may contribute the unfolding kinetics
observed in experiments. Understanding the contribution of multiple subdomains to protein mechanics
provides a different perspective on sources of non-Markovian behavior in protein unfolding. In the broader
view of cell mechanosensing and mechanotransduction, the detailed mapping of force unfolding behavior of
single-molecule fibrin can provide insight into the different mechanisms by which mechanical proteins in the
cell transmit forces. Because both (un)binding and protein unfolding could be measured in single-molecule
force-spectroscopy experiments on living cells targeted by the new combined force-imaging technique, single-

molecule fibrin measurements are useful for developing a pipeline of analysis for these measurements.
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Section 2.2: Single-Molecule Force Spectroscopy Experimental Methods

2.2.1:  Materials, Tip Functionalization, and Sample Preparation

All reagents were of analytical grade and purchased from Sigma (St. Louis, MO) unless noted otherwise.
N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) were purchased
from Pierce Scientific (Roxford, IL).

For all experiments, aliquots of the protein solutions synthesized and purified in the laboratory of Pro-
fessor Susan Lord were acquired from Professor Oleg Gorkun. A detailed description of procedures required
to generate, purify, or aliquot any of the fibrinogen can be found elsewhere. Specifically, interested readers
are directed to other sources for protocols to obtain the wild-type recombinant fibrin(88) and the desAB-
NDSK fragment, which represents the central region of fibrinogen and contains polymerization knobs ‘A’ and
‘B’.(89) After purification, the fibrinogen and desAB-NDSK were dialyzed against HEPES-buffered saline
(HBS) (20mM HEPES and 150mM NaCl, pH 7.4) buffer and stored at -80°C.

2.2.2:  AFM Experiments

All surfaces for AFM experiments were prepared as described in detail elsewhere.(57) Briefly, clean
glass microscope slides and silicon nitride TR400PSA cantilevers (Olympus) were coated with gold. Then
carboxylic-acid-terminated self-assembled monolayers were used to randomly, covalently attach the proteins
to the surfaces. The protein arrangement was such that holes ‘a’ were on the substrate and knobs ‘A’ were
on the tip as shown in Figure 23l It was previously shown that reversing the protein arrangement, such
that knobs were on the substrate and holes were on the tip, did not affect the force-extension pattern.(57)
Importantly, the concentration of proteins on tip and substrate were such that less than 15% of all contacts
with the substrate resulted in a measurable interaction. Both tip and substrate remained in buffer solution
(20mM HEPES, 150mM NaCl, 2mg/mL BSA, 3 mM CaCly, and 0.01% Triton X-100, pH 7.4) for AFM
experiments.

Differing from previous research,(57) the gold-coated substrates were adhered to glass slides with buffer
wells using vacuum grease rather than epoxy. The benefit to using vacuum grease is that substrates can be
removed from the glass slide and the slide can be cleaned then reused for another experiment. Preserving the
same slide and buffer well results in similar volumes of buffer solution used in the experiments. The capillary
forces are sufficient for vacuum grease to give the same force-extension pattern as experiments performed
with epoxy.

AFM experiments were conducted using a Molecular Force Probe 3D (MFP3D) instrument (Asylum
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Figure 2.3: Schematic of single-molecule AFM experimental configuration. Fibrin fragments desAB-NDSK
and fibrinogen were immobilized covalently onto a gold-coated AFM probe and substrate with a carboxylic
acid terminated SAM through NHS/EDC chemistry. All experiments were performed in a buffer, which
contained both surfactant and BSA. Space filling models of desAB-NDSK and fibrinogen colored by chanis:
a (blue), B (green), and v (red). The formation of an ‘A-a’ knob-hole interaction is shown. The N-termini of
the a chains do not appear in crystal structures; therefore, the knobs ‘A’ are approximated (dashed lines).
N-termini of # chains and aC domains are not shown.
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Research, Santa Barbara, CA). Protein-coated cantilever and substrate were allowed to equilibrate at room
temperature in buffer until the deflection signal stabilized (~1 h). The spring constant of the TR400PSA
cantilever (~20 pN/nm) was determined for each scan area before force curves were collected using the built-
in thermal calibration method.(90; 91;[92) The average value of all spring constants found for that cantilever
was used in subsequent analysis. From this starting point either constant-velocity or constant-force SMF'S
experiments were performed to probe the ‘A-a’ knob-hole interaction. Because the experimental and data
analysis protocols differ for each force spectroscopy technique, they are discussed in detail in the appropriate

sections.

Section 2.3: Effect of Solution Conditions on Constant-Velocity Fibrin Unfolding

2.3.1: Introduction

Polymerization of fibrin clots has been extensively studied. Variations in environmental conditions lead
to the formation of clots with variable polymerization kinetics and structural properties. Each solution con-
dition investigated herein (i.e., NaCl concentration,(93; 194; 195) pH,(96; 194; 197; 19]; 199; 1100) temperature(94;
99; 1101))) has known effects on protein stability and structure, and fibrin polymerization. Clot turbidity, a
measure of fibrin fiber thickness, is inversely related to the NaCl concentration.(93;97; 199; [102; [103; [104; 196)
Acidic solution conditions slow the kinetics of fibrin polymerization and both acidic and basic conditions lead
to formation of clots with lower final turbidity.(100) Polymerization experiments have only been performed
for physiological and lower temperatures.(99; [101)) These polymerization experiments determined fibrin net-
works formed thinner fibers at higher temperatures.(99) This occurs through a complex process in which
temperature affects enzymatic cleavage and polymerization interactions.

Although much is known about the effect of environmental conditions on fibrin polymerization and final
clot structure, there has been no investigation into the effects of solution conditions on the single-molecule
mechanics of fibrin. Because the ‘A-a’ interaction is integral to the polymerization of fibrin clots, SMF'S
of fibrin with the ‘A-a’ interaction as the location of force application provides insights into the molecular
mechanisms that give rise to polymerization results. I use a protocol developed by Averett et al. that enables
the measurement of single-molecule fibrin unfolding and rupture of the ‘A-a’ interaction. (57)

Laurel Averett found that force applied to the ‘A-a’ interaction resulted in a reproducible, well-defined
forced rupture pattern consisting of two to four peaks in the force extension curve associated with stepwise
unfolding of the fibrin v module (Figure[2.4] A-D). For brevity, these curves are referred to as ‘characteristic’
All characteristic curves possess a doublet of force peaks that may be preceded or followed by a lower force

peak. The final peak in the curve is associated with rupture of the ‘A-a’ knob-hole interaction. In two of
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Figure 2.4: Representative force curves showing prevalent patterns of rupture of interactions between desAB-
NDSK (tip) and fibrinogen (substrate). Curves A-D are characteristic of an ‘A-a’ interaction, defined as
containing a doublet of rupture events of ~200 pN. Of the four types of characteristic force curves, two
(C and D) contain an additional rupture event (event 4) following the doublet. (E) Single event and (F)
multiple event force curves occur with significantly less probability at standard solution conditions (0.15 M
NaCl, 27°C, pH 7.4).

20



the force curve types, an additional lower force peak follows the doublet characteristic of ‘A-a’ knob-hole
interaction (Figure[Z4] C-D). This lower force peak is referred to as ‘event 4". This additional extension due
to the lower force peak has been attributed to the stability of hole ‘a’ during forced unfolding.(105)

Herein, experiments investigating the effects of NaCl concentration, pH, and temperature on the ‘A-a’
knob-hole interaction are examined. Specifically, two metrics related to the stability of the ‘A-a’ interaction
are used to study the influence of environmental conditions: (1) the probability that an interaction results
in the characteristic doublet of forced unfolding through the ‘A-a’ interaction and (2) the probability that a

characteristic force curve contains lower force event 4.

2.3.2: Methods

Each sample (i.e., substrate and tip) was prepared and AFM experiments were performed as described
in Section with the following solution condition variations. Because it is known that calcium effects
structure and stability of fibrinogen, additional experiments were done with additional 3 mM CaCly in AFM

buffer for each of the following experimental conditions.

AFM Experiments at various NaCl Concentrations

The fibrin ‘A — @’ interaction was examined at four concentrations of sodium chloride (NaCl): 0.02 M, 0.15
M, 0.5 M, and 2 M. Concentrations of NaCl higher than 2 M were not investigated because the buffer solution
opacity, due to precipitation of buffer components, interfered with ability of AFM to measure deflection. For
each NaCl concentration, the solution was buffered with 20 mM HEPES, the pH adjusted to 7.4, and 2
mg/mL BSA and 0.01% Triton X-100 were added. For each NaCl concentration, at least three force volumes
were collected. Between experiments, the tip and substrate were rinse with buffer and refilled with new NaCl
concentration buffer. The exposure of tip and substrate to air was minimized during this process. The 0.15
M NaCl data point represents the standard operating conditions, in order to assess variations in unfolding

and rupture probabilities.

