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SUMMARY

Classical structural biology techniques face a great
challenge to determine the structure at the atomic
level of large and flexible macromolecules. We
present a novel methodology that combines high-
resolution AFM topographic images with atomic
coordinates of proteins to assemble very large
macromolecules or particles. Our method uses
a two-step protocol: atomic coordinates of individual
domains are docked beneath the molecular surface
of the large macromolecule, and then each domain
is assembled using a combinatorial search. The
protocol was validated on three test cases: a simu-
lated system of antibody structures; and two experi-
mentally based test cases: Tobacco mosaic virus,
a rod-shaped virus; and Aquaporin Z, a bacterial
membrane protein. We have shown that AFM-inter-
mediate resolution topography and partial surface
data are useful constraints for building macromolec-
ular assemblies. The protocol is applicable to multi-
component structures connected in the polypeptide
chain or as disjoint molecules. The approach
effectively increases the resolution of AFM beyond
topographical information down to atomic-detail
structures.

INTRODUCTION

Protein structures are made of protein domains that can evolve,

function, and fold independently of the rest of the protein chain

(Ponting and Russell, 2002). Discovery of single-domain protein

families has now saturated (Geer et al., 2002) and almost all

current growth comes from multidomain architectures that are

the combination of single domains. Therefore, all novelty inmulti-

domain architecture families arises from the arrangement of

known single domains within a protein. Structural genomics

programs such as the second phase of the Protein Structure

Initiative are aiming at further filling the gap in unknown 3D struc-

tures of domains (Dessailly et al., 2009). Traditional structural
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biology techniques face a great challenge to determine the

structure at the atomic level of such large and flexible macromol-

ecules (Mueller et al., 2007). Additional techniques such as

cryoelectron microscopy (Cryo-EM) (Murata et al., 2010) or elec-

tron crystallography (Wisedchaisri and Gonen, 2011), or small

angle X-ray scattering (SAXS) (Ró _zycki et al., 2011) are becoming

appealing alternatives. However, structural damages caused

either by freeze-thawing samples or by high electron doses limit

high-resolution reconstructions in EM (Zhou, 2008), whereas

SAXS requires a large quantity of materials (mM range) asmagni-

tude of the useful signal is proportional to the number of particles

(Petoukhov and Svergun, 2007). More and more, computational

techniques provide a contribution to the challenge.

Protein structure prediction methods differ in terms of the

required input information and the quality of the output struc-

tures (Schwede et al., 2009). Increasingly, integrative methods

rely on more than one type of information, especially for the

structural characterization of protein assemblies (Alber et al.,

2008). Even low-resolution biophysical and biochemical data

can provide a rich source of structural information that can be

integrated into useful representations of macromolecular

assemblies (Lasker et al., 2010) as elegantly shown for the yeast

nuclear pore complex whose structure was determined at about

5 nm resolution (Alber et al., 2007). The key element in integrative

structure determination is that the concurrent satisfaction of all

restraints derived from independent experiments drastically

reduces the combinatorial possibilities of structural solutions

(Schwede et al., 2009). Such a synergy is observed in crystallog-

raphy toward using low-resolution data (Schröder et al., 2010), in

combining NMR, X-Ray, and computation (Szymczyna et al.,

2009), or in combining solid-state NMR and computation (Ma-

sica et al., 2010).

Atomic force microscopy (AFM) is a recently developed

biophysical technique that has provided remarkable successes

in imaging single molecules. AFM yields 2D images with an

exceptional signal/noise (S/N) ratio allowing the observation of

single molecules at a lateral resolution of nanometers and

a vertical resolution near the Angstrom (Schabert et al., 1995).

For the highest resolution AFM topographs, it has been shown

that the best single-molecule images are more accurate molec-

ular representations than ensemble averages (Fechner et al.,

2009). AFMworks with a very sharp tipmounted on amicrocanti-

lever that can passively sense the localized forces between the
–120, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 113
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Figure 1. Reconstruction of an Antibody Model Using Simulated

Data

(A) Molecular and topographic surface of a complete immunoglobulin struc-

ture. The atomicmolecular surface of 1IGT is shown inmagenta. The simulated

topographic image of 1IGT including the tip-shape distortion is shown in blue.

The eroded topographic surface that was used for assembling a complete

immunoglobulin is shown in green. It shows that the simulated topographic

surface used for the docking is quite different from that of the 1IGT molecule.

