
HAL Id: hal-04268095
https://hal.science/hal-04268095

Submitted on 5 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Conformational dynamics of individual antibodies using
computational docking and AFM

Rui C Chaves, Jean-marie Teulon, Michael Odorico, Pierre Parot, Shu-wen W
Chen, Jean-luc Pellequer

To cite this version:
Rui C Chaves, Jean-marie Teulon, Michael Odorico, Pierre Parot, Shu-wen W Chen, et al.. Conforma-
tional dynamics of individual antibodies using computational docking and AFM. Journal of Molecular
Recognition, 2013, 26 (11), pp.596-604. �10.1002/jmr.2310�. �hal-04268095�

https://hal.science/hal-04268095
https://hal.archives-ouvertes.fr


Manuscript submitted to Journal of Molecular Recognition (24/6/2013) 

1 

Conformational dynamics of individual antibodies using 

computational docking and AFM 
 

Rui C. Chavesa,*, Jean-Marie Teulona, Michael Odoricoa, Pierre Parota, 

Shu-wen W. Chenb, Jean-Luc Pellequera,*,+ 
aCEA, iBEB, Service de Biochimie et Toxicologie Nucléaire, F-30207 Bagnols sur Cèze. 
b13 Avenue de la Mayre, F-30200 Bagnols sur Cèze, France. 

 

 
*For correspondence: chaves.rui.c@gmail.com (RCC); jlpellequer@cea.fr (JLP) 
+Address: 

Jean-Luc Pellequer 

Institut de Biologie Structurale 

71, avenue des Martyrs 

CS 10090 

38044 Grenoble Cedex 9 

Tel : +33 (0)457 42 8756 

Fax : +33 (0)476 50 1890 

 

 

mailto:chaves.rui.c@gmail.com
mailto:jlpellequer@cea.fr


Manuscript submitted to Journal of Molecular Recognition (24/6/2013) 

2 

ABSTRACT 
Molecular recognition between a receptor and a ligand requires a certain level of 

flexibility in macromolecules. In this study, we aimed at analyzing the conformational 

variability of receptors portrayed by monoclonal antibodies which have been individually 

imaged using Atomic Force Microscopy (AFM). Individual antibodies were chemically 

coupled to activated mica surface and they have been imaged using AFM in ambient 

conditions. The resulting topographical surface of antibodies was used to assemble the 

three subunits constituting antibodies: 2 Fab and 1 Fc using a surface-constrained 

computational docking approach. Reconstructed structures based on 10 individual 

topographical surfaces of antibodies are presented and for which separation and relative 

orientation of the subunits were measured. When compared with three X-ray structures of 

antibodies present in the PDB database, results indicate that several arrangements of 

reconstructed subunits are comparable with those of known structures. Nevertheless, no 

reconstructed structure superimposes adequately to any particular X-ray structure 

consequence of the antibody flexibility. We conclude that high-resolution AFM imaging 

with appropriate computational reconstruction tools are adapted to study the 

conformational dynamics of large individual macromolecules deposited on mica. 
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INTRODUCTION 
The high specificity of antibody has promoted this protein family to the indispensable 

role in therapeutics and biotechnology which has been demanding continuous efforts in 

understanding its structure and dynamics {Tong, 2013 #3371; Correia, 2013 #3336}. 

High flexibility of antibodies allows the reduction of steric hindrance during recognition 

{Pellequer, 1993 #1715; Thouvenin, 1997 #976}, and the binding to antigens with 

different shape and size {Dangl, 1988 #3352; Roux, 1997 #3343; Saphire, 2002 #3342}. 

In addition, increasing binding affinity has been observed when the antibody linker 

provided more flexibility in symmetroadhesins (synthetic antibody mimetic) {Capon, 

2011 #3387}. Eventually, extreme potency against HIV has been attributed to the 

structural flexibility of polyvalent antibody constructs such as dodecameric CD4 

replacing Fab regions {Bennett, 2007 #3388}. Consequently, an ensemble of antibody 

conformations is more representative than one static state for antibody molecules toward 

the understanding of biological activities {James, 2003 #2383; James, 2003 #3373}. This 

was confirmed from analysis on the Immunoglobulin G (IgG) complete structures 

determined by X-ray {Burton, 1990 #1429; Harris, 1995 #3344; Harris, 1998 #65; 

Kuznetsov, 2000 #3346; Larson, 1991 #3347; Saphire, 2001 #3379; Saphire, 2003 

#3349; Saphire, 2002 #3342; Stura, 1994 #3350}. X-ray determined structures can be 

considered as snapshots of a wide range of varying conformations. In computational 

fields, using a static structure as the basis of molecular docking led to poor successes 

{Ghemtio, 2013 #3381} whereas taking into account structural variability, a greater 

success in molecular modeling was observed {Pellequer, 2006 #2483}.  