AFM Experiments at various pHs

The fibrin ‘A-a’ interaction was examined at seven different pH values: 4.5, 5.5, 6.5, 7.4, 8.5, 9.5, 10.5.
For each pH, the solution was buffered with 20 mM HEPES and 0.15 M NaCl, and 2 mg/mL BSA and 0.1%
Triton X-100 were added. For each experiment, at least three force volumes were collected in each of the
buffers in the order of increasing pH (7.4 to 10.5) or decreasing pH (7.4 to 4.5). Increasing and decreasing pH

experiments were performed on separate days with fresh substrates and probes. Between experiments, the
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tip and substrate were rinse with buffer and refilled with new pH buffer. The exposure of tip and substrate to

air was minimized during this process. The pH 7.4 data point represents the standard operating conditions.

AFM Experiments at various Temperatures

The temperature-controlled flow-cell accessory for the AFM (Asylum Research, Santa Barbara, CA) was
used to vary the temperature of the buffer (20mM HEPES, 150mM NaCl, 2 mg/mL BSA, and 0.01% Triton
X-100, pH 7.4). The temperature controller was used to achieve and maintain temperatures of 27, 32, 37, 42,
and 47°C. The system was allowed to equilibrate for at least 20 minutes after each temperature adjustment.
Because the increase in temperature caused significant drift in the tip deflection even after equilibration,

force volume collection was occasionally paused to re-adjust the deflection.

Fibrin Polymerization Experiments

Plasma fibrinogen, purified using a GPRPAA affinity column in a manner similar to that previously
reported for the fibrinogen D fragment,(106) was diluted in AFM buffer to a final concentration of 0.51
mg/mL. Thrombin and batroxobin were diluted to 2 U/mL in HBS, stored on ice, and used within 1 h of
preparation. A 0.63 mL volume of the fibrinogen solution was placed into a quartz cuvette and incubated for
5 min in a thermostatically-controlled cuvette holder (Multi Temp III recirculating thermostat, Amersham
Bioscience) in a spectrophotometer (Biospec 1601, Shimadzu). Fibrin polymerization was initiated by adding
of 0.07 mL of the thrombin or batroxobin solution to the cuvette. The turbidity change at 350 nm was
monitored for 30 min. All reactions were performed twice, and the curves presented represent their averages.
The lag time was determined as the time between enzyme addition and increase in Aszsg to >0.01. The
Umaz Was determined as the maximum slope of the turbidity curve. The final turbidity was the average Asso

during the last third of the analysis (i.e., 20-30 min).

AFM Data Analysis

Custom MATLAB analysis code described in Section was used for data analysis. Then multiple
filters were used to identify force curves containing the pattern characteristic of the fibrin ‘A-a’ bond forced
rupture (“characteristic force curve” for brevity).(57) Briefly, 1.) the curve had to consist of two sequential
events less than 75 pN different in force magnitude, 2.) the curve could include an event prior to the doublet
of events, and 3.) the curve could include an event after the doublet, but this event would need to be
greater than 50 pN less than the first event in the doublet. The four force curves considered characteristics
of an ‘A-a’ interaction are thus a curve with just the doublet (events 2 and 3), a curve with the doublet

and a preceding event (events 1-3), curve with the doublet and a following event (events 2-4), and curve
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with the doublet both preceded and followed by an event (events 1-4). The probabilities that an interaction
was characteristic and that a characteristic interaction included event 4 (an event following the doublet)
represent the mean and standard deviation of the probabilities for several force volumes. When shown as
normalized probability, the probability was calculated so that the area under the histogram equaled one.
The numbers generated from each analysis method were averaged over all curve types, weighted by their
respective errors.(107) Statistical significance (p-value <0.05) was evaluated with the Student’s t-test (two-
tailed, type three) against experiments performed in ‘standard’ conditions (i.e., pH 7.4, 150 mM NaCl, 27°C,
with or without 3 mM CaCly). T also examine the histograms of all forces in a characteristic forced rupture
of the ‘A-a’ bond and the histograms of single rupture event force curves for each of the solutions conditions

with and without additional calcium present in the buffer.

2.3.3: Results

Forced unfolding of fibrinogen through the ‘A-a’ knob-hole interaction has a well-characterized force
profile. This pattern was used to detect changes in molecular behavior under force due to changes in en-
vironmental conditions. The validity and reproducibility of this method has been documented in detail
elsewhere.(57) By performing experiments with a low probability of tip-substrate interactions (< 15%),
the likelihood of multiple-molecule interactions is dramatically reduced. Previously performed control ex-
periments verify that the ‘A-a’ knob-hole interaction is singularly, specifically responsible for the complex
rupture patterns observed in Figure 2.4l Stochastic unfolding of fibrinogen molecule and random orientation
of surface bound proteins result in the differences in force extension curves.(108) Because it is known that
calcium effects structure and stability of fibrinogen,(105) additional experiments were done with additional
3 mM CaCly in AFM buffer. Thus, probabilities comparing buffers both with and without calcium, reflect
the relative stability of the fibrinogen molecule.

There are two types of interactions that can occur under the constraints of this experiment — characteristic
(Figure 241 A-D) and non-characteristic interactions (Figure 2.4 E-F'). Because competitive inhibition of the
‘A-a’ interaction, using GPRP, a synthetic knob ‘A’; eliminated all interactions producing force rupture
events in Figure 24 all force-extension curves are associated with the ‘A-a’ interaction.

Among force versus separation curves that resulted in rupture events, multiple rupture event force curves
shown in Figure 241 A-D characterized the greatest population. Based on their regularity and abundance,
this group was classified as the ‘characteristic’ interaction between desAB-NDSK and fibrinogen. A notable
feature of characteristic curves was a doublet of forces ~200 pN in magnitude, separated by ~8 nm. Because

the ‘A-a’ knob-hole interaction was the sole tether connecting the tip and the substrate, the last event in
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each force curve is attributed to rupture of this interaction. Preceding force events are the result of step-wise
unfolding of the fibrinogen v module. The unfolding of fibrinogen is signified by an increase in extension
and decrease in applied force in the force-extension plots. AFM force-extension curves measure extension of
the fibrin molecule due to force applied to the ‘A-a’ interaction.

Because the unfolding of fibrinogen is a stochastic process, there are a variety of unfolding patterns that
could result from force exerted through the ‘A-a’ knob-hole interaction. The last peak in a force-extension
curve always coincides with rupture of the ‘A-a’ knob-hole interaction. When fibrinogen unfolds in such a
way that the ‘A-a’ interaction maintains through characteristic doublet unfolding, an extra extension event
is observed prior to rupture of the ‘A-a’ interaction. In two of the four characteristic force curves (Figure [Z.4]
C-D), there exists a lower force peak following the doublet resultant from this additional extension. Because
a characteristic force curve may have up to four peaks and this lower force peak is the final event in the force
curve, this peak is referred to as event 4.

In addition to characteristic curves, single-event curves (a case that comprises 20+6% of force curves
with rupture events at standard solution conditions) can result from the ‘A-a’ knob-hole interaction. Single
rupture events represent instances in which the ‘A-a’ interaction breaks prior to the unfolding of the v module
of the fibrinogen molecule. Single-event curves provide insight into the strength of the ‘A-a’ interaction in
the fully folded molecule.

Effect of NaCl concentration. To examine the effect of sodium chloride on the forced rupture of the ‘A-a’
knob-hole interaction, SMFS experiments were performed in buffers with concentrations of NaCl ranging
from 0.02-2 M. Figure shows the probability that an interaction is characteristic and the probability that
a characteristic interaction contains event 4. The probability that an interaction was characteristic of was not
significantly varied over the range of NaCl concentration investigated (Figure A). On the other hand, the
probability that a characteristic interaction included event 4 was inversely proportional to the concentration
of NaCl for experiments performed in standard AFM buffer (Figure B). However, experiments performed
in AFM buffer with additional 3 mM CaCly resulted in no significant variation in the probability of event 4
in the characteristic pattern over the range of NaCl concentrations (Figure B). There was no consistent
trend between the concentration of NaCl in the buffer solution and the probability of an interaction (Figure
[26). There was no change in the relationship between NaCl concentration and the rupture force data (i.e.,
the force and relative separation) for characteristic (Figure 21) or single event curves.

