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Summary
Protein conformational variability (or dynamics) for large macromol-
ecules and its implication for their biological function attracts more 
and more attention. Collective motions of domains increase the ability 
of a protein to bind to partner molecules. Using atomic force micro-
scopy (AFM) topographic images, it is possible to take snapshots of 
large multi-component macromolecules at the single molecule level 
and to reconstruct complete molecular conformations. Here, we report 
the application of a reconstruction protocol, named AFM-assembly, to 
characterise the conformational variability of the two C domains of 

human coagulation factor Va (FVa). Using AFM topographic surfaces 
obtained in liquid environment, it is shown that the angle between C1 
and C2 domains of FVa can vary between 40° and 166°. Such dynami-
cal variation in C1 and C2 domain arrangement may have important 
implications regarding the binding of FVa to phospholipid mem-
branes.
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Introduction

Activation of fibrin is the result of several processes known as the 
blood coagulation cascade (1–3) which can be activated by two 
ways: contact activation (the intrinsic pathway); or through tissue 
factor (the extrinsic pathway). Both lead to the activation of factor 
X (FXa), then FXa together with the activated factor V (FVa) pro-
motes the conversion of prothrombin to thrombin which in turn 
catalyses the conversion of fibrinogen to fibrin. The procoagulant 
prothrombinase complex composed of FVa, FXa, phospholipids 
and calcium is a key complex that increases the activation of pro-
thrombin by five orders of magnitude (4). Anticoagulation is me-
diated by activated protein C (APC) which proteolyses FVa (5, 6) 
which results in a loss of FVa cofactor activity. A frequently occur-
ring single mutation (G1691A) at a codon coding for Arg506 (7), 
one of the two most important APC cleavage sites in FVa, results 
in a FV which is resistant to APC. This characteristic gave to FV 
the highest risk of hereditary venous thrombotic disorder, being 
up to 15 % in the general population of Caucasian origin. The se-
quence of human FV consists of a single-chain of 2196 residues or-
ganised in six domains: A1–A2–A3–B–C1–C2, with the large 
B-domain being released upon activation of FV to FVa (8). The 

crystal structure of full FV is still unknown while an A2-less struc-
ture of bovine FVa has been obtained (9) (Protein Data Bank 
[PDB] code: 1SDD). FVa C1 and C2 domains are known to bind 
phospholipids as demonstrated by site-directed mutagenesis 
studies (10–12). Thus, the orientation of C1 and C2 domains with-
in FVa is critical for optimal function of the prothrombinase com-
plex.

In the absence of high resolution human FVa structures, FVa 
models were built (PDB code 1FV4) (13) based on ceruloplasmin 
(14) and on the binding domain of galactose oxidase (15, 16). With 
the knowledge of the crystal structure of human FV C2 domain 
(17), updated models were built (18–20). Further modelling lead 
to building and simulation of the prothrombinase complex (19, 
21). Recently, a crystal structure of the Pseudonaja textilis pro-
pseutarin C (not activated) has been determined (PDB code 4BXS, 
[22]). Activated pseutarin C is a homologous to the complex of 
human FVa and FXa (part of the prothrombinase complex) and is 
capable of efficient thrombin generation in the absence of mem-
branes. Homologous snake factor V adopts a similar domain con-
formation to that observed for A2-less structure of bovine FVa 
(22). As most multi-domain proteins, FVa is likely not adopting a 
single “rigid” conformation as observed from crystallography 
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studies but rather is made of a set of possible arrangements which 
we refer as “conformational variability”. Such variability is easier to 
observe at the single molecule level such as cryo-electron micro-
scopy (EM) (23, 24) or atomic force microscopy (AFM) (25–28). 
Both approaches can provide information that allows assessment 
of the global shape of individual molecules which can be used to 
decrypt the variability of the FVa 3D structure. One of the major 
differences between cryo-EM and AFM is the signal over noise 
ratio which is exceptional for the latter since a single image can 
provide all the useful information (no averaging for AFM). An-
other distinction between these techniques is that cryo-EM ob-
tains three-dimensional maps whereas AFM can only access to 
two-dimensional surfaces. Both techniques do not require staining 
molecules, special orientations of single molecules, or ultra-pure 
solutions. However, when compared with high-resolution struc-
tural biology techniques such as X-ray crystallography and nuclear 
magnetic resonance that usually obtain resolution better than 3 Å, 
the estimated resolution in AFM and cryo-EM images is usually 
above 1 nm. Application of single molecule techniques such as 
AFM or Cryo-EM are extremely useful to study alternative con-
formation pathways by looking at one molecule at a time. Because 
there is no synchronisation of structural conformation, single iso-
lated molecule studies may provide valuable information about the 
extent of conformational variability of flexible molecules such as 
those encountered in blood coagulation.

