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The interactions between the constituent monomers of fibrin, the polymerized protein network that provides the
structural stability of blood clots, are frequently under stress because of the dynamic nature of blood flow. Herein, the
calcium dependence of the structural unfolding linked to the forced dissociation of the “A-a” knob-hole bond between
fibrin monomers is reported. The presence of calcium was shown to influence the incidence of the last event in the
unfolding pattern characteristic of “A-a” rupture. This effect, attributed to the function of the γ1 calcium-binding
site, was found to be reversible and specific. Our results indicate that binding of calcium at the γ1 site has no effect on the
strength of the knob-hole bond prior to unfolding of the hole-containing γ module. Rather, calcium bound at the γ1
site makes the structure of the hole more resilient to such forced unfolding, leading to survival of the “A-a” knob-hole
bond during larger extensions of the fibrinogen molecule but at the cost of rupture of the bond at lower forces.

Introduction
Fibrin, the polymerizable successor of fibrinogen, plays a key
role in blood coagulation by forming the framework of blood
clots.1 The fibrinogen molecule is a 340 kDa symmetrical dimer
with each subunit consisting of three polypeptide chains (AR, Bβ,
and γ)2 linked together by disulfide bonds.3 The amino termini of
all six polypeptide chains form the central E region, while the
C termini of the Bβ and the γ chains independently fold into the
β and the γ modules that constitute the distal D regions. All three
polypeptide chains participate in a coiled-coil connector that
maintains the D-E-D linear conformation of fibrinogen.4
At the site of blood vessel injury, thrombin generates fibrin
monomers by cleaving fibrinopeptides A from the N termini of
fibrinogen’s AR chains, thus exposing the polymerization sites
called knobs “A” in the E region.5 The knobs “A” of one molecule
interact with complementary binding sites (termed holes “a”),
located in the γ modules of the D regions of other fibrinogen
molecules.6,7 The formation of noncovalent “A-a” bonds between fibrin molecules causes the monomers to aggregate, leading
to formation of fibrin fibers.8
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Structural data from X-ray crystallography has identified two
calcium-binding sites located in each of the γ (γ1 and γ2) and
β modules (β1 and β2) of the D region (Figure 1A).9-11 The γ1 site
is a high affinity (i.e., Kd in the micromolar range) calciumbinding site near hole “a”,12 whereas the presumably lower affinity γ2 calcium-binding site, located in the loop γ294-301, may
be a consequence of molecular packing interactions that exist in
the crystal.10,11 The β1 calcium-binding site is analogous to the γ1
site, though of lower affinity.13 The β2 site links the β module to
the coiled-coil connector.9 Bound calcium ions play an important
role in fibrinogen structure and function such as promoting lateral
aggregation during fibrin polymerization,14 limiting the extent of
plasmin digestion,15 protecting against denaturation by heat and
pH,16 and limiting the extent of disulfide bond reduction by
reducing agents.17
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Figure 1. (A) Crystal structure of fibrinogen D region. GPRP
(green spheres) and the γ1 calcium (orange sphere) are shown.
Approximate placement of β2 calcium is indicated (orange star).
The γ2 and β1 calcium-binding sites are not shown to reduce figure
clutter. The following protein data bank entries were used to generate protein models: 3GHG (fibrinogen and fibrinogen D region
with bound knob “A” represented by GPRP peptide), 2A45
(desAB-NDSK), and 1BJ5 (BSA). Protein models were generated
with Pymol (DeLano Scientific, Palo Alto, CA). (B) Schematic of
AFM experimental configuration. Space-filling models of fibrin
fragment desAB-NDSK and fibrinogen colored by polypeptide
chains: R (green), β (blue), and γ (red). The formation of an “A-a”
bond is shown. The N-termini of the R chains do not appear in
crystal structures; therefore, the knobs “A” are approximated
(dashed line). N-termini of β chains and RC domains in fibrinogen
molecule are not shown.

Previous work by Laudano and Doolittle determined that
calcium binding had little effect on the affinity of the synthetic
knob “A” for fibrinogen’s hole “a”.18 However, studies with
recombinant proteins have shown that the integrity of the γ1
calcium-binding site is required for proper functionality of the “a”
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site and thus “A-a” promoted fibrin polymerization.19,20 Indeed,
polymerization of fibrin from patients with mutations in the γ1
calcium-binding loop is impaired.21-23 Recombinant fibrinogen
variants with similar mutations have been shown to have reduced
thrombin-catalyzed polymerization, and will not polymerize at all
if catalyzed by batroxobin (i.e., if only knobs “A” and not knobs
“B” are exposed).19,20 These results underscore the importance of
the fibrin γ1 site for polymerization driven by “A-a” knob-hole
interactions.