Effect of pH: To investigate the role of pH on fibrin polymerization at the single-molecule level, the forced
rupture of the ‘A-a’ knob-hole interaction was examined for the pH range of 4-10. Figure shows the
probability that an interaction is characteristic, and the probability that a characteristic interaction contains

event 4 as a function of pH. For experiments performed in standard AFM buffer, the probability that an
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interaction is characteristic was constant except for low pH of 5.5 and 4.4, at which time the probability
significantly decreased. Of note, experiments performed in 3 mM CaCly AFM buffer had a greater decrease
in the probability of an interaction being characteristic between standard solution conditions and pH 5.5.
The probability that a characteristic interaction contained event 4 significantly decreased as the solutions
became more acidic or basic. For experiments performed in AFM buffer with additional 3 mM CaCls, the
rate of decrease was more rapid in the acidic pH range. Comparing experiments performed in the two buffer
solutions for high pH, the additional calcium resulted in a less dramatic decrease in the probability of the
presence of event 4 in the characteristic curve for pH increasing above 8.5. For all experiments, the number
of interactions decreased for any deviation in pH from 7.4 (except pH 8.5 without calcium which remained
similar). This decrease in the number of interactions was most dramatic for pH 4.5, 5.5, and 10.5. Here the
probability of an interaction was increased by the addition of calcium, still less than 5% of force curves had
an interaction. There was no change in the relationship between pH and rupture force data (i.e., the force
and relative separation of rupture events) for force rupture events in characteristic force curves (Figure 2.7]).
The dramatic decrease in the number of interaction, makes it difficult to distinguish a trend for low (4.5)
and high (10.5) pH.

Effect of temperature. To explore the influence of temperature on the forced unfolding of the ‘A-a’
knob-hole interaction, single-molecule experiments were performed in buffer held at temperatures between
27-47°C. The probability that an interaction was characteristic and the probability that a characteristic
interaction contains event 4, as a function of temperature, are shown in Figure The probability that
an interaction was characteristic in AFM buffer with 3 mM CaCly did not significantly change over the
temperature range; however, in AFM buffer without additional calcium present, the probability significantly
decrease for high temperatures (42, 47°C). The probability that a characteristic interaction contained event
4 was inversely related to temperature. In both buffers, the probability a characteristic force curve contained
event 4 was significantly lower for temperatures above 27°C. The number of interactions varied little over
the temperature range, but noticeable decrease in rupture forces associated with increasing temperature was
observed (Figure 2.7)).

Because fibrin polymerization had not previously been reported for temperatures above 37°C, turbidity
as a indicator of fibrin polymerization induced by either batroxobin or thrombin was investigated by Laurel
Averett at three temperatures: 27, 37, and 47°C. The lag time, ez, and Assg for both thrombin- and
batroxobin-catalyzed fibrin polymerization at 27, 37, and 47°C are shown in Table 21 For thrombin-
catalyzed clots, the relationship between temperature and fibrin polymerization was complex (Figure 2.8A).
The final turbidity of the clot was greatest when fibrin was polymerized at 47°C but not different between

27 and 37°C. Like turbidity, the vp,4,; was similar between 27 and 37°C, but was slower at 47°C. The lag
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time was directly related to the temperature of polymerization. The batroxobin-catalyzed polymerization
results were more straightforward (Figure [Z8B). The lag time and final turbidity were both inversely related
to temperature. However, the v,,,, increased when increasing the temperature from 27 to 37°C but was the

same for both 37 and 47°C.
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Figure 2.8: Absorbance at 350 nm as a function of time and temperature for fibrin polymerization. Figure
polymerization was catalyzed by (A) thrombin and (B) batroxobin. The polymerization was investigated
at three temperatures: 27°C (dashed line), 37°C (solid line), and 47°C (dotted line). Figure from Laurel
Averett’s thesis used with consent. (1)

2.3.4: Discussion

Each of the solution conditions investigated (i.e., NaCl, pH, temperature) has known effects on protein

stability and structure, and fibrin polymerization. By examining the effect of these parameters on the
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| | Temperature (°C) | Lag time (min) | vpar(min™") | Aszso |

Thrombin 27 0.5 0.2 0.57
37 0.7 0.2 0.57
47 0.9 0.1 0.66
Batroxobin 27 0.9 0.1 0.56
37 0.6 0.2 0.42
47 0.4 0.2 0.33

Table 2.1: Parameters of fibrin polymerization as a function of temperature and enzyme. Table from Laurel
Averett’s thesis used with consent. (1)

forced rupture of the ‘A-a’ interaction, I draw connections between the structural stability of the fibrinogen
molecule and the ‘A-a’ interaction, and the ‘A-a’ interaction and fibrin polymerization. The rupture pattern
characteristic of the forced dissociation of the ‘A-a’ interaction serves as a tool for understanding the effects
of solution conditions on the structure and function of the area surrounding hole ‘a’. If the manner in which
the knob-hole interaction reacts to force is altered, the probability that the interaction is characteristic (i.e.,
contains a doublet of events) will be reduced. If the hole is destabilized but not structurally changed, as in
the case with the effects of calcium on the ‘A-a’ bond,(105) the probability that a characteristic interaction
contains event 4 will decrease. Additionally, if the ‘A-a’ knob-hole interaction is weakened, then the rupture
event curves will show a decrease in rupture force. The nature of changes to the structure and function of
the ‘A-a’ interaction can thus be deducted from the observation of two parameters: 1) the probability that
an interaction is characteristic and 2) the probability that a characteristic interaction contains event 4. To
a lesser extent, insight can be gleaned from trends in the force rupture event parameters.

The manner in which the knob-hole interaction reacts to changes in solution conditions can be monitored
by the probability that an interaction is characteristic of the ‘A-a’ knob-hole interaction. The step wise
extension of fibrinogen by force applied to fibrinogen’s hole ‘a’ through bound knob ‘A’ indicates that the
‘A-a’ interaction is sufficiently stable under tension to allow unfolding of 7 module. Of the parameters
investigated, only low pH (i.e., pH < 5.5) and high temperature (i.e., temperature > 42°C) resulted in a
decreased probability that an interaction was characteristic of ‘A-a’ knob-hole interaction. Less efficient ‘A-a’
binding may be the result of changes to the structure of the v module near hole ‘a’ due to these solution
conditions.

Low pH likely affects the effectiveness of ‘A-a’ binding by protonation of histidine residues in the v module
of fibrinogen. Histidine (pKa of 6) is the only amino acid with a pKa in the range of pH examined and one
of the critical residues in hole ‘a’ involved in hydrogen-bonding with the knob, yH340 (Figure 2Z.9B). Polar
contacts are lost at low pH due to protonation of histidine which disrupts hydrogen-bonding interactions

with knob ‘A’ Additionally, there are three histidine residues in the core of the 4 module near hole ‘a’
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(Figure 29A). At lower pH, protonation of histidine groups effectively increases the net charge density. The
collection of positively charged groups may create repulsive electrostatic forces, destabilizing the structure
of hole ‘a’ or preventing the knob from entering the pocket. Fibrinogen is known to have an additional
high affinity calcium-binding site at high pH (i.e., pH > 7.4). ) The force stabilizing role of this calcium
binding site on hole ‘a’ is evidenced by the higher occurrence of characteristic interactions in additional

calcium buffer for high pH (i.e., pH of 9.5, 10.5) solution environments (Figure 2.1]).

His 340

Figure 2.9: (A) Structure of ¥ module (ribbon) with bound GPRP peptide (spheres), with histidine residues
are shown in blue. (B) Region of interest shows magnification of hole ‘a’ with GPRP peptide, where all
components are displayed as sticks and polar contacts are dashed lines. Figure created from PDB-ID 1LTJ
using Pymol and modified from Averett thesis.(m)

The effectiveness of ‘A-a’ binding is reflected in not only the decrease in the characteristic interactions for
high temperature experiments. The melting temperature of the fibrinogen D region containing the v module
and hole ‘a’ is between 45-55°C when destabilized by altered pH (e.g., pH 3.5 or 85)(|j) Therefore,
it is reasonable for high temperatures (i.e., 42, 47°C) that the v module is partially denatured. Partial
denaturation near hole ‘a’ would result in an inefficiently bound knob ‘A’. Small amounts of calcium have been
shown to provide protection of fibrinogen against moderate denaturation by heat. ) Therefore additional
calcium present in buffer solution, results in stabilization of the v module against denaturation and ‘A-a’
interaction rupture for high temperatures. Additionally, the effectiveness of ‘A-a’ binding is reflected in the
number of interactions for high temperature experiments. The percentage of interactions obtained during a
force map is dependent on the number of molecules in region sampled, as well as the number molecules with
the stability to produce interactions above threshold filtering parameters.