Here, we provide experimental information about the shape of 
human FVa in solution obtained by AFM. The application of AFM 
has several intrinsic advantages such as the possibility of imaging 
in liquid buffer and the capability of providing images of single 
isolated molecules without averaging and appropriate image pro-
cessing (29, 30). For high-resolution imaging of 2D-crystal pro-
teins, a sub-nanometer lateral resolution is commonly observed 
(31) whereas Angstrom-level vertical resolution (height) is classi-
cally obtained with AFM imaging (32). FVa has a molecular 
weight of ~173 kDa with a molecular size estimated as 12×9×5 
nm3 and thus is perfectly amenable to high-resolution AFM im-
aging. In this study, AFM images of FVa were obtained in liquid 

environment and were used to reconstruct the 3D structure of 
complete FVa by assembling the A trimer structure to the two C 
domains. Reconstructed FVa models were compared with two 
available models of FVa: 1FV4 available in PDB (13) and named 
here FVa2000; and the most recent model (20) named here 
FVa2007 which is mostly based on the crystal structure 1SDD (9) 
(▶ Figure 1 and Suppl. Figure 1, available online at www.thrombo
sis-online.com).

Materials and methods
FVa protein

The preparation of purified FVa was obtained from human plasma 
following the procedure described in Nicolaes et al. (6). The pro-
tein was > 99 % pure as judged by SDS-PAGE analysis.

AFM image

Activated factor V was imaged in buffer using a multimode V 
AFM with the PeakForce mode (Bruker AXS). Scan rate was set at 
1 Hz. The ScanAsyst software was used only to control the gain; all 
other ScanAsyst parameters were manually controlled. The peak 
force ramp was set to 25 nm and all other peak force parameters 
were set as default. During imaging, the peak force set point was 
manually adjusted to obtain the best visual imaging at the lowest 
imaging force. Cantilevers OTR8 (k=0.57 N/m, Bruker AFM 
Probes) with a nominal tip radius of 2 nm were used. FVa (9 nM) 
was inserted in a drop of 50 µl HEPES buffer (20 mM, 150 mM 
NaCl, pH 7.1) on a mica substrate pretreated with MgCl2

+ (20 
mM) for 1 hour (h) at 25 °C. FVa molecules were not completely 
fixed and thus some molecules moved during imaging. Thus, it 
was not possible to zoom several times of the same region and we 
collected raw images at the resolution of 9.75 Å/px as defined by a 
scan size of 1.0 × 1.0 µm2 with 1024 × 1024 px2 (▶ Figure 2).