We have previously reported the forced rupture of single
“A-a” bonds using the atomic force microscope (AFM) by
immobilizing a fibrin fragment containing knobs “A” on the
AFM probe (tip) and whole fibrinogen molecule on the substrate
(Figure 1B).24 The forced dissociation of “A-a” interactions resulted
in a characteristic force pattern of two to four rupture events in the
force versus tip-substrate separation curves (hereafter called the
“characteristic pattern” for brevity). Extensive method development and appropriate controls confirmed that this pattern was the
result of force applied to a single “A-a” bond (i.e., not due to
multiple parallel or nonspecific interactions).25 We demonstrated
that the characteristic pattern corresponds to abrupt lengthening
of the fibrinogen molecule (i.e., structural unfolding) prior to the
final rupture of the “A-a” bond. Each characteristic event (i.e.,
peak) in the force curve represents the rupture of some bond or set
of bonds which causes unfolding, which is manifested as valleys
between peaks. As the “A-a” bond is the only interaction
between the tip and substrate, the last event in the force curve
represents the final rupture of this bond. Moreover, the unfolding
of the fibrinogen molecule weakens the “A-a” bond, causing it to
dissociate at a force lower than that required for unfolding.
Modeling molecule extensions with a freely jointed chain, we
found increases in protein length of 11, 6, and 17 nm after events 1,
2, and 3, respectively.25 Due to the influence of calcium on fibrin
polymerization and the importance of the high affinity γ1
calcium-binding site for hole “a” functionality, we investigated
how calcium impacts the unfolding of fibrinogen’s D region
during forced dissociation of the “A-a” knob-hole interaction.

Materials and Methods
Materials. Reagents were of analytical grade and purchased
from Sigma (St. Louis, MO) unless noted otherwise. Human
plasma fibrinogen (FIB 1) and R-thrombin (HT 1002a) were
purchased from Enzyme Research Laboratories (Southbend,
IN). N-Hydroxysuccinimide (NHS) and 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) were purchased from Pierce
Scientific (Rockford, IL). Water was purified with a Milli-Q UV
Gradient A-10 system (Millipore, Bedfored, MA) to a resistivity
of 18.2 MΩ cm.

Inductively Coupled Plasma Optical Emission Spectroscopy. Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was used to examine the trace amounts of calcium
present in our buffers (Teledyne Leeman Laboratories Prodigy
Higher Dispersion ICP-OES, Hudson, NH). Calcium calibration
standards in the range of 0-25 μM were prepared by diluting a
1000 mg/L calcium standard solution (SPEX Certiprep Assurance, Metuchen, NJ) with purified water. Emission was measured
at 393.4 nm.
Protein Purification. Wild-type recombinant fibrinogen was
synthesized and purified as described elsewhere.26 Synthesis,
(24) Averett, L. E.; Geer, C. B.; Fuierer, R. R.; Akhremitchev, B. B.; Gorkun,
O. V.; Schoenfisch, M. H. Complexity of “A-a” knob-hole fibrin interaction
revealed by atomic force spectroscopy. Langmuir 2008, 24(9), 4979–88.
(25) Averett, L. E.; Schoenfisch, M. H.; Akhremitchev, B. B.; Gorkun, O. V.
Kinetics of the multi-step rupture of fibrin “A-a” polymerization interactions
measured using AFM. Biophys. J. 2009, 97(10), 2820–2828.