The interaction strength of the ‘A-a’ interaction as a function of solution conditions can be monitored
with the rupture force of the characteristic double unfolding events. Because this doublet of events represents

instances in which the maximum force is exerted on the knob-hole interaction prior to rupture, this can be
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used to detect changes in the interaction strength of the ‘A-a’ interaction. Though there is a significant
decrease in the probability of characteristic interactions, the rupture forces of the characteristic doublet
events decrease for both low pH (i.e., pH < 5.5) and high temperature (i.e., temperature > 42°C). Future
work should be done to investigate the change in rupture force of single rupture event force curves to
supplement characteristic force rupture data as this could be a direct measure of the interaction of the ‘A-a’
interaction. Because single rupture events represent instances in which the knob-hole interaction ruptured
prior to unfolding of the structure of the fibrinogen molecule, single event curves can be used to detect
changes in the interaction strength of the ‘A-a’ interaction. However, this measurement value can also be
populated by nonspecific interactions in which knob A’ may not have associated with hole ’a’; possibly
providing further insight into structural stability of the hole region.

Solution conditions that resulted in a decreased probability that an interaction was characteristics are
also solution conditions that have an effect on fibrin polymerization and final clot stability. Unligated fibrin
clots have been reported to dissolve at both low pH (i.e., pH < 3.5) and high temperature (i.e., >42°C at
pH 5).(112; [113; [114) Additionally, viscosity measurements and ultracentrifugal experiments show no clot
formation when fibrinogen incubated with thrombin at pH 5.(113) It is known that the ‘A-a’ interaction is
critical to the stability to fibrin clots because addition of GPRP (the peptide that competes with knob ‘A’
for the fibrin hole ‘a’) to an unligated clot can lead to dissolution. The central role of the ‘A-a’ knob-hole
interaction in fibrin polymerization and stability suggests that conditions that inhibit clot formation and
dissolve clots do so by affecting the knob-hole interaction. That this disruption is detectible by a mechanical
technique suggests that the mechanical properties of the ‘A-a’ interaction (i.e., the ability of the knob-hole
interaction to withstand extensions of the fibrin monomer) are critical to fibrin clot formation.

The stability of hole ‘a’ as a function of solution conditions can be monitored by the probability that
a characteristic interaction will contain event 4. The final event of characteristic ‘A-a’ unfolding can occur
either at the final event in the doublet or at event 4. The degree of extension of the v module prior
to the rupture of the ‘A-a’ interaction is greater when rupture occurs at event 4, thus a decrease in the
probability of event 4 is reflective of a destabilization but not structurally changed hole. As shown in
Figure 23] the probability that a characteristic interaction ruptures in event 4 is affected by every solution
conditioned examined including pH, temperature, and NaCl. This indicates that perturbations to the solution
environment decrease the ability of hole ‘a’ to maintain its structural integrity under tension. The probability
of event 4 occurring is highest at concentrations of NaCl and temperatures below the physiological range
(i.e., 0.02 M NaCl and 27°C). Additional calcium present in the AFM buffer only produced a significant
variation in the probability of event 4 for high NaCl concentrations (Figure 2.5). Calcium has been shown

to provide protection of fibrinogen against moderate denaturation by alkali.(111) The presence of additional
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calcium in the buffer and thus in these binding sites could contribute to the increased probability of event 4
in the characteristic pattern compared to experiments run in standard AFM buffer.

Because limited data exists regarding fibrin polymerization at elevated temperatures, we sought to fill
this gap by examining both thrombin- and batroxobin-catalyzed fibrin polymerization over the temperature
range of 27-47°C. Thrombin cleaves both fibrinopeptide A and fibrinopeptide B, where as batroxobin cleaves
only fibrinopeptide A. Therefore, thrombin-catalyzed polymerization is more complex than batroxobin as
both knob ‘A’ and knob ‘B’ are exposed, and more of the aC domains are liberated from their association
with the fibrin E region. In contrast, batroxobin-catalyzed polymerization is more dependent on the ‘A-a’
knob-hole interactions. The effect of temperature on fibrin polymerization was different for each of the
enzymes. For thrombin, the effects of temperature on the v,,q,, and lag time indicates that temperature
slows protofibril formation. In addition, the final turbidity was not different between 27 and 37°C, but was
higher at 47°C, suggesting that temperatures above physiological parameters enhance lateral aggregation,
leading to thicker fibers. Enhanced lateral aggregation may be attributed to either greater efficiency in the
interactions normally responsible for lateral aggregation, or partial denaturation of fibrin monomers, causing
nonspecific adhesion between protofibrils and fibers. These results agree with previous work that reported the
mass-to-length ratio of fibrin fibers was unchanged from 24-37°C.(99) When batroxobin was used to catalyze
fibrin polymerization, protofibril formation was enhanced and lateral aggregation suppressed by temperature.
The source of the discrepancy between these results is not immediately clear, and is likely attributable to
several factors including the presence of fibrinopeptide B, availability of a«C domain, temperature dependence
of enzymatic efficiency, and/or bond formation kinetics. The activity of each enzyme is indeed temperature-
dependent. As such, it is impossible to deconvolute the temperature-dependencies of the enzyme and the
‘A-a’ interaction. Examining clot formation via turbidity made the distinction between both polymerization
steps (i.e., fibrinopeptide cleavage, protofibril formation, and lateral aggregation) and clot morphology (i.e.,
degree of branching, porosity, and fiber thickness) equally difficult.

Solution conditions that caused a decrease in the probability of the characteristic pattern containing event
4, indicative of destabilization of hole ‘a’, correlated with conditions associated with decreased asymptotic
final turbidity.(95; [L00) Because turbidity has been related to fiber thickness,(115) conditions suppressing
thick fibers also reduce the ability of the v module to achieve extended lengths associated with event 4 prior
to ‘A-a’ knob-hole rupture. One possible explanation for this correlation is the hypothesis posted by Weisel
et al.(116) Because monomers in fibrin fibers are twisted structures in register, the fibrin molecules on the
outer portions of a fiber must be longer than those in the center. The possible difference in length of fibrin
monomers therefore is a limiting factor in the diameter of fibers. Because the fibrin monomer extends 17 nm

between the last event in the doublet and event 4, this added length might contribute to the upper limit of
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fibrin fiber diameter. It should be noted that electron microscopy studies of fibrin fibers formed at a variety
of conditions suggest that high-turbidity clots have bundled groups of fibers of normal thickness versus large
fibers.(116) The role of such fiber bundles is unclear. Furthermore, the thickness of fibers and turbidity are
also affected by the amount of fiber branching, a parameter that remains poorly understood.(117; 65; [116)
In conclusion, the relationship between solution environment and the single-molecule mechanics of fibrin
interactions was explored. SMFS experiments are sensitive enough to detect changes in behavior under force
due to solution conditions and can be used as a metric for understanding protein function. A correlation
was established between conditions that suppress the forced dissociation characteristic of the ‘A-a’ knob-
hole interaction and those that have been previously reported to inhibit fibrin polymerization (i.e., high
temperatures and acidic pH). This was further supported by changes in knob-hole interaction strength at
these solution conditions. In addition, a relationship was found between solution conditions that caused a
decrease in the probability of a characteristic ‘A-a’ interaction contained event 4 and those associated with
thin fibers in fibrin clots. Additional calcium ions in buffer effected both metrics of ‘A-a’ interaction stability,

indicating that different calcium binding sites instabilities in the knob-hole interaction.

Section 2.4: Intermediate Unfolding Domains Revealed by Constant-Force Fibrin Unfolding

2.4.1: Introduction

Single-molecule unfolding experiments have provided a wealth of information about the mechanical prop-
erties of biomolecules, protein unraveling pathways, and characterization of the change in functional states
of proteins under load.(118) Specifically, SMFS fibrin experiments have shown a complex rupture pattern
associated with the unfolding of subdomains. These experiments were performed by retracting the AFM tip
away from the substrate at a constant velocity creating a complex, sawtoothed force-rupture pattern. During
this process the force applied to the tip-protein interaction changes dramatically over 100s of piconewtons,
which has the following drawbacks: (1) it creates a complex and indirect relationship between force applied
and unfolding kinetics, and (2) due to the timescale of unfolding, low force and low probability unfolding
events can be missed.

Mechanical unfolding of proteins, similar to bond rupture, is a force-dependent process;(119; 120) there-
fore, it is desirable to probe the mechanical unfolding of proteins as a direct function of applied force. This is
accomplished using a more recent SMF'S technique, ’force-clamp’ spectroscopy. In force-clamp spectroscopy,
the AFM tip is retracted from the sample at a rate that varies in order to maintain a constant stretching
force applied to the protein. This produces a stepwise extension of the protein, in which the separation-time

trace will exhibit a series of plateaus. The length of each plateau is the lifetime of a molecular conformation
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and varies between force curves due to the stochastic nature of molecular unfolding. By applying controlled
forces to reduce the energy barrier (Figure 2I0), force-clamp facilitates a direct relationship between force

and unfolding kinetics.
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Figure 2.10: Energy landscape along a molecular reaction coordinate under force. The magnitude of the
pulling force affects the height of the energy barrier that must be overcome in the transition from folded to
unfolded state by tilting the energy landscape by F-x. This exemplifies the convenience of force-clamp mode,
where the energy landscape can be controlled experimentally.