 

The flexibility of IgG molecules has been studied by NMR {Kim, 1994 #3358}, SAXS 

{Gregory, 1987 #3359}, and EM {Roux, 1989 #3383; Roux, 1994 #3357; Roux, 1997 

#3343; Roux, 1998 #3355; Roux, 1999 #3356; Sandin, 2004 #3448; Correia, 2013 

#3336}. The dynamics of antibodies has been investigated by individual-particle electron 

tomography (IPET) and the optimized negative staining (OpNS) protocol {Tong, 2013 

#3371; Zhang, 2012 #3378; Zhang, 2011 #3377; Zhang, 2010 #3376}. However, the 

current techniques in structural biology are hampered by molecular global flexibility, 

which is characterized by domain-to-domain movements and intrinsic protein disordering 
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{Dunker, 2001 #3380}. Therefore, new approaches need to be developed for studying 

dramatic changes in protein conformations.  

 

Compared to cryo-electron microscopy (Cryo-EM) and small angle X-ray scattering 

(SAXS), Atomic Force Microscopy (AFM) has intrinsic advantages when applied to 

large proteins which are difficult to study (large, flexible, partially disordered, hard to 

purify). AFM can handle a sample concentration down to 1 µg/ml, 3 orders of magnitude 

lower compared to the demands for X-ray diffraction or NMR. Possible imaging can be 

performed on a liquid system instead of frozen or crystallized state required for TEM and 

X-ray diffraction. In addition, AFM does not rely on symmetry averaging as in traditional 

EM or on physical averaging as in crystallized sample. Finally, the information extracted 

from AFM images occurs in real space rather than in the Fourier space. AFM topography 

is obtained with a raster scanning of a tip crossing the image plane and monitoring the 

vertical position (Z) of tip. The AFM microcantilever, which mounts the probing tip, can 

passively sense the localized forces between the tip and the specimen surface {Binnig, 

1986 #2920}. AFM provides high signal-to-noise ratio (SNR) allowing observations of 

single molecules at a lateral resolution of about 1 nanometer (nm) and a vertical 

resolution near 1 Å on proteins {Schabert, 1994 #2922} while recent developments 

suggest lateral resolution below 1 nm {Ido, 2013 #3447}. 

 

A large range of antibody conformations has been observed with high-resolution AFM 

images when deposited on a variety of substrates {Yang, 1996 #2976; San Paulo, 2000 

#3131; Thomson, 2005 #3247; Martinez, 2008 #3253; Czajkowsky, 2009 #3204}. These 

antibody images allow the analysis of conformational variability in antibody structures. 

To study quantitatively such structural variability, it would be useful to reach atomic-

level description of antibodies based on AFM images. The relation between high-

resolution AFM topography and molecular shape of 3D structure has already been 

addressed {Asakawa, 2011 #3207; Buzhynskyy, 2009 #3203; Davies, 2005 #2926; 

Scheuring, 2007 #2679; Scheuring, 2005 #3133; Trinh, 2012 #3182, Chen and Pellequer, 

2013?#3385}. A recent computational protocol for reconstructing multidomain proteins 

has been developed using experimental evidence, i.e., AFM topography {Trinh, 2012 
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#3182}. In this work, we applied this method to study conformational variability of bio-

molecules, as exemplified by imaged antibodies. A conceptual scheme of the semi-

empirical strategy is explained in Figure 1. In brief, the strategy includes four steps: the 

first one requires the preparation of structural units of the target macromolecule, here it is 

two Fabs and one Fc; the second step requires a topographic surface of the complete 

target molecule, here it is obtained from AFM; the third step allows the docking of 

structural units beneath the topographic surface; the fourth step consists in assembling 

from docked positions one Fc domain to two Fab domains. 