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purification, and characterization of two fibrinogen variants (γE132A
and γD320A) deficient in calcium-binding sites were described
previously.10,11,19 Briefly, each fibrinogen was expressed in Chinese hamster ovary cells and purified using affinity chromatography on a column containing fibrinogen-specific antibody IF-1
linked to Sepharose 4B. After purification, each fibrinogen was
dialyzed against HEPES-buffered saline (HBS) (20 mM HEPES,
150 mM NaCl, pH 7.4) and stored at -80 °C. The desAB-NDSK
fragment that represents the central region of fibrin and contains
polymerization knobs “A” and “B” was isolated as described previously.27 Briefly, plasma fibrinogen was clotted using thrombin,
and the fibrin clot was digested by cyanogen bromide. The desABNDSK fragment was then separated using size-exclusion chromatography on a Superdex 200 column (Amersham Biosciences,
Piscataway, NJ), dialyzed against HBS, and stored at -80 °C. The
purity and polypeptide chain composition of desAB-NDSK
preparation was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).27
Substrate Modification. Tips and substrates were modified
for AFM experiments following a previously reported protocol.24
Gold-coated substrates and tips were immersed in a 1 mM 11mercaptoundecanoic acid solution in absolute ethanol overnight
to generate a carboxylic-acid-terminated alkanethiol self-assembled
monolayer (SAM). The surfaces were rinsed with ethanol and
water, dried with nitrogen, and incubated with freshly made
activating solution (equal volumes of 0.1 M NHS and 0.4 M
EDC) for 30 min. The activated surfaces were rinsed with water,
dried with a stream of nitrogen, and incubated in a protein
solution for 10 min. The protein solution used for tip modification
was 0.15 mg/mL desAB-NDSK in HBS, while a solution containing equal volumes of 0.075 mg/mL recombinant fibrinogen and
0.075 mg/mL bovine serum albumin (BSA) in HBS were used to
modify the substrate. The protein-coated tips and substrates were
incubated in AFM buffer (HBS þ 2 mg/mL BSA þ 0.1% Triton
100-X) for 10 min to block remaining activated carboxylic groups.
The surfaces were washed with five alternating cycles of high ionic
strength (20 mM HEPES, 1 M NaCl, pH 7.4) and acidic (20 mM
NaOAc, 300 mM NaCl, pH 4) wash buffers to remove noncovalently attached protein. Finally, protein-modified surfaces were
rinsed and left in AFM buffer. All tips and samples were prepared
immediately prior to the force spectroscopy experiments. Substrates for experiments using buffers with added calcium were
prepared similarly, except the AFM buffer contained 3 mM
CaCl2.
Force Spectroscopy Experiments. The protein-modified
AFM probes and substrates were loaded into an Asylum Research MFP-3D instrument (Santa Barbara, CA) and allowed to
thermally equilibrate for ∼45 min prior to data collection. Force
experiments were performed in AFM buffer (HBS, 2 mg/mL
BSA, 0.1% Triton 100-X). The spring constants of the cantilevers
were determined using the thermal method prior to force volume
acquisition; the value of the spring constant used in data analysis
was the average of all spring constants found for that cantilever.
The spring constants of the cantilevers used in this study fell in the
range of 100-150 pN/nm. The spring constant of each cantilever
was measured several times over the course of an experiment and
averaged for data analysis. The spring constant measurement of
each cantilever had ∼10% standard deviation. Each force volume
consisted of 1024 force curves collected over a 5  5 μm2 area in a
32  32 matrix. At least two force volumes were performed for
each experiment.
Prior to the addition of chelators such as ethylenediaminetetraacetic acid (EDTA) or ethylene glycol tetraacetic acid (EGTA),
force curves were acquired in HBS as a positive control. A small
(26) Okumura, N.; Gorkun, O. V.; Lord, S. T. Severely impaired polymerization
of recombinant fibrinogen γ-364 AspfHis, the substitution discovered in a
heterozygous individual. J. Biol. Chem. 1997, 272(47), 29596–29601.
(27) Gorkun, O. V.; Litvinov, R. I.; Veklich, Y. I.; Weisel, J. W. Interactions
mediated by the N-terminus of fibrinogen’s Bβ chain. Biochemistry 2006, 45(49),
14843–14852.
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Figure 2. Force versus separation aligned relative to event 2 for
curves representative of each phenotype of the characteristic force
curve. Top to bottom: curve with just the doublet (events 2 and 3),
curve with the doublet and a preceding event (events 1-3), curve
with the doublet and a following event (events 2-4), and curve with
all four events. Event numbers are indicated. Curves are aligned to
event 2 to show consistent spacing between events and are offset for
clarity. Ticks on the y-axis represent 100 pN.
volume (<25 μL) of a concentrated solution of the chelator was
then added to the buffer for a final concentration of 1 mM EDTA
or 0.1 mM EGTA. Finally, a concentrated solution of divalent ion
salt (CaCl2 or MgCl2) was added to a final concentration of ∼1
mM. After each addition, the system was allowed to thermally
equilibrate for ∼20 min prior to the subsequent force curve
acquisition. Force curves were acquired with a 3 nm relative
trigger, 1 μm/s cantilever velocity, and data acquisition rate of
2 kHz.