(B) Correlation plot between the calculated SEFactor from the 1IGT assembly

and the all-atom rmsd. The top 10 best SEFactor scores are shown as red dots.

(C) Superposition of the target structure (1IGT, in blue) and the best assembled

model (in red) built using the simulated topographic AFM image of (A) with

two Fab domain structures (1AY1) and one Fc domain structure (1H3T). The

all-atom rmsd is 3.79 Å.

Images are drawn using VMD (Humphrey et al., 1996).
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atoms of the scanning tip and the specimen surface (Binnig et al.,

1986). An AFM scanner consists of piezoelectric ceramic

elements with a subnanometer resolution in displacements. A
114 Structure 20, 113–120, January 11, 2012 ª2012 Elsevier Ltd All r
topographical image of a deposited specimen is obtained using

a raster scanning of the tip in the x-y plane and monitoring the

vertical position (z) of the tip.

Macromolecular reconstruction using experimental con-

straints is mostly performed either by docking atomic coordi-

nates of protein structures into TEM densities (Kawabata,

2008; Lasker et al., 2010; Zheng, 2011), by mapping subunits

in multiprotein complexes (Flemming et al., 2010), by combining

SAXS intensity profiles with molecular simulation (Ró _zycki et al.,

2011) or FRET data (Rochel et al., 2011), or from information-

driven docking (Karaca et al., 2010). Atomic force microscopy,

due to its very high S/N ratio, is a promising alternative tech-

nique. Establishing a relationship between atomic coordinates

and AFM topographic images has already been illustrated

(Asakawa et al., 2011; Buzhynskyy et al., 2009; Czajkowsky

et al., 2004; Czajkowsky and Shao, 2009; Davies et al., 2005;

Philippsen et al., 2002; Scheuring et al., 2007; Scheuring et al.,

2005). In this work we use, for the first time, AFM topography

as low-resolution envelopes into which we place atomic coordi-

nates using the rigid body protein docking program DOT (Man-

dell et al., 2001; Ten Eyck et al., 1995). This method provides

a systematic search of translation and rotation. The flexibility of

DOT allowed straightforward development and implementation

of a potential representing the AFM image. We describe the

global protocol and show a proof of concept using antibody

molecules as a model system. Then, we apply this protocol to

a large virus particle (Tobacco Mosaic Virus) using experimental

AFM images, demonstrating the stability of the protocol in the

presence of experimental noise. Finally, we model the tetrameric

complex of a membrane protein (Aquaporin Z) using a single

monomer and experimentally determined high-resolution AFM

topography (Scheuring et al., 1999).

RESULTS

Molecular Assembly Using a Simulated AFM
Topographic Image
To validate the computational assembly protocol, we per-

formed a simulation experiment. First, we created a simulated

molecular topographic surface of a multidomain protein whose

3D structure was known. Antibodies appeared as a good

template since they are made of three large domains (two

Fabs and one Fc), easily accessible, and several 3D structures

of complete molecules have been determined. A topographic

surface was generated as explained in Experimental Proce-

dures (Figure 1A). To present a more realistic setup, a

dilated-eroded processed surface of an antibody was used

and unrelated Fab and Fc domains were selected for the

reconstruction.

A total of 100,000 assemblies of two Fabs and one Fc domains

were generated and their rmsds were computed. The all-atom

rmsd of the best assembled structure (best SEFactor) was

3.79 Å (Figures 1B and 1C) and the top ten assembled structures

had an all-atom rmsd less than 5 Å (Figure 1B). Among all the

assembled structures, 108 had an all-atom rmsd lower than

3.79 Å but with a higher SEFactor score; the smallest all-atom

rmsd (3.2 Å) was ranked 11 according to the SEFactor. When we

analyzed the relationship between rmsds and errors in transla-

tion and/or rotation, we found that a rmsd of 4 Å between the
ights reserved



Figure 2. Reconstruction of a TMV-Pentadisk Assembly Using

Experimental AFM Data

(A) AFM topographic images of a TMV particle adsorbed onmica using tapping

mode in air. The image was interpolated using BSpline algorithm from

Gwyddion to reach the resolution of 2.5 Å/px.

(B) 3D representation of the docking-ready AFM topographic image used for

assembling multiple disks of TMV.