 

 

MATERIALS AND METHODS 
 

Sample preparation and AFM instrumentation 

A freshly cleaved mica disk (Muscovite, Bruker) was activated with a solution of 3-

Mercaptopropyl triethoxysilane (MPTES) with 1 % (v/v) ethanol/chloroform and 

incubated overnight under the condition of 60 ºC with a nitrogen saturated atmosphere. 

The substrate plate (mica disk) was rinsed with 100 % ethanol for 3 min, and then 

washing drops were progressively diluted with pure water. Later, the substrate plate was 

completely rinsed in water. The cleaned surface of substrate was modified by reducing 

MPTES on the surface with 1 mM of Dithiothreitol (DTT) in water for 30 min, and then 

washed with HEPES buffer (a mixture of HEPES at 10 mM, KCl at 150 mM and 1 mM 

of EDTA at pH = 7.0). Lastly, the substrate was chemically activated with 

sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC) at 

0.5 mM in HEPES buffer during 30 min. 

 

Mouse monoclonal antibody (10 nM in HEPES buffer) was deposited and incubated on 

the activated substrate plate for 1 hr at room temperature. The supernatant on the 

substrate plate was removed and the substrate was gently rinsed three times in HEPES 

buffer, then in water. Prior to AFM imaging, the whole sample was dried using a 

Laboport vacuum pump (KNF Neuberger, Trenton, NJ). In order to minimize the applied 

pressures on molecular surfaces, the PeakForce Tapping mode of MultiMode 8 AFM 
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(Bruker AXS, Santa Barbara) was used to perform the imaging. PeakForce tapping 

operates in a non-resonant mode by performing rapid force-distance curves at a single 

pixel. The feed-back control is performed at the force level by interpreting force curves 

and identifying the peak force value. The ramp size of the force-distance curve was set to 

150 nm and the ramping frequency was 2 kHz. The engaging setpoint was set at 0.15 V 

and the setpoint was continuously monitored and updated using the ScanAsyst interface. 

A SNL tip with a spring constant of 0.38 N/m (Bruker AFM probes) and a nominal tip 

radius of 2 nm was attached to the silicon nitride lever for probing the sample surface in 

air. The raw AFM image was acquired with 512 x 512 pixels in a physical dimension of 

1.0 x 1.0 µm², see Figure 2.  

 

 

Protocol of structure reconstruction 

Reduction of stripe noises was performed on the raw image using DeStripe {Chen, 2011 

#3015}. A total of 10 image objects, with an averaged height of 5.1 ± 0.8 nm (maximum 

height 8 nm), was cropped from the parent image, thus 10 child images were generated. 

These objects were selected based on their lateral size (≤20 nm), with maximal height, 

and no particular pixel artifacts. They are labeled A-J and highlighted with a yellow box 

in Figure 2. A molecular topography at a fine scale is prerequisite to docking 

experiments. Therefore, each child image was rebuilt with smaller pixel width, 4.9 Å, 

which is four times the original probed resolution. The intensity values at newly made 

pixels were calculated using the Bspline algorithm in Gwyddion {Gwyddion, 2013 

#3294} as elaborated in Figure 3.  Each child image was processed with the 

morphological erosion {Villarrubia, 1997 #2928} to remove the size effect of tip. The 

model tip used in erosion was formed of a side wall angle 15°, while the apex diameter 

(φ) was selected as the maximum size that do not jeopardize the maximum height in the 

eroded molecular topograph {Trinh, 2011 #3014}. Consequently, the respective φ values 

for A-J child images were 30, 46, 44, 30, 38, 34, 38, 46, 30, 42 Å. Regarding the 

molecular subunits to be assembled, the atomic coordinates of Fab fragments were 

obtained from PDB code 1AY1, while that of Fc fragment were taken from 1H3T. The 
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coordinates of missing atoms in the Fc fragment of 1H3T were modeled using the 

symmetry-related coordinates {Gale, 2007 #2603}. 