Data Analysis. A custom MatLab program was used for data
analysis.28 This program first converted the raw data into force
versus tip-substrate separation. Force curves with rupture events
(i.e., abrupt changes in force greater than 5 times the standard
deviation of the baseline noise) were selected. For each event
observed in the curve, the force of rupture and tip-substrate
separation was recorded. Curves exhibiting the characteristic
pattern may be classified into four phenotypes (Figure 2). This
pattern always included a doublet of rupture events of ∼220 pN in
force separated by ∼9 nm (called events 2 and 3). The doublet was
often preceded by and/or followed by an event of lower magnitude
(event 1 and 4, respectively). Curves with characteristic events
were identified using previously described criteria.25 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 have a force
at least 50 pN less than that of event 2. The probability percentage
(i.e., probability that an interaction qualified as characteristic, and
(28) Ray, C.; Brown, J. R.; Akhremitchev, B. B. Correction of systematic errors
in single-molecule force spectroscopy with polymeric tethers by atomic force
microscopy. J. Phys. Chem. B 2007, 111(8), 1963–1974.
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Figure 4. Probability that an interaction was characteristic (i.e.,
contained the characteristic pattern, dark gray) and that a characteristic force curve contained event 4 (light gray) for interactions
between desAB-NDSK and fibrinogen in buffers with various
divalent ion salts and/or metal chelators: HBS, HBS þ 3 mM
CaCl2 (þ CaCl2), HBS þ 1 mM EDTA (þ EDTA), HBS þ 1 mM
EDTA þ 2 mM CaCl2 (þ EDTA þ CaCl2), HBS þ 0.1 mM EGTA
(þ EGTA), HBS þ 0.1 mM EGTA þ 2 mM CaCl2 (þ EGTA þ
CaCl2), HBS þ 1 mM EDTA þ 2 mM MgCl2 (þ EDTA þ MgCl2),
and HBS þ 0.1 mM EGTA þ 2 mM MgCl2 (þ EGTA þ MgCl2).

Figure 3. Force versus separation relative to event 2 of all events
(identified by numbers in panel (A)) in the characteristic pattern of
interactions between desAB-NDSK and fibrinogen in (A) HBS,
(B) HBS þ 3 mM CaCl2, (C) HBS þ 1 mM EDTA, (D) HBS þ 1
mM EDTA þ 2 mM CaCl2, (E) HBS þ 0.1 mM EGTA, (F) HBS þ
0.1 mM EGTA þ 2 mM CaCl2, (G) HBS þ 1 mM EDTA þ 2 mM
MgCl2, and (H) HBS þ 0.1 mM EGTA þ 2 mM MgCl2. Event
designations are indicated in (A). The difference in total number of
interactions between experiments is the result of fluctuations in the
amount of protein immobilized on the AFM probe.
probability that event 4 was included in the characteristic interaction) represents the mean and standard deviation of the corresponding probabilities determined from several force volumes.
Where applicable, the statistical significance was evaluated with a
Student’s t test, and the p-value is reported. The data were considered different if the p-value was 0.05 or less. When shown as
normalized probability, the probability was calculated so that the
area under the histogram equaled one.

Results and Discussion
Effect of Divalent Ions on the Fibrinogen “A-a” Interaction. To investigate the role of calcium on the forced rupture of
the “A-a” bond, interactions between a fibrinogen fragment containing knobs “A” (desAB-NDSK) and whole fibrinogen, which
includes holes “a”, were examined with the AFM in buffers containing micromolar or millimolar concentrations of CaCl2. Inductively coupled plasma optical emission spectroscopy indicated
that all buffers without added calcium contained ∼4 μM of trace
calcium inherent to the contamination of the salts. At this low
micromolar concentration, only the high-affinity γ1 calciumbinding site was likely to be occupied. The increased calcium
Langmuir 2010, 26(18), 14716–14722

concentration (3 mM CaCl2) had no effect on the “A-a” bond
rupture. Upon plotting the force of each event in the characteristic
pattern against the tip-substrate separation relative to event 2,
well-defined clusters were apparent irrespective of the increase in
calcium chloride concentration (Figure 3A, B). This indicates that
the characteristic pattern of forced “A-a” bond rupture is not
dependent on variations in the available calcium concentrations
in the range from 4 μM to 3 mM. Furthermore, the probability
that an interaction exhibited the characteristic pattern was not
influenced by changes in the calcium concentration from 4 μM to
3 mM (Figure 4), indicating that the probability that the fibrinogen molecule was unfolded during the rupture of the “A-a” bond
was unaffected.