(C) Molecular surface (in green) of a single TMV disk represented 49 subunits

(in magenta: a single subunit). The thickness of the disk will be used as

a distance constraint during the final assembly stage.

(D) The best assembly of five TMV disks using the experimental topographic

surface in (A).

Table 1. Top-10 Assemblies of TMV Pentadisks

Rank

Averagea Distances between Disk to Disk (Å) Ca Rmsdb

(in Å)Disks 1-2 Disks 2-3 Disks 3-4 Disks 4-5 Average

1 76.7 70.0 70.0 70.0 71.7 6.5

2 76.7 70.0 70.0 70.0 71.7 6.1

3 76.7 70.0 70.0 70.0 71.7 6.1

4 77.4 70.0 70.0 70.0 71.9 8.0

5 77.8 70.0 70.0 70.0 72.0 5.1

6 79.2 70.0 70.0 70.0 72.3 6.9

7 76.7 70.0 72.5 70.0 72.3 6.7

8 76.7 72.5 70.0 70.0 72.3 6.9

9 76.7 70.0 70.0 72.5 72.3 6.5

10 76.7 70.0 70.0 72.5 72.3 6.5
a The distance between two disks are computed by averaging the top, the

middle, and the bottom distances.
bRmsd between 38,710 Ca atoms from 245 subunits of modeled and

X-ray pentadisks after global superposition.
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reconstructed and native antibodies could be due to a rotation

error of 10� with no error in translation or a rotation error of

7� with a translation error of 2 Å. It is important to notice that

the grid step of docking was 2 Å and the minimal rotation varia-

tion was about 6�.

Molecular Assembly Using Experimental AFM
Topographic Image of TMV
The crystallographic structure of TMV is determined by fiber

diffraction data (Pattanayek and Stubbs, 1992). TMV is made
Structure 20, 113
of a unique coat protein which is replicated helicoidally 2,130

times around its RNA, forming a cylinder 300 nm in length and

18 nm diameter. The AFM-assembly protocol was challenged

against real experimental topographic AFM images of TMV

(Figures 2A and 2B) deposited on mica and imaged using the

tapping mode in air. A segment of TMV cylindrical structure

of length 40 nm was built using five disk-like fragments (see

Experimental Procedures, Figure 2C). The goal of this test is

not to show that our protocol can build helicoidal assembly of

a known virus but to test the robustness of the reconstruction

algorithm with real topographic images and five molecular

constituents.

Before the reconstruction, AFM topographic surfaces were

eroded as previously described (Trinh et al., 2011). The rmsds

for the top 10 assembly of pentadisks were from 5 to 8 Å using

38,713 Ca (245 TMV coat protein subunits). Ranking of the top

10 was obtained by averaging distances between each of the

five disks (Table 1). The SEFactor could not be computed in this

case because the assembly of docking disks did not cover the

entire experimental surface. The average distance for the top

10 assembly was about 7.1 nm compared to the expected

6.9 nm (Figure 2C). This can be explained by the fact that we

used a discrete docking system (grid step of 2.5 Å and a rotation

step of 6�), which can induce translation errors and misalign-

ments between two successive disks. Because we used

a rigid-body assembly approach and we restricted the presence

of steric clashes, some assembled structures were eliminated

due to small steric overlaps. We evaluated that for an 18 nm

diameter disk, with a rotation around its geometric center, a rota-

tion of about half of a rotation step used during the docking

process (3�) will cause a translation of about 5 Å at the top/

bottom of the disk. It follows that our assembly protocol is well

adapted for large system since the average distance error in

our models was less than 1 nm for a structure assembly of

40 nm long (Figure 2D). Larger assemblies of TMV particles

were attempted (up to seven disks) by selecting docking con-

formations in which the disk axis was collinear with the axis of

the topographic image (data not shown).
–120, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 115



Figure 3. Reconstruction of a Tetrameric Membrane Protein Aqua-

porin Z Using Experimental AFM Data

(A) AFM topographic image of a 2D crystal of aquaporin Z (AqpZ) adsorbed

on mica using contact mode in liquid (Scheuring et al., 1999) at a resolution

of 3.5 Å/px. A portion containing one AqpZ (marked by the white circle) was

extracted and interpolated by a BSpline to the resolution of 0.5 Å/px.