An additional benefit of force-clamp is the ability to probe intermediate unfolding events unobservable
with the constant-velocity method. A mechanical force of just a few tens of piconewtons is sufficient to
trigger the unfolding and extension of a protein;(87) therefore, due to the rapid change in applied force in
constant-velocity experiments, lower force and lower probability unfolding events are missed. Force-clamp
spectroscopy allows for low forces to be applied for long time periods so the stochastic nature of protein

unfolding due to applied force, previously unobserved with other spectroscopy techniques, can be measured.

In this section, I probed ‘A-a’ forced unfolding through the use of force-clamp spectroscopy. Constant-
force unfolding separation-time trace characteristic of v module unfolding and intermediate unfolding con-
figurations inaccessible by previous constant-velocity experiments were identified. The subdomains involved
in experimentally observed unfolding events and the particular residues responsible for mechanical behavior
of fibrin were determined with the aid of molecular dynamics simulations. The direct relationship between
fibrin unfolding kinetics and applied force were explored with experiment and Monte Carlo simulations. The
differences between parameters determined from force-clamp and constant-velocity experiments reveal the
complexity in the relationship between the bond free energy profile and force. These experiments are pre-
cursors to measuring the refolding of fibrin while under tension in a technique referred to as ‘force-quench’.
Preliminary force-quench experiments indicate the fibrin v module may play a role in reversible extensibility

observed in fibrin clots.
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2.4.2: Methods

Following the methods presented in Section 2.2] proteins were covalently attached to the gold coated
AFM cantilever and glass substrate such that the fibrinogen holes ‘a’ were on the surface and the knobs ‘A’
were on the AFM tip as shown in Figure 23] Concentrations of proteins were sufficiently sparse to ensure
measurement of only single-molecule interactions.

Force-clamp experiments are setup to maintain constant deflection of the cantilever, i.e. constant force
applied to the single-molecule interaction. In order to accomplish this, the piezoelectric actuator (z-piezo
in Figure [[H)) is constantly being adjusted to maintain the deflection of the cantilever, as the molecule is
reoriented, stretched or bonds break.

Stretching fibrinogen under force-clamp conditions produced a staircase-like elongation of the protein as
shown in Figure 2ZTIl In a typical experiment, the AFM tip was brought into contact with the substrate
to promote a knob-hole interaction. Then the tip was moved away from the surface at a constant speed
until a predefined pulling force (also called trigger force) was reached. The first step in a force-clamp curve
is associated with lifting and reorienting of fibrinogen. The force is held constant by adjusting the z-piezo
length to maintain deflection of the cantilever, until a bond in the protein breaks allowing a portion of the
protein to unfold increasing the length of the protein and reducing the amount of force applied to AFM
tip. This will trigger a readjustment of the piezoelectric actuator such that the protein is extended to an
increased length to keep the pulling force constant. This process is repeated until the final interaction,
the ‘A-a’ knob-hole interaction, holding the tip to the substrate is ruptured at which point the cantilever
retracts from the surface and the cantilever returns to a relaxed position (zero force). The external feedback

maintains a force set point throughout the experiment (~30 s) and position resolution was less than 0.5 nm.

Intermediate Steps Data Analysis

The length of each step is the lifetime of a given configuration of fibrinogen. The height of each step,
following the first, corresponds to the increase in length marked by unfolding of a portion of fibrin’s v module.

In order to efficiently collect enough data on fibrin unfolding at different forces, I created an analysis
pipeline to take force-clamp data and determine the start and end of steps in the separation-time curve. This
analysis package is discussed in detail in Appendix [A} briefly, the code reads in IGOR binary wave (ibw)
files output by software used to acquire AFM data into MATLAB and uses a trapezoidal filter to identify
inflection points in the separation-time curve corresponding to the start or end of an extension step. From
these data points, relevant parameters such as step height, total extension, and lifetime can be calculated

and compared for different clamping forces.
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Figure 2.11: Interpreting force-clamp experiment results. A typical separation versus time recording (top
trace) obtained by stretching fibrinogen through the ‘A-a’ knob-hole interaction at a constant force of 100
pN. The force applied to the AFM tip during this force-clamp pull is represented as force versus time (bottom
trace). A cartoon illustrating the extension of a protein in a typical force-clamp experiment is shown above
the data, where the final event is full rupture of the knob hole interaction.
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Additional criteria to qualify force curves for further analysis include (1) extension step(s) following the
first must occur in order to measure unfolding, (2) step height must be greater than Inm to identify step
above baseline noise, and (3) extension steps must occur 10nm from substrate to exclude activity associated

with nonspecific near-surface events. A typical force-clamp data set consists of 300-500 force curves.

Analysis of Unfolding Kinetics

Although all fibrinogen molecules experienced the same external force, the time evolution of unfolding
varied for each case due to the stochastic nature of protein unfolding. Because all force-clamp experiments
were unfolding the same region of fibrinogen and the ergodic theorem states, given a sufficient time a single-
molecule in equilibrium will visit conformations in the same proportion as a molecular ensemble in any given
moment of time, the extension-time plot for each protein can be treated as a percentage of unfolding curve
for the given molecule.(121)) So the probability of a fibrin v module unfolding at a given force was obtained
by first normalizing each extension-time trace. For all curves, the tip-substrate separation is characterized
by two key data points: (1) the point at which the trigger force is first experienced, where the fibrin molecule
is fully lifted from the surface and still folded, and (2) the final tip-substrate separation prior to knob-hole
rupture and loss of force application. These separations are assigned percentage of unfolding values of 0 and
1, respectively, and all separations between these two data points receive corresponding percentages between
0 and 1. At times following the knob-hole rupture, the percentage of unfolding for that molecule was assigned
the value of 1 because all unfolding that could be measured had already occurred. Only force curves with an
overabundance of events (>6) were removed from the average. Then all normalized separation-time traces
are averaged to produce the probability of unfolding for the ensemble of fibrin molecules sampled. This
result is often referred to as the normalized ensemble average (NEA).(121) Over 100 separation-time curves
were averaged to produce the NEA at each force.

Additionally, these results were compared to simple Monte Carlo models for different unfolding patterns.

This is discussed in detail in Appendix

2.4.3: Results and Discussion
Fingerprint of ‘A-a’ Forced Unfolding of Fibrin

In previously performed constant-velocity SMFS experiments,(57; [79) fibrin v module unfolding was
characterized by a precise 2-4 peak force-extension rupture pattern (Figure Z21A). The two higher force
rupture peaks are the defining feature present in all variations of the ‘A-a’ forced rupture pattern.

In force-clamp experiments, the characteristic two peak rupture exhibits as a series of plateaus. The
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average rupture forces of events in constant-velocity experiments were used to inform the identification of
constant-force fibrin unfolding events. Application of a constant pulling force of 150 pN, a force larger than
constant-velocity peaks 1 and 4 but lower than characteristic peaks 2 and 3, to the knob-hole interaction
yields force-clamp steps corresponding to the high force doublet events (Figure 212). Typical force data of
fibrin unfolding in response to a constant force is shown in Figure 213l The upper trace shows the stepwise
increase protein length as fibrin’s v module unfolds. The lower trace shows the time course of force applied
to the AFM tip, which is constant at either 150 pN or 0 pN punctuated by transient deviations due to the

finite response time of the system feedback to extension and force drop of each unfolding event.
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Figure 2.12: Constant pulling force selected from constant-velocity SMFS results. Illustration of characteris-
tic ‘A-a’ fibrin unfolding produced by (left) constant-velocity experiment displayed as force versus separation
trace and (right) force-clamp experiment displayed separation versus time trace. The hypothetical clamping
force (F) for used to produce the force-clamp trace is shown in the force-separation trace as a dashed green
line. Each plateau represents a mechanically stable conformation associated with an event in the character-
istic pattern (as indicated by color), and the rise between the plateaus represents the increase in molecular
length between the mechanically stable conformations.

A collection of several force-clamp fibrin-unfolding traces is shown in Figure 2141 Although the knob-
hole interaction was subjected to the same 150 pN constant pulling force, the initial step height varies
dramatically between curves. This variation was likely due to the random attachment of proteins to the tip
and substrate, and was on the order of the combined length of fibrinogen and the desAB-NDSK fragment
(~45 nm and ~10 nm in crystal structures, respectively). This dimension suggests that the fibrinogen was
immobilized such that most of the molecule was available to extend in attempts exhibiting the characteristic
step pattern. Similar variation in the tip-substrate separation was seen in previous constant-velocity rupture
patterns.(57) Because the first step in a separation-time curve gives no insight into extension/unfolding of

fibrinogen, all further extensions plots will be shown relative to the first plateau unless otherwise stated.