 

The docking space was provided with a cubic grid of 256x256x256 grid points whose 

respective grid spacing is 4.9x4.9x1.0 Å. The image plane was placed in the middle of 

the grid so that its center locates at the grid center and its base plane parallels the X-Y 

plane of the grid. Two zones, namely forbidden (B) and favorable (L), sandwiched the 

AFM topography. Zone B corresponds to the space right above the topography, while 

zone L is the region beneath with a thickness of 12 Å. The Fab and Fc fragments of 

antibody were independently docked against the AFM topography. The docking was 

performed using the program DOT 2.0 {Mandell, 2001 #9; Ten Eyck, 1995 #252}. Each 

docking displacement includes translation of an antibody fragment from one visiting 

point to the next and rotation of the fragment with an angular step 6° (54000 different 

rotations). DOT provides a systematic FFT-based search in translation and rotation for 

optimum docking solution. Each run of DOT yielded more than 9x1011 docking results 

for each antibody fragment. Only top 105 of potential solutions were retained for later 

reconstruction, yet it is still too large for the full combinatorial analysis. On a high-

resolution cubic matrix of 256 nodes, typical running time on 12 Xeon E5-2620 CPUs at 

2.0 GHz is 150 min. 

 

The combination of docked solutions uses the in-house software, combine {Trinh, 2012 

#3182}. To reduce the computational time we imposed a range for the distance between 

subunits. For that, we measured the distance between the Cα coordinates of the residues 

Pro227 on each Fab and Ser252 on the Fc domain of the known three X-ray structures, 

PDB codes: 1IGT, 1IGY and 1HZH. The distances obtained were (38, 52), (35, 40), and 

(35, 45) Å, respectively. Knowing this structural information, we imposed a laxer 

condition during the assembling of the antibody structure, i.e., 28.0~62.4 Å, while 

discarding the potential solutions whose Fc-Fab separations were unfitted. To further 

reduce the computational tasks, we used Adepth {Chen, 2013? #3268} to acquire the skin 

layer of atoms of each subunit within 3 Å to its surface and then these extruded structures 

were used in combine. At the coarse level, combine grouped the 105 potential docked 
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solutions for each antibody subunit into 4000 clusters represented by one reference 

solution and removed all others which were within a range of translational and rotational 

variations to the reference. Totally, there were 40003 combinations for two Fabs and one 

Fc fragment. The range values were set to as (5 Å, 6º), (5 Å, 12º), (10 Å, 12º), (20 Å, 

12º), or (20 Å, 24º). For the final assembly process a refined (fine) combination further 

screened out the coarse results for those translational and rotational values differing in the 

range of 20 Å and 25º (Figure 4). A typical run on 12 CPUs is about 10h but varies 

greatly depending on the selected set-up. 

 

 

3D structures comparison by RMSD 

To compare 3D structures, see Figure 5 and Figure 6, the first method used was based in 

the root mean square deviation (RMSD) given by: 
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where, the Euclidean distance between N, Cα, C coordinates of the positions i and j in the 

structure n is denoted as dn,ij. The pseudo-symmetry of Fab domains was taken into 

account by producing four reference models for each of the three known X-rays 

structures using a global superimposition with sup3d {Chen, 2004 #1442}. To simplify 

the superimposition of reconstructed antibodies with those of X-ray crystal structures of 

complete antibodies, Fab and Fc domains used for the reconstruction were superimposed 

first on their relative counterpart in the X-ray structures 1IGT, 1IGY, IHZH using 

conserved disulfide bridges. Then, the computation of RMSDs between reconstructed 

antibodies and X-ray structures were done with an all-atom calculation since now all the 

structures have the same number of atoms. The same process was applied to compare the 

combine ranking (Figure 5). Thus, the facing up/down in one or both Fab was included, 

and the minimum RMSD values among the four models are reported here. 

 

 

Geometry of the assembled structures 
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Descriptive vectors were determined for representing dispositions of individual antibody 

fragments using pairs of conserved disulfide bridges, see Figure 7. Each disulfide bridge 

resides respectively in one of the four Ig domains composing the fragment and the 

orientation of the vector was defined using the Cα atoms in the residues (R) of the 

conserved disulfide bridges (SS): SS1 = R261-R321, SS2 = R367-R425, SS3 = R321-

R261, SS4 = R425-R367, SS5 = R23-R88, SS6 = R134-R194, SS7 = R92-R22, SS8 = 

R191-R136, SS9 = R23-R88, SS10 = R134-R194, SS11 = R92-R22, SS12 = R191-R136. 

We denoted this geometric vector by Fab1 (red), Fab2 (gray) and Fc (blue) for two Fabs 

and Fc, respectively. In addition, two geometric vectors were defined, L1 (olive) and L2 

(green), to describe the linker connecting Ser239 of Fc to Pro208 of the two Fab heavy 

chains, and their length was measured between the Cα atoms of connected residues. 