(B) 3D representation of the docking-ready AFM topographic image used for

the assembly of AqpZ tetramer.

(C) Best assembled model of AqpZ built from a single monomer. Each

monomer is colored differently.

(D) Superposition of the best assembled AqpZ tetramer (in green) on the target

crystallographic structure (1RC2 in red). Only the secondary structures are

displayed. The all-atom rmsd between the two structures is 4.46 Å.

Table 2. Top-10 Assemblies of AqpZ Tetramer

Rank

Monomer Center to Center Distance (Å) All-Atoms

Rmsd (Å)1-2 2-3 3-4 4-1 Average

1 29.9 26.9 27.8 28.0 28.2 4.5

2 28.4 29.9 27.7 26.9 28.2 4.5

3 27.8 28.0 29.5 27.5 28.2 4.5

4 27.7 28.4 27.5 29.5 28.3 4.5

5 27.9 29.6 27.7 27.5 28.2 4.4

6 27.6 27.9 26.9 29.9 28.1 4.3

7 27.6 27.9 27.5 29.5 28.1 4.3

8 28.4 29.9 27.7 26.9 28.2 4.4

9 27.5 27.7 29.5 28.4 28.3 4.4

10 28.0 29.1 28.0 27.8 28.3 4.5
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Assembly of Tetrameric Aquaporin Z Using a Single
Monomer and High-Resolution AFM Topographs
Before the reconstruction, AFM topographic surfaces were

eroded as described in Experimental Procedures. A tetrameric

reconstruction of membrane protein Aquaporin Z was assem-

bled using experimentally determined high-resolution AFM

topography (Figures 3A and 3B) and a single crystallographic

monomeric structure (see methods). The top 10 tetrameric

assemblies were ordered according to their SEFactor in Table 2.
116 Structure 20, 113–120, January 11, 2012 ª2012 Elsevier Ltd All r
The average distance separating the centers of each monomer

was about 28 Å compared to 24 Å in the crystallographic struc-

ture (the distance constraint was a range from 20 to 30 Å). The

all-atoms rmsds between assembled models and the crystallo-

graphic tetramer was less than 5 Å. (Table 2). By optimizing the

best model (Figure 3C) with a rigid-body minimization process

in X-PLOR using a single NOE restraint between the Ca of

Phe62 of each monomer (30 ± 0.5 Å), the final all-atom rmsd

reached 3.5 Å (Figure 3D). Errors highlighted by the rmsd come

from the discrete grid-based docking similarly to what was found

with antibodies and TMV. It should be noted that the ranking for

the tetrameric assembly of Aquaporin Z (AqpZ) was entirely

based on the SEFactor which is the resemblance of topographic

surfaces between the assembly and AFM image. Similar rmsds

were obtained when using another crystallographic structure of

AqpZ monomer (2ABM, data not shown).

DISCUSSION

The low abundance of 3D structures of large proteins combined

with the saturation in the coverage of single protein domain

structure creates a gap between low-resolution images of single

particles and the atomic structures of individual domains. In this

work, we present a novel methodology that combines high-

resolution AFM topographic images with atomic coordinates of

proteins to assemble very large macromolecules or particles.

Applications of AFM in structural biology covers large and

flexible proteins, which are difficult to study by traditional tech-

niques (Schröder et al., 2010), as well as proteins that interact

with solid/flat surfaces such as those adsorbed on biominerals

or interacting with membranes. AFM also complements trans-

mission electron microscopy (Conroy et al., 2004; Lin and Goh,

2002; Ubbink and Schär-Zammaretti, 2005); however, AFM

does not rely on symmetry averaging as in EM or on physical

averaging as in crystallized sample. This strategy is well suited

for modeling flexible macromolecules by treating them as a set

of domains that can be fitted independently as rigid bodies.