Due to the sparse amount of protein attached to the substrates’ surfaces, the overwhelming majority
of extension curves acquired at 150 pN clamping force did not reach the trigger force because a knob-hole

interaction did not occur. Of those curves that did reach the trigger force, approximately half did not have
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Figure 2.13: Fingerprint of 150 pN constant-force ‘A-a’ unfolding of fibrin. (Top) Separation versus time
and (bottom) force versus time for a typical 150 pN force-clamp recording of fibrinogen unfolding. The
step noise level in the separation-time plot above is 0.49 and 1.01 nm for the standard deviation and range,
respectively. The force applied to fibrin during these steps is 154.49 + 4.79 pN. Each step had over 100 data
points and reported average and standard deviation are calculated from 1280 data points equivalent to 0.64
S.
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Figure 2.14: Variations in characteristic 150 pN constant-force ‘A-a’ unfolding of fibrin. Multiple sample
force-clamp curves for different fibrinogen molecules taken with a 150 pN pulling force. The blue curves show
separation versus time and the green curves show the corresponding force versus time plots for characteristic

fibrinogen unfolding through the ‘A-a’ knob-hole interaction.
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extension steps. Single plateau events are likely due to nonspecific or suboptimal binding of knob ‘A’ into
hole ‘a’. Curves lacking an extension step provide no insight into the unfolding of fibrinogen; therefore, only
force-clamp curves with extension steps will be considered in all further analysis.

Force-clamp data acquired at 150 pN plotted relative to the first step in the separation-time curve exhibit
a clear, repeatable single step height (Figure2.T5]). The most probable step height was determined by fitting
a Guassian model to a histogram of step heights where the uncertainty reported represents the half-widths
of the Gaussian fit. This is an acceptable first approximation to describe a real-valued random variable that
clusters around a single mean. The step height of this extension step, as found from a Gaussian fit to 122
curves that exhibit a single extension step, was 6.6 + 1.1 nm (Figure 2T6). Another basic observation on
the unfolding of fibrin under constant force, is that each unfolding plateau lifetime varies curve-to-curve as

expected for stochastic unfolding.

10
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Figure 2.15: Repeatable 6.6 nm extension step characteristic of 150 pN constant-force fibrin ‘A-a’ unfolding.
Plots of several separation-time curves at a constant pulling force of 150 pN. All force curves exhibit an ~6.6
nm extension step; however, they each have different lifetimes for each step. The curves have been modified
such that the first steps all have the same value in order to emphasize the reproducibility of the extension
step.

The method of immobilizing proteins to the tip and substrate in this experiment allowed force to be

applied to a single-molecule ‘A-a’ knob-hole interaction. A series of control experiments for this protein
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Figure 2.16: Constant-force fibrin unfolding at 150 pN is characterized by a single extension step of ~6.6
nm. For a data set of force-clamp curves (n=363) acquired at a constant pulling force of 150 pN, the curves
with extension steps are dominated by single-step curves as shown in (A) the plot of number of curves with
a certain number of extension steps. (B) A histogram of the step height of each single extension step curve
shows a clear peak at 6.57 £ 1.08 nm when fit by a Gaussian.

attachment method has been conducted with constant-velocity force spectroscopy to show that the force
applied to the ‘A-a’ interaction does in fact unfold the v module of fibrinogen.(57) If desired to further
prove the reliability of the force-clamp technique and identification of the ‘A-a’ unfolding fingerprint, several

control experiments could be performed.

1. The first control experiment should confirm ‘A-a’ interactions are responsible for the ~7 nm extension
step. This is accomplished by adding the GPRP peptide, a synthetic knob ‘A’ to the buffer that binds
to the fibrin hole ‘a’. After a few minute incubation to allow GPRP to bind to the active holes ‘a’ of
fibrinogen on the substrate, the interactions between desAB-NDSK on the AFM tip and fibrinogen on
the surface should be reduced by a significant percentage if the observed extensions are specifically due

to the ‘A-a’ interaction.

2. Another control experiment would be to show that the extension is indeed due to v module unfolding
and not unfolding of another portion of the fibrinogen molecule. This can be accomplished by attaching
the D fragment of fibrinogen, which contains only the v module and a very small portion of the coiled-
coil region, to the substrate and performing the same experiment. This controls should produce

force-clamp curves with the same extension step as the original fibrinogen experiments.

3. Further verification that this interaction is indeed fibrinogen v module unfolding can be obtained by
performing experiments with BSA attached to the substrate and desAB-NDSK on the AFM tip or

conversely, BSA on the tip and fibrinogen on the substrate to produce nonspecific interactions.

These experiments were not performed due to their redundancy with previous constant-velocity single-
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molecule fibrin experiments.(57) Building on work performed by Averett et al., I was confident that all inter-
actions measured between the tip and substrate seen in force-clamp data were the result of ‘A-a’ knob-hole
interactions between fibrinogen and desAB-NDSK. Additionally, any steps following the first in separation-
time traces were associated with extension of the ~ module. Therefore, I concluded that the single 6.6
nm extension step observed in force-clamp spectroscopy experiments at 150 pN was due to unfolding of

fibrinogen’s v module through force applied to the ‘A-a’ knob-hole interaction.

Comparison to Constant-Velocity Unfolding Experiments

Constant-velocity fibrin unfolding produced a distinctive force-extension curve of 2-4 rupture events as
shown in Figure[Z2l This was compared to the measurement of constant-force fibrin unfolding in the single-
molecule force-clamp experiments. By applying a constant force of 150 pN, a force that is between the high
and low force constant-velocity rupture events, to the knob-hole interaction, force-clamp steps corresponding
to the high force doublet event resulted. The correlation between these two methods was demonstrated with
the overlap in force and separation results for constant-force (blue) and constant-velocity (red) experiments

showne in Figure 2.I7A.
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Figure 2.17: Force-clamp and constant-velocity results agree for 150 pN clamping force. (A) Force-separation
data data for a force-clamp experiment at 150 pN (blue) and a constant-velocity experiment (red). This
shows the direct correlation between beaks in the two methods. (B) Force-separation data for 157 constant-
velocity force experiments were averaged to obtain the scatter plot data below. All force curves exhibiting
characteristic peaks 2 and 3 were averaged and the averaged peaks were fit with a freely-jointed chain model.
The Kuhn length (a) and contour length (I¢) in nm for the fit to each peak are shown in the legend.

For the measurement of unfolding structures in constant-velocity SMFS measurements, a force-extension
curve was fit with models describing an ideal polymer chain. The average of 157 constant-velocity force-
extension curves was modeled as a freely jointed chain (FJC) to extract the Kuhn length and contour

length of the region of the protein lengthened by external force. The extension under force of a polymer
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approximated by the FJC model is described by

F(z) = “BZ L*(R) (2.1)

where a is the Kuhn length, kT is the thermal energy, R is the extension ratio (current end-to-end
distance divided by the contour length, i), and L*(R) is the inverse Langevin function. The end-to-end
distance was considered to be the measured tip-substrate separation (x). Thus the approximate closed-form

function for the inverse Langevin used in this analysis is

x 1 z\?2
L* (—) =——+ (1 ——) (2.2)

The average force-extension curve was fit using a nonlinear regression allowing the Kuhn length, contour
length and extension at rupture to vary. Data analysis focused on peaks 2 and 3 because they should be
directly related to the steps observed in constant force unfolding at 150 pN. The resulting Kuhn length (a)
and contour length (I¢) values for events two and three are shown in Figure ZT7B. The separation between
the two fits at 150 pN is 6.6 nm. This separation agrees very well with the extension step height seen in
constant-force separation time data (Figure 2.16)).

The FJC fitting performed on this data set differs from previous constant-velocity data and yields slightly
different results. (1) The Kuhn length values measured here were smaller (nearly half that of previous results)
and the change in contour lengths between the two fits was larger (8.2nm compared to previous 6+2nm).
The reason for these differences could be the size of our data sets and choices in curves to be averaged prior
to fitting. However, using previous calculations for FJC fits to force-extension data, the separation at 150
pN is 5.8 nm, still within uncertainty of the steps seen in force-clamp experiments.

Therefore, I can conclude that the single 6.6 nm extension step observed in force-clamp spectroscopy
experiments at 150 pN directly corresponds to the characteristic rupture pattern seen in similar constant-
velocity force spectroscopy experiments. Both of these rupture events are due to unfolding of fibrinogen’s

module through force applied to the ‘A-a’ knob-hole interaction.