Since the γ1 calcium-binding site was likely occupied at both
calcium concentrations (i.e., 4 μM and 3 mM), we next sought to
reduce the concentration of free calcium and decrease the likelihood that the γ1 calcium-binding site was occupied by using ∼1
mM EDTA. Neither the force and relative separation of events
1-3 (Figure 3C) nor the percentage of interactions containing the
characteristic pattern (Figure 4) was influenced by addition of
EDTA. Yet, addition of EDTA to the solution greatly reduced
the probability that a characteristic force curve included event 4
(Figure 4). In other words, in the presence of EDTA, the “A-a”
interaction predominantly ruptured at event 3 instead of event 4
and thus the ability of the fibrinogen molecule to extend prior to
rupture of the “A-a” bond was effectively reduced by ∼17 nm
(i.e., the increase in contour length of the molecule between events
3 and 425).
To examine whether this effect was reversible, CaCl2 was added
to the buffer in molar excess to the EDTA. The restoration of free
calcium ions in the solution restored the probability that a
characteristic curve contained event 4 (Figure 4) and the number
of events 4 (Figure 3D). These results suggest that the ability of the
“A-a” bond to withstand extension in order to be ruptured
DOI: 10.1021/la1017664
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during event 4 is dependent on the presence of calcium. Since previous studies have shown that EDTA may bind to fibrinogen,29 it
was possible that the resilience of the “A-a” bond to extension
(i.e., rupture at event 4 vs event 3) was mediated by binding of
EDTA, not calcium ions, to fibrinogen. Therefore, a second
chelator, EGTA, was used to alleviate any concerns regarding
EDTA binding to fibrinogen. Due to a higher specificity for
calcium compared to EDTA, lower concentrations of EGTA (i.e.,
0.1 mM) were used. The force data were similar for both EDTA
and EGTA (i.e., the force and relative separation of events 1-3
and percentage of curves that included the characteristic pattern
remained unchanged, while the probability that a characteristic
curve contained event 4 was reduced; Figures 3E, F and 4). Our
results strongly indicate that the probability that an interaction
ruptures at event 4 is contingent on the presence of free calcium
ions in solution.
To evaluate the specificity of the effect of calcium on the
extensibility of fibrinogen prior to the rupture of the “A-a” bond,
MgCl2 was used instead of CaCl2 to increase the divalent ion concentration in chelated buffers. While fibrinogen has no reported
specific magnesium (Mg) binding sites, millimolar concentrations
of Mg have been shown to affect fibrin polymerization in a
manner similar to that of calcium.30 Unexpectedly, force behavior
with MgCl2 in molar excess varied with the different chelators
(Figure 3G, H). The addition of MgCl2 to EDTA-containing
buffer partially restored the percentage of characteristic curves
that contained event 4 (Figure 4). However, the probability of
observing event 4 was not affected by the addition of MgCl2 to
EGTA-containing buffer. This disparity may be attributed to the
different affinities of the particular chelator for calcium and
magnesium. Although both chelators have a higher affinity for
calcium than magnesium, the affinities of EDTA for calcium and
magnesium differ by 2 orders of magnitude, while that difference
in affinity is 5 orders of magnitude for EGTA.31 As such, some of
the calcium bound to EDTA was displaced upon addition of
magnesium and thus became available to bind to the fibrinogen
molecule. In contrast, the addition of magnesium to the buffer
containing EGTA resulted in little or no calcium displacement and
thus no subsequent binding to fibrinogen. Indeed, we estimated
that buffer solutions with EDTA and added magnesium had an
order of magnitude more free calcium than solutions with EGTA
and added magnesium using a metal chelation calculator program
available online (http://www.stanford.edu/∼cpatton/maxc.html).
The observed statistical variation of data in Figure 3 (i.e., a
difference in number of data points representing an event) is most
likely the result of variation in the number and placement of the
proteins and fragments immobilized on the AFM probe. We find
no consistent trend between availability of calcium ions and
probability of an interaction. Furthermore, while the probability
that a characteristic interaction contained event 1 appeared to be
variable, we could find no correlation between the presence of
available calcium ions and the probability that a characteristic
curve contained event 1.
Calcium-Binding Sites. Among the four calcium-binding
sites identified by structural studies of fibrinogen, two (i.e., the
(29) Nieuwenhuizen, W.; Vermond, A.; Hermans, J. Human fibrinogen binds
EDTA and citrate. Thromb. Res. 1981, 22, 659–663.
(30) Carr, M. E.; Powers, P. L. Differential effects of divalent cations on fibrin
structure. Blood Coagulation Fibrinolysis 1991, 2, 741–747.
(31) Patton, C.; Thompson, S.; Epel, D. Some precautions in using chelators to
buffer metals in biological solutions. Cell Calcium 2004, 35, 427–431.