Our modeling protocol is performed in real space rather than in

Fourier space and presents the advantage of making it conve-

nient to introduce any additional constraints. Our approach will

have its limitations but the ability to include sparse long-range

distance constraints will enhance the quality of assembly.
ights reserved
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Limits and Expected Resolution
The term ‘‘resolution’’ is used to cover multiple aspects of our

protocol. First, the docking resolution is related to the computing

grid spacing. Currently, it is possible to use a cubic grid of 256

elements; thus, a 25.6 nm long target can be mapped on a grid

at 1 Å per grid point. Second, the structural resolution is more

difficult to evaluate for isolated single particles. For 2D crystals,

a lateral resolution of 1 nm or less has been measured (Fechner

et al., 2009). By observing distinguishable details on the topo-

graphic image of the TMV, we could estimate the topographic

resolution to 3–5 nm. It is likely that AFM image processing could

enhance this resolution (Chen and Pellequer, 2011). Finally,

although it is not strictly a true ‘‘resolution,’’ it is necessary to

consider the topographic image sampling that is expressed in

number of angstroms per pixel. With current AFM controllers, it

is possible to obtain images of 1,024 pixels or more on a field

of 256 nm providing a sampling of 2.5 Å per pixel; scanning in

a smaller field or increasing the numbers of pixels will increase

this sampling. But more important is the distortion of the mole-

cule being imaged by the tip. There are two types of distortions:

one due to the finite size of the tip and can be treated using

mathematical morphology tools (Villarrubia, 1997), and one due

to the pressure of the tip onto the surface of the protein. For

the latter, it has been shown that by imaging with gentle care

the tip crushed a little more that surface-exposed side chains

(Trinh et al., 2011). It might have been expected that the docking

precision is dependent on the detailed coordinates of selected

domains. Indeed, there is no reason to think that proteins depos-

ited on a flat surface will possess the exact same conformation

as found in X-ray crystallography data. It turns out that at the

current structural resolution of AFM images (3–5 nm) used in

this work, there is little impact on docking precision.

AFM and AFM Assembly in Structural Biology
Despites limitations in structural resolution, AFM has multiple

advantages. Among the most important ones is the amount of

material required. Because AFM works at the single molecule

level, a concentration of <1 mg/ml is enough for imaging a popu-

lation of molecules compared to <1mg/ml for X-ray diffraction or

NMR. Besides, AFM does not require ultrapure protein sample

as long as contaminants have difference shapes and sizes that

make them distinguishable. Another advantage is the capability

of imaging single molecules with AFM in buffer solution

compared to the frozen and crystallized state in TEM and X-ray

diffraction, respectively.

It is obvious that a hard and highly charged mineral substrate

(such as mica) creates difficulties during the adsorption of mole-

cules on which they tend to partially denature (Umemura et al.,

1996). However, softer systems for depositing molecules such

as functionalized self-assembled monolayers are emerging (Lv

et al., 2010). Moreover, these systems may allow the orientation

of covalently attachment molecules.

The integrative assembly protocol presented in this work takes

advantage of AFM strengths. The key parameter is the experi-

mental data provides by the topographical surface of the

whole-length protein. Because AFM images are obtained in the

real space, it is possible to include in the protocol several types

of restraints such as excluded volume (steric clashes), distances

(a min-max range from any set of atoms), symmetry (not neces-
Structure 20, 113
sary but easy to implement as distance constraints). 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 macromolecule.

Expected Range of Improvements
As a nascent technique, our approach can benefit from several

types of improvements. Regarding the structural resolution in

AFM, technological developments are required to image protein

samples with the smallest possible forces (tens of piconewton)

compared to the hundreds of piconewton currently. Even in

tapping mode, deformation of imaged objects is unavoidable.

To reduce this effect on the reconstruction protocol, it is possible

to allow bumps between constituent fragments and the docking

forbidden zone. Currently, no overlapping between atomic coor-

dinates and the forbidden zone is allowed. Furthermore, it is

possible to ‘‘shave’’ molecular constituent structures to remove

for instance side chains that could bias the docking stage;

preliminary results are encouraging. New imaging bimodal

mode is among these recent technical developments (Dietz

et al., 2011). Improvements are also expected regarding the

AFM tip, which is usually a sharp or ultrasharp silicon tip.

Single-wall carbon nanotubes (SWCNT) offer great promises

toward the improvement of imaging quality and not necessarily

for reducing the tip-shape distortion. Diameter of SWCNT is

very small (1–4 nm) and more important it is constant through

time, which is not the case of silicon-based tips; besides SWCNT

offers little contamination during imaging. The current challenge

with SWCNT is the production of correctly oriented SWCNT on

AFM cantilever (Marty et al., 2006). Another road for improve-

ment is the capacity to correct image distortion due to the finite

tip size. Although mathematical tools are available to correct for

tip-dilated AFM images, the weak point remains the character-

ization of the AFM-tip shape. Although blind estimate algorithms

have been developed (Villarrubia, 1997) and successfully applied

in cryo-AFM (Sheng et al., 1999), this approach is very sensitive

to noise levels (Trinh et al., 2011) and could not be applied here.