Intermediate v Module Unfolding Events

In the simplest case, single-molecule forced unfolding of a protein can be viewed as a two-state process
where a protein rapidly goes from a folded to unfolded state due to applied force. This is consistent with
the unfolding pattern observed at 150 pN. However, it has become increasingly clear that a more complex
unfolding energy landscape, indicated by deviations of kinetics from a simple exponential model and the

presence of intermediate unfolding states, may be necessary to fully understand protein unfolding (Figure
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Figure 2.18: Interpretations of the protein folding energy landscapes. In this representation, the vertical
axis represents the free energy and the horizontal represents conformational degrees of freedom. (A) An
idealized funnel energy landscape for protein folding describes two-state folding kinetics with no significant
kinetic traps. (B) A rugged energy landscape for protein folding describes a multi-state system. Modified
from Nature Structural Biology.(ﬁ)

As previously shown by Averett et al., fibrin also exhibits a complex unfolding pattern when forces
are applied to the ‘A-a’ knob-hole interaction.(lg) However, in constant-velocity SMFS experiments, the
force applied to the ‘A-a’ interaction varied dramatically and inconsistently, as the protein was unfolded.
Additional intermediate states may be missed due to their short lifetime at high pulling forces. In force-clamp
experiments, a constant force is applied to the knob-hole interaction over a range of constant pulling force
to probe all possible intermediate-unfolding states.

The investigation of fibrin unfolding through the knob-hole interaction over a range of constant pulling
forces reveals a more complex unfolding landscape. Constant-force fibrin unfolding was investigated over
forces ranging from 50-200 pN. A custom MATLAB analysis package developed to efficiently determine the
start and end of steps in separation time curves is discussed in detail in Appendix [Al

Due to the specific protein interaction in this experiment, any steps following the first in separation-time
traces are the result of extension of fibrin’s v module. The entire v module is much longer than the extension
events observed. Therefore, individual steps correspond to the unfolding of subdomains within the v module.
There are two parameters of particular importance for determining the presence of intermediate unfolding
states in this region of fibrinogen — total extension and step height (Figure [Z19). Total extension refers to
the tip-sample separation that occurs between the first and the last step in a separation-time trace. This

corresponds to the unfolded length of the protein prior to knob-hole rupture at a given clamping force. Step
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height is the separation between sequential steps in a separation-time curve. This reflects the length of

protein extended by unfolding specific domains within fibrinogen’s v module.
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Figure 2.19: Definition of force-clamp terms. Separation-time curve produced by force-clamp experiment at
75 pN, separation is normalized so that first step is zero. Step height is the separation between sequential
steps in a separation-time curve. Total extension is the separation between the first and last steps in a
separation-time curve. Associated with each step is a lifetime for the conformation state; the end of the final
conformation lifetime is rupture of the ‘A-a’ knob-hole interaction.

Constant-velocity experiments determined that high force rupture events in force-extension curves occur
at 224+31 pN.(57) Therefore, at greater than 200 pN, the probability of observing characteristic ¥ module
unfolding was low because a significant number of knob-hole interactions rupture prior to reaching the
constant trigger force. Even if the constant pulling force was reached, the unfolding events happened too
rapidly to reliably determine the conformation life time (i.e., the points corresponding to the start and end of
unfolding steps). Characteristic fibrin ‘A-a’ unfolding was verified by examining the untriggered force-clamp
curves to see constant-velocity rupture pattern; however, no information could be gathered as to lifetime of

the intermediate unfolded state because the trigger force was not reached.

At the other extreme, when the clamping force is too low, fibrinogen is unable to unfold on the time
scales of this experiment. A constant force of 50 pN applied to the knob-hole interaction for greater than
30 s did not cause unfolding of the v module and allowed the monitor of tip-substrate separation over time
to measure the drift in the system. The drift in the system was cantilever dependent, but in general was
less than 1nm over 30 s. To avoid the interference of system drift in the separation-time measurements, all

force-clamp experiments were performed on time scales less than 10 seconds. This time scale was sufficient
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for investigating fibrinogen unfolding for forces ranging from 65 pN to 200 pN.

The first parameter compared was the number of steps measured in force-clamp traces for different forces
(left column in Figure[Z20). High clamping force (125-200 pN) traces were primarily single-step force curves.
These curves conformed to the previously described and characterized fibrin ‘A-a’ forced unfolding fingerprint
with a single extension step of approximately 6.6 nm. For these curves, the total extension and step height
(Figure 2.2T1A B) represent the same extension of 6.6 nm because the majority of curves are single extension
step curves. The total number of 200 pN force-clamp curves containing measurable extension steps was lower
not because fewer pulling experiments were performed but rather because unfolding occurred prior to the
200 pN trigger force being reached.

At low clamping forces (100-65 pN), the majority of force-clamp pulls produced multi-step separation-
time traces (left column in Figure ZZ20). The average total extension was not significantly different for any
of the pulling forces, except 65 pN (Figure[222TA). This indicated the fibrinogen v module unfolding was still
dominated by the 6.6 nm extension described above and corresponding to the doublet in constant-velocity
experiments. However, there was a decrease in the individual step height of steps in force-clamp traces for
low clamping force (Figure 222IB). Therefore, at lower forces, multiple smaller steps produced the same
extension observed in a single step at higher forces. The same variability in initial (reorientation/lift up)
step height and step lifetime can be seen in high force (125 pN, Figure 2:22) and low force (75 pN, Figure
223)) traces.

To examine the more complex unfolding behavior of fibrinogen at low forces in more detail, the total
extension and step height of separation-time traces were binned according to the number of steps observed
(i.e., single step, two steps, three steps, etc.) (middle and right columns Figure 220, Figure 2.2T)). The
total extension of single- and two-step curves was the same for all clamping forces except 65 pN. This is best
illustrated in the 100 pN total extension plot of Figure Z2I1 On the other hand, the individual extension
steps measured were smaller for the two-step force curves compared to the single-step curves. This is best
illustrated in the 100 pN individual step extension plot of Figure 22Tl These data suggested the two small
steps compose the larger single step described as the fingerprint of ‘A-a’ fibrinogen unfolding (Figure [Z24]
Figure[2:25). These intermediate unfolding steps indicate the presence of a previously unknown (unmeasured)
intermediate unfolding domain in fibrinogen v module unfolding.

At lower forces (100 pN and less), force-clamp traces produced three- and four-step separation-time
curves. These traces produced a total extension greater than 6.6 nm and individual extension step height
of 3.3 nm (Figure 2:2TIC,D). Consequently, in addition to the characteristic 6.6 nm extension for fibrinogen
unfolding, there were additional unfolding domains prior to or following the 6.6 nm extension. With this

data it was not possible to determine if these additional unfolding events occurred prior to or following the
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Figure 2.20: Comparison of extension steps for different clamping forces. Fibrin v module unfolding behavior
over a range of clamping forces. Each row corresponds to a different constant pulling force from 200 pN to 65
pN. The first plot (left) gives the number of separation time curves with a given number of unfolding steps.
The second plot (middle) is a histogram of the total unfolded extension of the v module prior to knob-hole
rupture where each color represents the number of unfolding steps in the separation time curve. The data
is represented as a stacked bar graph. The final plot (right) is a histogram of the height of extension steps,
grouped by number of steps in the curve, fit with a Gaussian distribution (or double Gaussian, as necessary).
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Figure 2.21: The average extension increased and step size decreased for lower clamping forces. Average
and deviation values extracted from Gaussian fits to histograms of the total extensions and individual step
heights of all force-clamp curves (top two plots) and force-clamp curves with a specific number of steps
(bottom two plots). Bar graphs exhibiting the center and standard deviation for (A) the total extension,
exposing the average extension of fibrinogen due to unfolding, (B) the individual extension step height,
exposing the average extension of individual unfolding domains, (C) the total extension grouped by the
number of extension steps in the force curve, and (D) the individual step heights grouped by the number
of extension steps in the force curve taken at each constant pulling force. Asterisk indicates significance

(p<0.05) as determined with a t-test.
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Figure 2.22: Sample 125 pN force-clamp traces. Typical constant force unfolding trajectories as separation
versus time plots. All data acquired at 125 pN.
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Figure 2.24: Intermediate unfolding state observed at low clamping force. The intermediate unfolding state
present at low force fibrinogen unfolding shown here with separation-time plots of fibrinogen unfolding at
125 pN (blue) and 75 pN (red). The plots are artificially offset in time to make visualizing the differences
easier.
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Figure 2.25: Sample force-clamp data collected at 125 pN (left) and 75 pN (right). The data is displayed
as (top) separation-time in which extension events are plateaus in extension, (middle) force-time in which
extension events are brief changes in constant force application, and (bottom) force-separation in which
extension events appear as rupture peaks. Note that the time axis differs between the two forces because it
takes longer for unfolding to occur at 75 pN than 125 pN.