(32) Kostelansky, M. S.; Lounes, K. C.; Ping, L. F.; Dickerson, S. K.; Gorkun,
O. V.; Lord, S. T. Calcium-binding site β2, adjacent to the “b” polymerization site,
modulates lateral aggregation of protofibrils during fibrin polymerization. Biochemistry 2004, 43, 2475–2483.
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Figure 5. Force versus relative separation for desAB-NDSK interacting with (A) γE132A fibrinogen (altered affinity for calcium
at β2 site) and (B) γD320A fibrinogen (altered affinity for calcium
at γ1 site). The difference in total number of interactions between
experiments is the result of fluctuations in the amount of protein
immobilized on the AFM probe.

γ1 and β2) may play a role in the characteristic pattern of forced
“A-a” bond rupture (Figure 1A).10,11,32 The β2 calcium-binding
site serves as an anchor between the coiled-coil and the β module,
and it has been hypothesized to limit the rotational freedom of the
β module.7,9,32-34 Since an interface exists between the γ and
β modules, such limitations in rotational freedom may influence
the effect of force applied to the “A-a” bond. The occupation of
the γ1 calcium-binding site, located near hole “a”, has been shown
to affect “A-a” bond-driven polymerization, and potentially
may influence the characteristic pattern of forced “A-a” bond
rupture.19-22 To examine the effects of the γ1 and β2 calciumbinding sites on the characteristic force pattern, desAB-NDSK
interactions with fibrinogen variants having altered affinities for
calcium at each of these sites were examined. Of note, the calcium
affinities of the affected binding sites in these variants are such
that they should rarely be occupied at the calcium concentrations
present in the HBS buffer used (i.e., 4 μM).11,19
To examine the role of the β2 calcium-binding site on the
characteristic pattern of forced dissociation of the “A-a” interaction, γE132A fibrinogen, a variant in which the 132nd residue
of the γ chain is changed from a glutamic acid to an alanine
reducing the affinity of the β2 site for calcium (Figure 1A), was
employed.32 This structural change increases the rotational freedom of the β module, resulting in higher lateral aggregation
during γE132A polymerization.32 The forced rupture of the
interaction of knob “A” with hole “a” of this variant (Figure
5A) was essentially the same as that of wild-type fibrinogen
(Figure 3A). Indeed, the characteristic pattern was observed in
54 ( 1% of interactions, versus 52 ( 12% for wild-type fibrinogen
(p = 0.83). In addition, the probability that the characteristic
pattern included an event 4 was equivalent for the variant and
wild-type fibrinogens (46 ( 4%). It is thus unlikely that the β2
calcium-binding site plays a role in the forced dissociation of the
“A-a” knob-hole bond.
That the characteristic pattern is not dependent on the rotational freedom of the β module supports our hypothesis that the
lengthening of fibrinogen observed in the characteristic pattern is
restricted to the γ module. This hypothesis is based on two
observations. First, our previous studies excluded unfolding of
fibrinogen outside the D region from contributing to the characteristic pattern, since interactions between desAB-NDSK and a
(33) Doolittle, R. F.; Pandi, L. Binding of synthetic B knobs to fibrinogen
changes the character of fibrin and inhibits its ability to activate tissue plasminogen
activator and its destruction by plasmin. Biochemistry 2006, 45(8), 2657–2667.
(34) Pandi, L.; Kollman, J.; Lopez-Lira, F.; Burrows, J. M.; Riley, M.; Doolittle,
R. F. Two families of synthetic peptides that enhance fibrin turbidity and delay
fibrinolysis by different mechanisms. Biochemistry 2009, 48(30), 7201–7208.
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fibrinogen fragment consisting of only the D region and a
truncated coiled-coil exhibited the characteristic pattern.24
Second, the geometry of the interaction is such that the force
applied to hole “a” via knob “A” is unlikely to be translated to
the β module.
To investigate the influence of the γ1 calcium-binding site on
the characteristic pattern of forced dissociation of the “A-a”
interaction, γD320A fibrinogen was used. The 320th residue of
the γ chain for γD320A fibrinogen variant is changed from an
aspartic acid to an alanine, greatly diminishing the affinity of the
γ1 site for calcium.19 When the “A-a” interactions involving
γD320A fibrinogen were examined under force, the probability
that an interaction contained the characteristic pattern was not
significantly different (p = 0.09) for the forced dissociation of
desAB-NDSK from γD320A than from wild-type fibrinogen
(43 ( 7% versus 52 ( 12%, respectively). However, event 4 only
occurred in 2 ( 2% of curves with the characteristic pattern
(Figure 5B), representing a significantly reduced probability compared to the wild-type (p < 0.01). Since the γD320A fibrinogen
variant behaves similarly under force to wild-type fibrinogen in
the absence of free calcium (i.e., has unchanged probability that
an interaction is characteristic, but a marked decrease in the
probability that a characteristic interaction contains event 4), the
effects of calcium are most likely due to the occupation of the γ1
site.