FVa molecules lie down with a “flat-on” orientation where the 
pseudo-trimeric axis of the A domains is perpendicular to the 
mica surface. This orientation allows the imaging of all the do-
mains of FVa. Although this orientation is very convenient for 
AFM imaging, the orientation of FVa is unlikely to be similar 
when bound to phospholipids (13, 19, 22, 24). Attempts to image 
FVa molecule of phospholipids with AFM were unsuccessful, so 
far.
The raw image was treated with DeStripe (33) for stripe noise re-
duction and 20 objects were randomly selected (▶ Figure 2 and 
Suppl. Figure 2, available online at www.thrombosis-online.com). 
The average height of these objects was 9.0 nm (range from 6.4 to 
11.6 nm without considering spurious artifacts). Images of se-
lected objects were eroded individually to reduce the tip dilation 
effect, using a theoretical tip diameter of 2 nm and side wall angles 
of 15º (34). As a comparison of the tip-dilation effect, a “3D” con-
voluted image of FVa has been computed using the Adepth server 
(35) with a grid size of 2 Å and a grid boundary of 50 Å (▶ Figure 
3). Despite current available tools, dilation/erosion of single iso-
lated proteins in AFM images remains challenging. A possibility to 

Figure 1: Ribbon representation of two FVa three-dimensional mod-
els. The A trimer is drawn in cyan and the C1 and C2 domains are drawn in 
orange and magenta, respectively. On the left, the original model is pres-
ented with a colinear arrangement between C1 and C2 domains (13). On the 
right, a revised model of FVa (20) based on the A2-less crystal structure of 
bovine FVa (9) is shown in which the C1 and C2 long axes appear parallel.
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circumvent the problem would be to modify the reconstruction 
protocol to perform docking steps using the experimental dilated 
topographic surfaces and a similarly dilated surface of 3D struc-
tures used as docking units. A similar approach is under investi-
gation (Chaves et al., in preparation). Details for the reconstruc-
tion of the complete FVa 3D structure is based on a protocol that is 
described in the supplementary section.

Results

Single isolated human coagulation factor Va (FVa) were imaged in 
liquid environment using atomic force microscopy (AFM). AFM 
topographs of FVa were extracted from data in ▶ Figure 2. Using 
the reconstruction protocol described previously, three units of 
FVa (A trimer and two C domains) were assembled and a sample 
of multiple conformations for reconstructed FVa is shown in 
▶ Figure 4. The reconstruction of FVa molecule has been made in 
two stages. First, the A trimer, then the C1 and C2 domains, are 
“docked” independently beneath the experimentally obtained 
AFM topographic surface (28, 36). Second, the three units (A 
trimer, C1, and C2) are assembled altogether using a brute force 
combinatorial approach. Results are scored by the match observed 
between the experimental AFM topographic surface and the sur-
face of the reconstructed assembly. In addition, top answers do not 
allow bumps between the three assembled units. In this study, we 
focused our attention on the particular angle made between C1 
and C2 domains (▶ Figure 5). The reference used here is: an angle 
of 0° implies that C1 and C2 are collinear whereas an angle close to 
180° implies that C1 and C2 are perfectly parallel. More precisely, 
the angle between C1 and C2 is computed using the following two 
vectors: v2 = Asn2036 – Leu1957 (C1 domain), v3 = Ser2117 – 
Gly2037 (C2 domain), using Cα atoms coordinates of the corre-
sponding residues.

The C1^C2 angles of the two published FVa models are 131.9° 
for model FVa2000 and 39.6° for model FVa2007 (▶ Figure 5). 
Histogram distribution of C1^C2 angles computed among the 
twenty assembled FVa models in this study is shown in ▶ Figure 5 
and illustrates a large dynamical range. The average computed 

C1^C2 = 134.7º with a range from 40.4º to 166.4º. When com-
pared with published FVa models, the C1^C2 orientation in re-
constructed FVa as was assessed in the current study is closest to 
that of the model FVa2000 (▶ Figure 5).

Discussion

Activated coagulation factor V (FVa) requires binding to phos-
pholipid membranes for enhancing the catalytic conversion of 
prothrombin with factor Xa. Phospholipid membranes concen-
trate in a two-dimension space the constitutive elements of the 
prothrombinase complex, thereby increasing the probability of 
productive collisions and thus enhancing catalytic efficiency (2). It 

Figure 2: Activated factor V was imaged in liquid using a multimode 
V AFM with the PeakForce mode (Bruker AXS). The raw image resol-
ution is 9.75 Å/px obtained in a field of 1.0 × 1.0 µm² (1024×1024 px2) and 
was processed using DeStripe (33). The randomly selected 20 objects are 
 indicated with yellow boxes.