 

 

 

 

RESULTS AND DISCUSSIONS 
 

IgG 3D structure assembly 

The reconstruction protocol was performed on 10 child images from AFM topography, 

see Figure 2. Top ranked solutions are highlighted in green frames of Figure 3. The 

observed separations between the Fc and Fab1/Fab2 domains are in average |L1| = 56.6 ± 

7.6 Å, and |L2| = 51.3 ± 13.3 Å, where the deviation term was expressed as the maximum 

deviation from the average. The angle between two linkers, ∠L1L2, is 64.6 ± 43.6º. 

 

Because of the combinatorial explosion when assembling a three-domain structure, 

coarse combination runs were set initially with only 4000 docking orientations for each 

domain (a total of 40003 combinations). On each coarse run a different set of docking 

solutions were considered, filtered with a different translation and rotation interval, i.e. 

only the solutions with a larger translation or rotation change than the threshold are 

considered (Figure 4). Threshold used to filter out docking orientations are {(5 Å, 6º), (5 

Å, 12º), (10 Å, 12º), (20 Å, 12º), (20 Å, 24º)}. To obtain the best ranked assembly from 
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all coarse combinations, a finer combination was performed by considering only nearby 

docking solutions of those selected in the coarse best-ranked assembly but within a 

translation and rotation window of 20 Å and 25 degrees (Figure 4c). The ranking of 

macromolecular assemblies is performed using a quality-of-fit parameter (SEFactor) that 

determines the agreement between the experimental AFM topographic surface and the 

surface of the assembled antibody {Trinh, 2012 #3182}; thus, the ideal score for a 

reconstruction is 0. 

To evaluate the convergence of the reconstruction protocol, RMSD were calculated 

within the reconstruction ranking (Figure 5). For both coarse and fine reconstructions 

(Figure 5a and Figure 5b, respectively), RMSDs of the ranking reconstructions 

converges uniformly. The observed convergence should not be confused with 

reconstruction accuracy but rather to illustrate whether top ranking solutions are unique. 

Each point on the fitting curves shown in Figure 5a and Figure 5b are obtained using an 

unconstrained logistic function: y = A2 + (A1-A2)/(1 + (x/x0)p) where A1, A2, x0 and p are 

fitted parameters. An example of how a fit is obtained is indicated in Figure 5c. For the 

coarse and fine plot fits, quality of fit (R²) was 0.027 and 0.021, whereas the asymptote 

was 60.8 ± 2.4 Å and 21.7 ± 9.0 Å, respectively. Although individual RMSD values vary 

significantly due to the dispersion of possible computed orientations (Figure 5c), the 

logistic regression fit clearly show identical trend for all experimental crop data. When 

the reference molecule was taken randomly (instead of the top 1) results were completely 

different and fitting lines were mostly linear (no convergence, data not shown). Thus, the 

computational reconstruction protocol produces assemblies in which geometry converges 

toward a small number of solutions that are ranked in the top 10. 

 

 

IgG Dynamics 

Flexibility of antibodies is well known to virologists who study binding of antibodies to 

large viruses. In case of symmetric antigens, such as viruses, antibodies usually have to 

behave like contortionists to be able to bind to antigens with both Fabs. Only by looking 

at individual molecules, it is possible to observe the wide range of structural variability 
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among antibodies as shown with cryo-EM {Sandin, 2004 #3448; Bongini, 2004 #3488}, 

AFM {Kienberger, 2004 #3404} or SAXS data {Lilyestrom, 2012 #3449}. 

First, it is interesting to look at the variability among the reconstructions made for all the 

10 child images. Using their Fc domain, each top reconstruction structure is 

superimposed onto that of the top 1 obtained from crop A (used as a reference only for 

this purpose) (Figure 6). The distribution of orientations observed for the Fab domains 

illustrate the flexibility of this molecule. This variation can be expressed by the RMSD as 

shown in Figure 6b. Both visually (Figure 6a) and numerically (Figure 6b) it shows that 

conformation of antibodies deposited on MPTES-grafted mica is highly variable. 