Most straightforward techniques use hard self-imaging sample

but since they are highly destructive of AFM tips they can only

be used a posteriori; thus it is not possible to know the shape

of the tip during imaging. Alternative options included the

addition of a known biological sample on the substrate which

can be used as a calibrator (Trinh et al., 2011) but it remains to

be demonstrated on mixed deposited samples.

Regarding the computational part of the assembly protocol, it

may benefit from a reduction in the search space (such as with

the membrane protein AqpZ) in order to reduce unproductive

orientations during docking. As common to all integrative

methods, the availability of additional knowledge on the protein

to study should be taken advantage. Scoring functions recently

attract a great deal of attention due to the relative ease in

producing multiple docking solutions for a single assembly.

The conformational space being well covered implies that the

near-native solution exists in the pool of answers; thus, the key

is to identify that best solution, a non-trivial problem (Feliu and

Oliva, 2010). Regarding the present protocol, future efforts will

turn toward the development of a scoring function so that

currently low ranking solution become reachable for assembly
–120, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 117
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testing. Finally, improvement will be pursued regarding the effi-

cient combinatorial optimizers (Lasker et al., 2009) to reduce

CPU time when assembling multiple fragments.

Conclusions
Current developments in structural biology make it timely to

develop approaches that can contribute to obtaining large

macromolecular structures on the basis of the structural infor-

mation that is available for individual components and to couple

this approachwith available low-resolution structural information

such as those from AFM or electron microscopy.

We now understand that many proteins in the cell do not

function in isolated manner and are frequently found in large

macromolecular complexes. The assembling protocol pre-

sented here is completely adapted to the assembly of intermo-

lecular complexes since the only difference between the

reconstruction of a multidomain protein and a multiprotein

complex is the presence of the polypeptide junction in the

former. The greatest promise in this approach is the possibility

to combine additional various structural data such as those

from EM and SAXS experiments.

EXPERIMENTAL PROCEDURES

Modeling with AFM constraints

The AFM assembly concept is a two-stage procedure: first, the molecular

constituents of the target system are docked beneath the experimentally

obtained topographic surface; second, all the docked molecular constituents

are assembled into a final structure. A detailed description of the algorithm will

be presented elsewhere (M.-H.T., M.O., J.-M.T., P.P., S.-w.W.C., and J.-L.P.,

unpublished data).

In the docking step an exhaustive search is carried out by FFT-based rigid

docking software DOT, testing all translations and rotations for optimum

docking solution. The search space below the AFM topographic surface is

mapped to a cubic grid of 2563 nodes. The grid step is adjusted so that

the search space covers the entire AFM topographic surface. Each molec-

ular constituents of the target protein is translated to every node of the

grid. A rotation step of 6�, representing a total of 54,000 different rotations,

is applied on each molecular constituent. The AFM topographic image is par-

titioned into forbidden, favorable, and neutral zones. The forbidden zone is all

points above the AFM surface. The favorable zone is the layer immediately

beneath the AFM surface (8–15 Å thick). The remaining points are assigned

a neutral value such that they do not contribute to the docking score. The

moving object is constructed from the atomic coordinates extracted from

PDB file, keeping only a thin skin (�3 Å) of surface atoms (Chen et al.,

2009). Each placement of the moving molecule that does not overlap the

forbidden zone is scored by counting the number of atoms inside the favor-

able zone.