Figure 3: Simulation of a dilation effect of 
an image of FVa. On the left, the molecular 
surface of FVa is shown in orange. On the right, 
at the same scale, the secondary structure of 
FVa is drawn in ribbon where magenta and 
green indicate α-helices and β-strands, respect-
ively, loops are coloured in cyan. The pseudo-3D 
convolution of FVa is represented by the iso-
 surface of atomic depth (computed using the 
Adepth server, (35)) shown in orange mesh. The 
threshold of the iso-surface corresponds to a 
distance of 2 nm from the surface of the FVa 
protein. A ruler is drawn in the background 
where each line is spaced 1 nm from each other. 
Image built with VMD (38).
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has been demonstrated that the FVa C2 domain binds phos-
pholipids (17, 37). However, additional evidences pointed out to 
other FVa regions involved in phospholipid binding such as the A3 
domain (38) and the C1-C2 domains (39). Recently, it was also ob-
served that the C1 domain makes direct contact with phos-
pholipids (11, 40). The partial X-ray structure of bovine FVa sug-
gested that C1 and C2 domains could concomitantly bind to phos-
pholipids due to their side-to-side (parallel) orientation (9). The 
significant flexibility in C1 and C2 orientation relative to the 
A-trimer observed from AFM imaging and computational recon-
struction suggests that such additional freedom may be involved 
in optimal membrane binding of C1 and C2, thus allowing faster 
phospholipid binding. In addition, the flexibility of C1 and C2 par-
ticipates to the necessary avidity effect of using two or three do-
mains to bind to phospholipids. Coagulation cascade must work 
quickly and improving membrane affinity by having flexible an-
chors such as C1 and C2 domains likely enhances constitution of 
efficient prothrombinase complex. It should be added that the 
flexibility in the C1-C2 domain could also be important for the 
proper orientation of FVa towards APC, the central enzyme of the 

protein C anticoagulant pathway, important for the proteolytic in-
activation of FVa.

Are there other supportive evidences of structural variation in 
C1-C2 orientation? The recently determined structure of pro-
pseutarin C, which is homologous to human FV and FX, contains 
domains A1-A3 as well as domains C1 and C2 (22). Using equival-
ent vector assignments, the C1^C2 angle in pro-pseutarin C is 66°. 
This angle value is intermediate between the two alternative con-
formations presented in models FVa2000 and FVa2007 (▶ Figure 
5). Although the difference in C1^C2 angle in pseutarin C relative 
to FVa models is likely due to a local sequence variation, both C1 
and C2 domains of pseutarin C are expected to bind phospholipids 
and consequently, the variability in C1^C2 angle could also be in-
terpreted in term of structural variability in phospholipid binding. 
Beside pseutarin C, there is a homologous coagulation factor VIIIa 
(FVIIIa) in which two complete X-ray crystal structures indicate a 
parallel orientation of C1 and C2 domains (41, 42). When using 
cryo-electron microscopy with the coagulation FVIIIa light chain 
bound to a single bilayer lipid nanotube, a three-dimensional re-
construction revealed a similar collinear arrangement of C1 and 

Figure 4: Top solution from the AFM-
 Assembly protocol for two representative 
reconstructions (#4 and #12) out of the 20 
objects considered in Figure 2. The C1 and 
C2 domains are organised on the left according 
to a collinear arrangement and on the right ac-
cording to a parallel side-to-side arrangement. 
A) AFM topographic surface is shown. B) A top 
side view of the reconstruction of FVa docked 
beneath the AFM surface topography repre-
sented with blue and red dots. C) Example of 
final reconstruction models #4 and #12 based 
on AFM topographic images where the A trimer 
is drawn in cyan, and the C1 and C2 domains 
are drawn in orange and magenta, respectively. 
Surface images performed with VMD (48).
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C2 domains (v2^v3 = 152.2°) (43). Such a value is closely related to 
the average 134.7° observed in FVa reconstruction from our study.