6.6 nm extension because the additional extension steps were on the same length scale as the intermediate
unfolding events observed in 6.6 nm extension. The presence of lower force unfolding peaks both prior
to and following the characteristic high force doublet in constant-velocity experiments may indicate that
force-clamp measured the same unfolding events. However, these unfolding events occur much closer to the
6.6 nm ‘A-a’ fingerprint in force-clamp experiments than the constant-velocity peaks prior to the 225 pN
characteristic doublet. This indicates a different unfolding pathway or mechanism for constant-velocity and
constant-force application to the ‘A-a’ knob-hole interaction. Additionally, this could indicate the presence
of other intermediate unfolding states that were unmeasurable in constant-velocity experiments due to the

limitations of this technique.

At 65 pN, curves with a greater number of total steps produce a larger total extension and all step
heights are approximately the same for single-step or multi-step traces. This is likely due to the fact that ‘A-
a’ unbinding is occurring on the same timescales as unfolding of one of the single 3.3 nm domain comprising
the total 6.6 nm extension. This could be further verified by collecting a larger number of force-clamp traces
at 65 pN, to show that the distribution of total extension heights observed in single-step force curves becomes
a bimodal distribution with one dominant peak at 3.3 nm and another peak at 6.6 nm. Some evidence of

this can already be seen in the single-step total extension plots at 75 pN and 65 pN.

There are two observations that were made from this analysis:
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1. previously unseen intermediate unfolding states in the characteristic 6.6 nm extension,
2. and unfolding events performed and/or following the characteristic 6.6 nm extension seen at high forces.

It is worth noting that the additional extension events did not exhibit the same extension observed in
constant-velocity unfolding experiments, so force-clamp could be probing different unfolding domains or
sub-domains from constant-velocity experiments. The specific domains responsible for unfolding events are

discussed in conjunction with molecular dynamics situations, Section 2431

Kinetics of Fibrin Unfolding

Protein (un)folding is a stochastic process where each molecule can follow a different microscopic trajec-
tory due to thermal fluctuations. The stochastic behavior of protein unfolding due to an applied force gener-
ally has several unproven assumptions: (1) protein unfolding is history independent (i.e., Markovian),(127)
and (2) unfolding rates are exponentially dependent on the pulling force (i.e., Bell’s Model).(119) The Marko-
vian nature of protein unfolding has proved especially difficult to confirm by constant-velocity experiments
because the rate of change of the pulling force and the unfolding probability are history dependent. Force-
clamp allows for direct measurement of unfolding kinetics at well-defined force, eliminating the ambiguity of
interpreting constant-velocity data.

Bond rupture and protein unfolding under a stretching force has been modeled as two-state Marokovian
process showing both unbinding and unfolding rates exponentially dependent on the pulling force. (87; [120;
128) Recent work has shown, with a large statistical pool of force-clamp data at a given force, deviations from
the simple two-state, exponential kinetics indicative of alternative unfolding barriers are previous studies in
the ensemble measurement.(129; 130) Lower probability unfolding events that deviate from simple two-state
kinetics have been observed; however, these events were sufficiently rare in previous studies as not to bias the
ensemble averages.(87) This is due in large part to advances in protein engineering to create polyproteins,
which allow for a higher pick up ratio than monomers and multiple repeats of the same protein unfolding in
a single force-clamp trace. Observed intermediate unfolding events in these experiments were attributed to
the conformation of the protein when force was applied.(87)

The experimental setup deviates from previous experiments in that it probed a range of protein con-
formations, corresponding to a range of pulling directions, and there is the added complexity of the ‘A-a’
knob-hole rupture. Therefore the experiments relied on large statistics to get representative behavior of
fibrin v module unfolding. Due to the significant number of intermediate steps for low clamping forces, I
investigated fibrin’s unfolding relative to the simple exponential behavior of the two-state kinetics model.

As described in Section 2.4.2] the unfolding probability versus time behavior of a fibrin v module un-
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Figure 2.26: Sample NEA for 75 pN force-clamp experiment. (A) Typical separation-time traces (blue)
for fibrinogen v module unfolding through the ‘A-a’ knob-hole interaction at a constant force of 75 pN
(green). Under a constant stretching force, fibrinogen elongates in a series of stair steps with a minimum
of 3 nm extension each. (B) The normalized average time course of unfolding obtained by summation and
normalization of 315 separation-time traces, including those shown (A). The unfolding of fibrinogen is non-
exponential at a constant stretching force and the shown single exponential fit is a poor descriptor for these

unfolding traces
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folding was obtained by creating an NEA all extension-time traces for a given force. In this representation,
separations are ascribed values between 0 (folded protein) and 1 (fully unfolded protein) then averaged
to represent the probability that a protein was fully unfolded. Representative force-clamp traces and the
resulting NEA for the set can be seen in Figure As described in previous Section 2243 a variety
of separation-time traces result from constant force application to the knob-hole interaction based on the
conformation of the v module when force is applied and the stochastic unfolding of fibrinogen. The differ-
ences in separation-time traces are direct evidence of a complex energy landscape for fibrinogen unfolding,
as a variety of unfolding pathways will lead to rupture of the knob-hole interaction. The variety of unfolding
pathways are all involved in creating the energy landscape associated with v module unfolding and therefore,

all contribute to understanding the complexity of v module unfolding kinetics.

125pN
100pN
0.2
75pN
. . . 65pN
0 1 2 3 4 5

Probability of Unfolding

Time (seconds)

Figure 2.27: Fibrin v module unfolding is force dependent. NEA of separation-time traces for the range
of forces investigated, 65-200 pN, indicates that the probability of unfolding is dependent on the constant
pulling force.

An NEA was calculated for force traces acquired at constant forces ranging from 65-200 pN. The unfolding
probability versus time for each force determined from the ensemble average is shown in Figure The
greater the constant applied force, the more rapidly the probability of unfolding reaches 1 or the protein
becomes completely unfolded.

Kinetic information about fibrin unfolding was extracted from NEA behavior as a function of applied
force, specifically obtaining the intrinsic rate of v module unfolding along a pulling coordinate. This required
(1) determining the force dependent unfolding rate and (2) relating pulling rate to the applied force in order

to determine the force-free parameters. I briefly investigated several methods of extracting rate constants
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through a single-exponent (two-state unfolding), multiple-exponentials (multiple two-state domains), and a
stretched-exponential (rough energy landscape). ) Then I applied Bell’s model to test the exponential

relationship between unfolding rate and pulling force.

200pN
y=0.9997*(1-exp(-7.8572"x))
150pN 2
y=0.99124*(1-exp(-5.3382*x))
125pN
y=0.98656"(1-exp(-3.8436"x))
-100pN

—y=0.98835%(1-exp(-2.6332*x)) 1
75pN
y=0.9686"(1-exp(-2.616*x)) 0.5
50pN

Probability of Unfalding
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&

y=0.97216%(1-exp(-2.0104*x))

—y=0.0099658x+0.097561
* Force Data Point:
1 15 2 25 3 35 4 45 5 0 50 100 150 200 250
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Figure 2.28: Single-exponential fits to NEA. (A) Single-exponential fits to normalized averages of separation-
time traces for the range of forces investigated, 65-200 pN, indicate that the probability of unfolding is not
a Markovian process. (B) Plot of the exponent («) of the single-exponential fits versus the constant pulling
force. Bell’s model was used to determine ag=1.1 s~ and Az = 0.04 nm.

I tested the Markovian nature of protein unfolding by fitting a single exponential to the NEA of fibrin
~v module unfolding. An exponential time course is consistent with a memory-free, all-or-none Markovian
process where the probability of unfolding at any given time is independent of the previous history (deriva-
tion in Appendix [B]). The NEA calculated from force-clamp experiments for fibrin’s v module cannot be
readily described by a single exponential fit (Figure and [2:28)), indicating a more complex unfolding
landscape than approximated with the two-state model. The deviation from a single exponential, the pres-
ence of intermediate unfolding states and multiple unfolding pathways in force-clamp separation-time traces,
and proposed force protected domains in the -~y module(@) all strongly suggest non-markovian behavior.
Therefore a more complex method of analysis was required to fully understand the kinetic parameters of
this system.

I used Monte Carlo simulations to investigate the stochastic unfolding of proteins with different param-
eters (e.g., number of domains, various domain lengths and unfolding rates, and force protected domains).

A detailed description of simulation methods and results can be found in Appendix [Cl The results can be

summarized as follows:

1. Multi-domain unfolding with domains of different lengths and the same kinetic parameters is described

well by the two-state Bell model.

2. Using multiple exponentials to determine the kinetic parameters of different domains from NEA was
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highly sensitive to input parameters and only valid if the number of domains was known.

3. The force protected domains postulated by constant-velocity experiments are not the dominant factor

contributing to deviations from simple two-state, single-exponential unfolding.

4. A stretched-exponential, often used for describing glassy dynamics behavior, is an effective approxima-
tion of one domain for a rugged energy landscape while maintaining the exponential force-dependence

of domain unfolding.

The resul