After the docking stage, the final assembly of all the molecular constituents

is performed using custom software called combine. Target protein models

are built by exhaustively combining docked constituents. As the constituents

are docked independently, collisions between them may occur. The program

combine eliminates models with excessive steric clashes. However, distance

constraints between constituents are used to prevent the unnecessary calcu-

lation of steric clashes since it is a CPU-intensive stage of the protocol. We

developed a quality-of-fit parameter called the SEFactor score to estimate the

agreement between the surface of the assembled multidomain protein and

that of the experimental AFM topographic image. It is defined as:

SEFactor =wE 3EFactor

EFactor=
X��Pexpði; jÞ � Pmodði; jÞ

��

With ði; jÞ eMjMði; jÞ= 1
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wherewE is a user-defined weight set to 1.0, Pexp(i,j) and Pmod(i,j) are the height

of pixel (i,j) on the eroded experimental image and that of the eroded theoret-

ical topographic image built from the assembledmodel, respectively, andM(i,j)

is a binary mask (values of 0 or 1) identifying only pixels of interest. The total

number of retained docking solution varies in function of the number of

domains to assemble. For example, it takes about 13 hr on 24CPUs for assem-

bling three domains using 2,000 docking solutions of each domain. The most

CPU-consuming task in the reconstruction is the computation of EFactor.

Timing is related to the size of the modeled tip used during erosion/dilation

of images. As the number of retained docking solutions is limited, we applied

a non-similarity filter on the docking solution pool. In order to refine the final

molecular assembly, each fragment that composes best models is used as

seeds to select a new pool of docking solutions around each fragment. Those

newly selected docking solutions are used in turn to run a second assembly

with the same combine protocol.

Simulating AFM Topographic Images of Antibodies

Because the AFM tip apex has a finite size, the topographic surface obtained

during the imaging process is not equal to the real surface of the object

imaged, but is ‘‘distorted’’ due to the tip shape (Villarrubia, 1997). Because

our protocol works in the real space, it is always necessary to process raw

AFM height images to reduce the tip-shape distortion in the topographic

surface using mathematical morphology tools (Villarrubia, 1997). AFM topo-

graphic images of antibodies were simulated by taking into account this tip-

effect artifact. An AFM topographic image (128 3 128 pixels for a field of

25.6 3 25.6 nm) was obtained by dilating the atomic surface of the structure

1IGT (Harris et al., 1997) with a model tip with an apex radius of 5 nm and

side wall angles of 28� (average values from commercially available AFM

tips). As performed for experimental AFM topographic images, simulated

surfaces were eroded using the same tip dimension. It is important to note

that erosion/dilation is not reversible (Trinh et al., 2011), and thus the eroded

surface is slightly different from the original atomic surface of 1IGT (Figure 1A).

To present a more realistic case for assembling the domains of the antibody

1IGT, atomic coordinates of 1IGT were not used but instead those from

1AY1 (Murali et al., 1998) and 1H3T (Krapp et al., 2003) for the Fab and Fc

domains, respectively. Missing coordinates in the 1H3T Fc domain were

modeled using symmetry-related coordinates (Gale et al., 2007).

Assembly of CompleteAntibodywith Simulated Topographic Images

The structure 1AY1 and 1H3T were docked independently, under the simu-

lated AFM topographic image with a favorable layer of 12 Å, a grid step of

2 Å, and a rotation step of 6�. For the assembly, we used a single distance-

constraint range of 35–42 Å between Fab and Fc domains. This range was

obtained by measuring the average distances between Ca of Pro 227 on a

Fab and Ser 252 on the Fc domain using three available complete crystallo-

graphic structures of antibodies (PDB codes 1IGT, 1IGY, and 1HZH).

The assembled Fab-Fc antibody models were compared to the complete

structure of 1IGT using all-atom rmsds. However, due to a slight difference

in the number of residues in Fabs and Fc of 1IGT and that in the structures

1AY1 and 1H3T, a rmsd cannot be straightforwardly computed. To work

around this problem, a reference structure was built by superimposing two

Fab domains 1AY1 and one Fc domain 1H3T onto the structure 1IGT using

sup3d (Chen and Pellequer, 2004). This reference structure is then used to

compute rmsd with computational assembled models.

AFM Height Images of Tobacco Mosaic Virus

A drop of 70 ml of NiCl2 20 mM was deposited on a freshly cleaved mica disk

(muscovite, Veeco, Santa Barbara, CA) and 10 ml of TMV (38 nM in 1mMEDTA)

was injected in the drop. After 10 min, the sample was washed several times

using MilliQ water to eliminate salts and nonadsorbed particles. The sample

was dried using a Laboport vacuum pump (KNF Neuberger, Trenton, NJ).