Mode of Action of the γ1 Calcium. The effect of calcium on
the characteristic pattern may be explained by two hypotheses. It
is possible that binding calcium in the γ1 site makes the bond between knob “A” and hole “a” stronger (e.g., increases the number
of hydrogen bonds), thus allowing the bond to withstand large
extensions of the γ module. Alternatively, calcium bound to the
γ1 site may provide reinforcement to the structure of hole “a” so
that it is not as easily compromised by forced unfolding in the
γ module, allowing the “A-a” bond to withstand large extensions
of the γ module. An imperfect analogy may be this: in the absence
of calcium, the release of the knob-hole bond after the unfolding
events (events 2 and 3) is like a loose pair of pants that fall off as
soon as unbuttoned. Binding of the γ1 calcium may keep the pants
on after unbuttoning by either tightening the pants (hypothesis 1)
or adding a belt without cinching the waist (hypothesis 2). To
investigate which hypothesis was true, we examined the force
probability distributions of noncharacteristic force curves.
Only about half of all force curves with interactions contain a
characteristic pattern. Previously, we reported that both characteristic and noncharacteristic rupture patterns represented the
“A-a” interaction between desAB-NDSK and fibrinogen.24
Curves that do not exhibit the characteristic pattern (i.e., do not
include the doublet of events) represent heterogeneity in the
response of the “A-a” interaction and the structure of the
γ module to force. Such heterogeneity is most likely attributable
to differences in pulling direction arising from the random
orientation of the immobilized proteins. Among curves containing interactions, curves that only included one event (a case that
comprises 20 ( 6% of curves with interactions) represent the
“A-a” interaction rupturing without prior forced unfolding of
the γ module. Since the unfolding of the γ module represented by
the characteristic pattern influences the force at which the “A-a”
bond ruptures (i.e., event 4 occurs at a lower force than required
to unfold the molecule during events 2 and 3), single-event curves
provide insight into the strength of the “A-a” bond in the fully
folded molecule (in our analogy, this may determine the tightness
of the waistband). Histograms of the force of single-event curves
of desAB-NDSK interacting with wild-type fibrinogen in buffer
with 3 mM CaCl2 and γD320A fibrinogen in buffer with no added
Langmuir 2010, 26(18), 14716–14722
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Figure 6. Normalized force probability distribution for (A) single
event interactions between desAB-NDSK and wild-type fibrinogen with added calcium (3 mM CaCl2) and (B) single event
interactions between desAB-NDSK and γD320A fibrinogen. The
center and standard deviation of Gaussian fits (black lines) are
indicated. The probability is normalized such that the area under
the histogram equals one.

calcium are given in Figure 6A and B, respectively. Both distributions are similar and consist of two distinct force populations of
77 ( 80 pN and 223 ( 83 pN, and 62 ( 72 pN and 219 ( 67 pN for
wild type and γD320A fibrinogen, respectively (means ( standard deviations). Since single-event curves represent rupture of
the “A-a” bond without unfolding the γ module, and the rupture
force of single-event curves is the same regardless of whether the
γ1 site binds calcium, the γ1 calcium-binding site does not
mediate the strength of the “A-a” bond before the γ module
has been unfolded by force. Therefore, the second hypothesis is
more likely; this calcium makes hole “a” more resilient to changes
in the structure of the γ module, so that the “A-a” bond may
withstand larger extensions in the presence of calcium.
While it is unclear at this time why single event curves have two
populations, it is important to note that the most probable force
of the low-probability low-force population is somewhat less than
that of event 4, which typically ruptures at ∼100 pN. This implies
that the low-force population does not represent the same
molecular phenomenon as event 4. That is, the low-force population of single event curves is not the rupture of the bond between
knob “A” and the hole “a” of a fibrinogen molecule structurally
similar to that achieved by forced unfolding (i.e., the structure of
the fibrinogen molecule at the fourth event in the characteristic
pattern). It is therefore unlikely that the structure of fibrinogen
after the characteristic pattern may only be induced by force (i.e.,
is not along the thermal or chemical denaturation pathways).
In a previous study, we calculated the free energy difference
between bound and transition states of each event in the characteristic pattern.25 Since the pathway to forced dissociation of
the “A-a” bond most often involves stepwise unfolding of the
region around hole “a” (i.e., most force curves with interactions
include the characteristic pattern), the energy barrier for each
event must be overcome prior to final dissociation of the “A-a”
bond. The effective free energy difference between the bound and
unbound states is 25% less when the “A-a” bond dissociates at
event 3 than when it dissociates at event 4 (36 versus 48 kBT).