Second, to test how variable are the top antibody reconstructions in the 10 child images, 

their conformation were compared with that of known complete X-ray structure of 

antibodies (Figure 6c). Results show very large RMSD values (> 60 Å) whatever is the 

reference X-ray structure indicating a clear difference between whole antibody X-ray 

structures and each reconstructed antibody where all the reconstructions resemble more 

to that of 1IGT than any other X-ray structures of antibodies. 

Third, antibody domains flexibility can be described numerically by defining vectors 

along the axes through each domain along the length, and vectors between the linking 

points between the Fab and Fc domains (see Figure 7). The hinge/linker region was 

characterized by |L1| and |L2| (olive and green). Qualitatively, the superimposition of the 

antibody structures, using Fc as reference, illustrates once more that the Fabs and Fc can 

adopt a large variety of dispositions relative to each other. Figure 8 presents a 3D 

vectorial representation of the top assemblies for the 10 child images. The flexibility in 

the linker/hinge region is clearly visible. In addition, flexibility in Fab domains allows 

them to move and rotate relative to each other and relative to the Fc. Quantitatively, 

vector lengths, vector-vector angles, as well as plane-plane orientations indicates that the 

geometry of top 10 reconstructed antibodies resembles at least one of the three X-ray 

crystal structures of whole antibody (Table 1). It can be noted that the range of Fab-Fc 

angles (28°-97°) obtained in our reconstruction is well included in the two limiting values 

(15°-127°) obtained by cryo-EM analysis {Bongini, 2004 #3488}. This result illustrates 

the plausibility of reconstructions by judging the quantitative variation in the geometry of 

reconstructed antibodies which adopt values that are commonly seen in known antibody 
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structures. It is important to recall that no other constraints than the AFM topography and 

a range of |L1| and |L2| were set in the reconstruction. We may conclude that the 

conformation of antibodies deposited on mica adopt a large variety of geometry that are 

compatible with known values observed from whole antibody structures. Although it is 

difficult to adequately compare projection results of EM with real-space 3D 

reconstruction of whole antibody molecules with our AFM-based protocol, the overall 

observed flexibility in our study is in good agreement with recently published data from 

EM {Bongini, 2004 #3488; Correia, 2013 #3336}. 

 

 

CONCLUSIONS 
AFM-Assembly is a complete computational protocol that uses the AFM imaging 

capabilities for the reconstruction of protein structures. AFM high signal/noise ratio 

provides imaging at the single molecule level capturing an ensemble of macromolecular 

conformations. Despite the lack of atomic-resolution in AFM imaging on isolated 

macromolecules, the AFM-Assembly process makes it possible to interpret the dynamics 

of flexible molecules such as antibodies. 
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Table 1 - Dynamics of the relative angles and separation of the three domains in each 

individual antibody. 

 Linker Domains 
 separation (Å) axis (°) axis (°) planes (°) 

Obj            

A 58.5 49.1 63.1 118.7 144.1 23.8 29.5 50.7 31.5 55.1 46.9 

B 60.5 51.4 87.3 104.7 144.5 31.6 28.1 37.5 43.3 83.3 41.7 

C 59.7 51.0 74.8 121.1 140.1 22.9 40.9 31.0 58.0 83.0 28.5 

D 56.4 50.9 103.2 101.1 138.8 49.8 34.2 32.9 32.1 68.1 37.1 

E 54.8 58.6 68.8 145.9 130.4 25.7 53.7 44.4 32.8 46.5 13.8 

F 59.4 59.3 20.7 145.4 150.8 97.2 45.2 90.0 60.1 40.3 85.2 

G 58.4 47.4 44.1 158.9 157.0 11.5 43.7 53.3 54.6 47.8 86.6 

H 56.6 61.6 77.5 97.8 128.2 31.1 70.0 57.3 64.0 45.6 24.9 

I 49.3 45.9 71.5 113.9 154.1 90.2 37.8 97.3 67.9 35.0 61.9 

J 54.5 38.4 35.7 117.4 121.5 40.6 51.7 48.3 43.3 48.5 54.3 

mean 57 51 65 122 141 42 43 54 49 55 48 

range 49:60 38:62 21:103 98:159 121:157 12:97 28:70 31:97 31:68 35:83 14:87 

1HZHa,b 34.8 45.7 41.8 135.4 107.0 143.4 70.2 73.3 57.7 79.6 89.7 
1IGTa,b 51.6 35.5 50.6 113.4 146.0 169.5 112.6 64.9 35.0 73.1 88.1 
1IGYa,b 36.6 34.0 74.6 72.5 116.7 112.8 99.7 56.6 39.2 56.4 85.5 

 
aSuperimpositions of Fab and Fc on the X-ray structures (see methods). 
bHighlighted boxes indicate values from X-ray structures that are closest to mean values 

from reconstructed antibodies.  
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Figure Legends 
 