The sample was conserved at room temperature and imaged using a commer-

cial Dimension D3100 (Veeco) equipped with a Hybrid XYZ scanner head

(closed loop). Silicon nitride tip (Multi40, Veeco) with a spring constant k =

0.9 N/m and nominal apex radius 8 nm were used. The height image was

made using the tappingmode in air at a scan rate of 1 Hz; the tip was oscillating

around 40 kHz with free amplitude (A0) of about 30 nm. The amplitude set point

was set 2 nm less than the free amplitude, thus the ratio A/A0 was less than
ights reserved
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10%. The image resolution was 1 nm per pixel. The image was flattened and

analyzed using Gwyddion software (http://gwyddion.net).

Assembly of Tobacco Mosaic Virus

The second reconstruction test fits five disk-like fragments of TMV into the

experimental topographic image of a single TMV particle about 40 nm long.

Each disk-like wasmade of 49 coat proteins extracted from 1VTM (Pattanayek

and Stubbs, 1992), a total of 63,651 atoms (Figure 2C). Topographic AFM

images were eroded using an estimated tip radius of 6.5 nm and sidewall angle

of 15� (Trinh et al., 2011). For the docking stage, a cubic grid of 256 points was

used with a favorable layer 15 Å thick beneath the AFM topographic surface,

a grid step of 2.5 Å, and a rotation step of 6�. A set of three distance constraints

of 69 ± 20 Å (top, middle, and bottom of disks) were defined for the final

assembly. A maximum number of 20 steric clashes are allowed in the recon-

struction; a steric clash is defined when the distance between atoms from

two different fragments is less than 2 Å.

A total of 100,000 docking solutions of TMV disk-like fragments beneath

the experimental AFM topographic surface (Figure 2B) were retained.

From these, the top 2,000 nonsimilar docking solutions, 5 Å translation and

13� rotation, were selected for the reconstruction of a TMV pentadisk. A set

of three distance constraints of 69 ± 20 Å (top, middle, and bottom of disks)

were used for the assembly. Then, fragments from the top 500 reconstructed

pentadisks were used to search initial docking solutions present in the top

100,000 list by selecting those within 5 Å translation and 13� rotation. The

top 3,500 near-docking solutions were retained to reconstruct a refined

pentadisk.

Docking and Assembly of AqpZ

Using AFM in liquid environment, Scheuring et al. have successfully imaged an

artificial membrane containing a 2D crystal of several aquaporins (Scheuring

et al., 1999). We extracted the topographic surface of a single AqpZ molecule.

The selected surface was interpolated with a b-spline algorithm to a final reso-

lution of 0.5 Å per pixel using Gwyddion. The extracellular face of AqpZ is

shown in Figure 3A. To reduce the tip-shape distortion, this image was eroded

with a theoretical tip of 7 Å radius and 30� side wall. These dimensions were

estimated based on the depth of the central channel of the AqpZ topography

(Figure 3B).

Themonomeric structure of AqpZwas extracted from the chain A of the PDB

code 1RC2 (Savage et al., 2003). This structure contains 1,661 atoms for 231

residues. The starting pose of AqpZ was that of the chain A, but because the

reconstruction was performed only with chain A docking solutions, the effect

of the starting pose is negligible regarding the final assembly. For the docking

we used a cubic grid of 256 points, a favorable layer of 8 Å, a grid step of 0.5 Å

and a rotation step of 4�. Knowing that the AqpZ is a membrane protein, we

limited among all the 54,000 possible orientations only those allowing a dock-

ing of AqpZwhere itsmajor elongated axis was oriented 90 ± 20� relative to the

membrane plane. The docking of the AqpZ monomer under the experimental

AFM topographs was performed using a set of 13,860 rotations on 24 Xeon

CPUs in 42 min. Among the top 100,000 docking solutions, the top 5,000

was selected such that similar docking solutions of monomers within 1 Å in

translation and 8� in rotation were removed and only the best ranked confor-

mations were kept. To assemble the tetrameric conformation of AqpZ, we

used a single distance constraint range from 20 to 30 Å between the centers

of each monomer pair. The actual center-to-center distance in the crystallo-

graphic tetrameric structure is 24 Å. During the assembly, models were ranked

solely based on the SEFactor, the fit between the assembled-model topographic

surface and the experimental topographic surface. The first run of combine

generated 2,609 assemblies (19 min on 24 CPUs). A second run of combine

was performed using near-docking solutions pool within 1 Å in translation

and 8� in rotation generated from all the assemblies of the first run.
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