Since calcium bound at the γ1 site increases the likelihood of the
“A-a” bond surviving past event 3 to rupture at event 4, it
increases the energy required to rupture the bond. This may be
interpreted as lending a higher mechanical toughness to fibrin, as
the monomer is able to absorb energy in these extensions prior to
rupture of fibrin-fibrin bonds.
These data provide an explanation on why calcium does not
affect the affinity of synthetic knob “A” for hole “a” in equilibrium
assays,18 yet modulates “A-a” promoted fibrin polymerization.19,20
In equilibrium assays where the “A-a” bond is thermally or
DOI: 10.1021/la1017664
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chemically dissociated, the γ module may not undergo the structural transitions observed in our experiments. Since the “resting”
(i.e., not under stress) structure and strength of the “A-a”
bond is the same regardless of the presence of calcium, the
effects of calcium observed in our studies would not be
observed in the absence of applied force. However, since fibrin
monomers are constantly under tension during polymerization (as evidenced by straight appearance of fibers),35,36 the
effect of calcium on the ability of the “A-a” bond to withstand
extension of the fibrin monomer may be observed in polymerization assays.
The stepwise unfolding of the γ module creates fibrinogen
intermediates of different lengths in the unfolding pathway
associated with “A-a” forced dissociation. These force-induced
intermediates may be considered mechanically stable, as they
resist further unfolding for short periods (i.e., the time between
ruptures in the characteristic pattern) while under tension. The
stepwise unfolding of the γ module may be biologically significant
because in vivo the “A-a” bond is under stresses generated by
both internal tension that keeps fibrin fibers straight and the shear
forces of blood flow. The stepwise unfolding may act as a safety
mechanism that protects the structure of hole “a” (and therefore
the “A-a” bond) while allowing some extension of the fibrin
monomer. A mechanism similar to this has been proposed for
other proteins that have mechanical intermediates when unfolded
by force.37-39 The reduction in the ability of the fibrinogen
molecule to lengthen without the γ1 site bound with calcium
(35) Blomb€ack, B.; Carlsson, K.; Hessel, B.; Liljeborg, A.; Procyk, R.; Aslund,
N. Native fibrin gel networks observed by 3D microscopy, permeation and
turbidity. Biochem. Biophys. Acta 1989, 997(1-2), 96–110.
(36) Weisel, J. W. The mechanical properties of fibrin for basic scientists and
clinicians. Biophys. Chem. 2004, 112(2-3), 267–276.
(37) Li, L.; Huang, H. H.; Badilla, C. L.; Fernandez, J. M. Mechanical unfolding
intermediates observed by single-molecule force spectroscopy in a fibronectin type
III module. J. Mol. Biol. 2005, 234, 817–826.
(38) Borgia, A.; Williams, P. M.; Clarke, J. Single-molecule studies of protein
folding. Annu. Rev. Biochem. 2008, 77, 101–125.
(39) Forman, J. R.; Clarke, J. Mechanical unfolding of proteins: insights into
biology, structure and folding. Curr. Opin. Struct. Biol. 2007, 17(1), 58–66.
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may be the cause of the impaired polymerization of fibrinogen
variants with reduced calcium binding at the γ1 site.19,21 Future
investigations regarding the stability and reversibility of the
unfolding pathway are planned.

Conclusions
The use of force as the biologically relevant experimental
parameter positions the AFM as an ideal tool for examining
the complex structural changes involved in the forced dissociation
of the “A-a” interaction that binds fibrin monomers. Force
applied to fibrinogen’s hole “a” through bound knob “A” induces
stepwise lengthening of the γ module of fibrinogen prior to
rupture of the “A-a” bond.24 Herein we have found that the
degree of extension experienced by the γ module prior to the
rupture of the “A-a” bond is dependent on the occupation of the
γ1 calcium-binding site. Since most of the events in the characteristic pattern and in curves containing only single events are not
influenced by the occupation of the γ1 by calcium, the γ1 calciumbinding site does not alter the force required to rupture the “A-a”
bond prior to extension of the γ module. The extensibility of the γ
module prior to rupture of the “A-a” bond may be important in
the initial stages of fibrin polymerization since fibrin polymerizes
differently in the absence of calcium. Our data provide further
insights into the molecular mechanism by which calcium affects
the mechanical properties of both fibrin monomers and fibrin
polymers.
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