A selection of 20 protein topographs has been made from a 
single AFM imaging experiment (Suppl. Figure 2, available online 
at www.thrombosis-online.com). Is a single AFM image enough? 
To obtain a high-quality AFM topograph in liquid, several con-
comitant conditions must be met. First, molecules must be well 
adsorbed on the mica substrate; second, the AFM tip must have an 
optimally thin apex (a few nanometers) and not be worn; third, the 
imaging parameters must be optimally set so that the force exerted 
on the molecules must be small enough not to denature them but 
high enough to obtain a good resolution. Ideal conditions to ob-
tain high-resolution AFM images are difficult to obtain from 
single isolated molecules (44). Thus, as long as the above condi-
tions are met, having a single AFM image does allow for the pro-
duction of reliable AFM topographs. In addition, the physical di-
mension of FVa obtained by AFM is compatible with that obtained 
from X-ray crystallography when taking the dilation effect into ac-
count.

Twenty topographic surfaces (crops) were analysed. Their se-
lection had been made randomly. Additional crops could have 
been added to the list. However, the redundancy observed in our 
results convinced us that no additional crops were required. Al-
though the computational time for each crop is reasonable (about 
24h CPU), the amount of data generated by the protocol is huge 
when assuming high-resolution docking as performed in this 
study (9 1011 docking results to manage per run). Because only 
AFM topographic surfaces are used in the reconstruction protocol, 
there is always a “surface limitation”: information is only available 
for domains that are accessible to the AFM tip. Consequently, 
when two domains overlap, it is not possible to distinguish the do-
main underneath, and thus, our current reconstruction protocol 
only targets “flat-on” oriented single molecules.

For single isolated molecules, as opposed to molecules organ-
ized in 2D arrays, the main image distortion besides that from the 
piezoelectric ceramics of AFM is the dilation of molecules due to 
the finite size of the AFM tip. In short, what is recorded in the 
AFM topograph is the shape of the molecule of interest plus the 
contribution of the AFM tip. Thus, we observed protein topo-
graphs that have sizes larger than expected by simply taking size 
information obtained from X-ray crystallography. For instance, 
3D structure of FVa indicates that the size of the molecule is 12×9 
nm2 (▶ Figure 3) but the average diameter measured from AFM 
topograph is closer to an average of 21×18 nm2 (standard devi-
ation for the 20 selected objects is 2 nm). By simulating a pseudo 
3D tip convolution effect using the Adepth server (35) on the 3D 
structure of FVa, a convoluted size of 16×13 nm2 was obtained 
(▶ Figure 3) using a putative tip radius of 2 nm (which is among 
the thinnest tip size we can obtain at this time). Note that if the tip 
radius is increased to 4 nm, the convoluted size of FVa would be 
20×17 nm2. It should be noted that the dramatic effect of convol-
ution is essentially located on the edge of the image. In the case of 
FVa, since the AFM imaging is mostly performed on a “flat-on” 
orientation, the central section of AFM topograph has minimal 
convolution artifact and the docking of atomic structure is correct. 

Finally, the similarity between the longest dimension of dilated 3D 
structure of FVa (16 nm) and that obtained in AFM topograph (19 
nm) suggest that physical molecules on mica are FVa and that 
their structure/size is close to the native state based on crystallo-
graphic data.