Figure 1 – AFM-Assembly concept: the 3D structure of a large protein can be 

reconstructed (4) by combining computed orientations obtained from the docking stage 

(3) with the constituent units of the target protein (1) under experimental constraints that 

is high-resolution AFM topograph (2). 

 

Figure 2 – AFM topographic image of multiple isolated antibodies deposited on 

chemically-modified mica substrate. Antibodies are chemically grafted on the substrate 

using a short linker. AFM imaging was performed in air with SNL tips using the 

PeakForce tapping mode of a MultiMode 8 AFM. The 10 selected isolated antibodies are 

indicated by yellow boxes (child images A-J). 

 

Figure 3 – Antibody structure reconstruction obtained by AFM-Assembly for 10 child 

images (A-J) highlighted in Figure 2. Interpolated crops of these objects are shown in 

yellow frames. Height profiles are given according to xy (black) and yx (red) directions; 

location of profile on a crop image is shown for crop A (xy profile in shown in white). 

3D antibody reconstruction is shown in green frames. On the top of each frame a 

backside view of the reconstructed antibody in the AFM topographic surface is shown. 

On the bottom is shown a cartoon representation of each reconstructed antibody where 

Fab1 is colored in orange and gray while Fab2 is colored in yellow and olive; Fc 

fragments are colored in red and blue. The Fab1-Fab2 angle values as well as the linker 

lengths are indicated. Images are drawn using VMD {Humphrey, 1996 #2696}. 

 

Figure 4 – Multiple reconstruction of antibody using the child image A. a) Effect of 

thresholds used for selecting docking solutions: the top row uses a linker distance ranging 

from 35 to 52Å whereas the range in the bottom row is from 28 to 62.4Å. Each column 

represents a different set of translation (in Å) and rotation (in °) used to select docking 

solutions. Below each 3D representation of the reconstruction is shown the docking rank 

obtained from the docking with DOT. b) Top five antibody reconstructions from coarse 

combination using parameters found in the bottom right frames of a). In this 
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reconstruction only the top 1, i.e. the lowest score, is in visual agreement with an 

antibody shape. c) Refinement of the reconstruction using a finer set of docking solutions 

that are selected around those of top score reconstruction of b). 

 

Figure 5 – Representation of the reconstruction protocol convergence in the 10 different 

child images (A-J) using the SEfactor. Logistic regression fit between RMSD and ranking 

solutions obtained from a) coarse and b) fine combination. RMSD is computed between 

each reconstruction after superimposition onto the top 1 combination (step size = 100). 

Typical raw data in shown in c) where the logistic regression fit is displayed on red. No 

constraints have been used in the fit. These results indicate that the top 50 reconstructions 

are most similar with each other than those compared with low ranking solutions. It also 

indicates that low ranking solutions are always dissimilar from the top 1. 

 

Figure 6 – Structural variability in antibody reconstruction. a) Superimposition of the top 

1 antibody reconstruction for each of the 10 child images using the Fc fragment as 

reference; the color code is identical to that of fig. 3. b) Representation of the RMSD 

computed between all atoms of each reconstruction in a) taking the object A as an 

arbitrarily reference.  c) RMSD computed between each top 1 reconstruction for the 10 

child images and the three known complete X-ray structures of antibodies available in the 

PDB. aSuperimpositions of Fab and Fc on the X-ray structures (see methods). 

 

Figure 7 – Vectorial representation of the subunits in antibody structures. L1 and L2 are 

the linker vectors between Fc and Fabs subunits. Orientation vectors, thick arrows, in Fab 

and Fc subunits are defined using conserved disulfide bridges, labeled SSX. Fab and Fc 

structures are colored as indicated in Figure 3. 

 

Figure 8 – 3D vectorial representation of the linking vectors (L1 and L2) and the domains 

vectors (Fc, Fab1 and Fab2) for the 10 child images (A-J). 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
 

 
 

 

 
 
 
 