The AFM topograph of isolated FVa molecules has been ob-
tained with a sampling resolution of 9.75 Å/px. The resolution ex-
tension to 2.4 Å/px (see Suppl. Material, available online at www.
thrombosis-online.com) obtained with Gwyddion is useful for 
computational purposes but does not improve the signal present in 
the native experimental image. Is this original sampling resolution 
enough? Is it possible to interpret AFM topograph at such a sam-
pling resolution? To simplify the discussion, let’s assume that the 
sampling resolution is 1 nm/px. What is the limiting factor? In this 
work, the relative orientation of C1 and C2 domains is analysed. 
Both C1 and C2 domains have an equivalent size of 3×4 nm2 or an 
equivalent of 12 pixels. The FVa A domains have an equivalent size 
of 8×9 nm2 or 72 pixels (▶ Figure 3). Thus, the assembly made in 
this work consists in making the difference of 24 pixels out of 72 
(~33 %). Therefore, despite the relatively low sampling resolution 
(~1 nm/px) which does not allow the delineation of atomic struc-
tures from the observed AFM topograph, it is reasonable to as-
sume that domains of different sizes from a single molecule could 
be distinguished.

What is the relevance of computed angles in FVa reconstruc-
tions? Does the assembly protocol converges toward a unique sol-
ution or does it provide spurious results? To answer this question, 
let’s look at the convergence. RMSDs have been computed for the 
top 100 assemblies relative to the top 1 answer for each of the 20 
AFM topographs. Median RMSD values have been computed for 
the top 10, top 20… top 100 assemblies for each topograph. For 

Figure 5: Angle C1^C2 distribution for the experimentally-
 assembled structures represented as blue shaded histograms. Angles 
for models FVa2000 and FVa2007 are represented by the red arrows and cor-
respond to values 131.9º and 39.6º, respectively. Angle for the C1^C2 pro-
pseutarin C structure (a recently determined FVa crystal structure from snake 
venom) is 65.8° and was computed with v2 = Glu1271 – Leu1191 (C1 
 domain), v3 = Thr1351 – Gly1272 (C2 domain).
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the 20 AFM topographs, the average of each median values has 
been plotted as a function of the ranking (Suppl. Figure 4, available 
online at www.thrombosis-online.com). A linear tendency is 
clearly observed (r2=0.977) and indicates that the top 10 as-
semblies resemble more the top 1 assembly than does the top 100 
assemblies. If the median value is computed for only the top 10 as-
semblies, we observed an average RMSD median value of 4.5 Å 
across the 20 selected topographs. As a comparison, when the core 
structures of both models (FVa2007 and FVa2000) are superim-
posed using sup3d (45), the global RMSD of the backbone of all 
residues is about 13 Å (Suppl. Figure 1, available online at www.
thrombosis-online.com). These results suggests that assembly 
made with AFM topograph are convergent toward a limited 
number of solution that shows a variation of about 4.5 Å which is 
much less than the difference between the two competitive models 
of FVa. Nevertheless, despite the observed convergence, there is no 
unique solution of docking three units of FVa in AFM topographs. 
It should be reminded that the C1-C2 angle is not measured di-
rectly from the AFM topograph, but only after the three-dimen-
sional reconstruction of full FVa molecules. Thus, despite the 
precision obtained from each reconstruction, the accuracy de-
pends on the reconstruction quality. But, we are confident that re-
constructed FVa molecules using AFM topographs are represen-
tative of true structural variability observed when FVa is deposited 
on mica. These results taken altogether suggest that there is flexi-
bility in the C1-C2 orientation and that this variability can be cap-
tured when analysing dynamical behavior of single individual 
macromolecules (46).

Conclusions

Results from the 20 reconstructed FVa structures obtained from 
AFM images of individual FVa molecules indicate that the orien-
tation between the C1 and C2 domains agrees predominately with 
the FVa2000 model. Results do not imply that the FVa2000 model 
is correct or that the model FVa2007 is incorrect; instead given the 
fact that AFM is able to sample the thermal motion in biomol-
ecules, we believe that our results indicate that both models repre-
sent extreme snapshots of what could be the conformational varia-
bility of FVa C domains. More generally, conclusions from single 
isolated molecule images and full structure reconstruction may 
provide important information on the dynamics of the orientation 
of C1 and C2 domains which may have in turn important impli-
cations regarding phospholipid binding.
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