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Abstract

Employing two different coarse-grained models, we evaluated the effect of intramolecular domain-domain 

distances and hinge flexibility on the general solution structure of antibodies (mAbs), within the context of 

protein-protein steric repulsion. These models explicitly account for the hinge region, and represent antibodies at 

either domain or subdomain levels (i.e., 4-bead and 7-bead representations, respectively). Additionally, different 

levels of mAb flexibility are also considered. When evaluating mAbs as rigid structures, analysis of small-angle 

scattering (SAS) profiles showed that changes in the relative internal distances between Fc and Fab domains 

significantly alter the local arrangement of neighboring molecules, as well as the molecular packing of the 

concentrated mAb solutions. Likewise, enabling hinge flexibility in either of the mAb models led to qualitatively 

similar results, where flexibility increases the spatial molecular arrangement at elevated concentrations. This 

occurs because fluctuations in mAb quaternary structure are modulated by the close proximity between molecules 

at elevated concentrations (> 50 mg/mL), yielding an increased molecular packing and osmotic compressibility. 

However, our results also showed that the mechanism behind this synergy between flexibility and packing 

strongly depends on both the level of structural detail and the number of degrees of freedom considered in the 

coarse-grained model.
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Introduction

Monoclonal antibodies (mAbs) represent the largest class of biotherapeutics in the current pipeline of the 

pharmaceutical industry, as their high specificity and efficacy make them ideal candidates for treating high-impact 

illnesses such as various type of cancers1 and autoimmune diseases.2 Currently, more than 30 antibody or 

antibody-derived therapeutics are marketed worldwide, and a larger number of similar proteins are under 

development or going through clinical trials.3,4 However, the success or failure of a given candidate is directly 

related to our ability to identify suitable formulations that provide long-term (1 year or longer) stability for these 

molecules. If mAbs are not adequately stabilized at the formulation conditions, their efficacy and potency as 

therapeutics is compromised, as well as they fail to comply with commercial and regulatory requirements.5,6

Nonetheless, achieving such levels of stability remains an outstanding challenge. Changes in pH, ionic 

strength, temperature, and the type/concentration of any excipient in solution may alter protein-protein 

interactions and protein conformation, causing mAbs to undergo unfolding and/or aggregation.7-9 These stability 

problems may further be exacerbated for high-concentration formulations (> 50 mg/mL), where additional 

solution non-idealities (e.g., molecular crowding and multi-body interactions) may result in other stability issues 

such as critical opalescence, liquid-liquid phase separation, and anomalous high viscosity.10-13 As such, 

identifying optimal mAb formulations requires probing the effects of a significant large number of factors on the 

behavior and stability of antibody solutions. By contrast, from a practical standpoint, an exhaustive study of 

solution conditions is problematic due to the generally limited amount of available protein material during early 

stages of drug development, as well as to the intrinsic limitations of experimental biophysical and biochemical 

techniques for probing concentrated protein solutions.12, 14 In this regard, there is an increasing interest in 

developing computational mAb models to narrow this search space, if not, to predict the behavior of mAb 

solutions from low to high concentrations.15-20 Notably, these models are limited to physically relevant, but 

computationally efficient coarse-grained representations, since fully atomistic simulations of concentrated mAb 

solutions remain out of reach due to the time- and length-scales of most of the protein instability phenomena.

At a molecular level, protein-protein interactions are the result of an assortment of different residue-

residue and residue-solvent/excipient forces, which include solvophobic, van der Waals, dipole-dipole, hydrogen 

bonding, and screened electrostatic interactions.21-24 These forces can be classified as: (i) short-range attractions; 

(ii) long-range attractions/repulsions; and (iii) steric repulsions. Interactions of type (i) and (ii) are due to the 

specific arrangement of hydrophobic, hydrophilic, and charged amino acids, which results in a heterogeneous 

mixture of attractive and repulsive surface “patches” with a variety of interacting ranges.25, 26 These types of 

interactions are the sole energetic contribution to the stability of the solution, and they are responsible for most of 
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the solution structure (i.e., the arrangement of protein molecules at mid-to-long range length-scales). More 

importantly, they can be controlled by changes in the solution conditions, where different molecular attributes 

such as the protonated state of some residues, the likelihood of hydrogen-bond formation, and the effective range 

of charge-charge interactions can be modulated by the nature and concentration of the other species in solution.27, 

28 On the other hand, steric repulsions are related to the protein’s excluded volume (i.e., the physical space 

occupied by the protein); therefore, they are only affected by changes in protein structure through conformational 

fluctuations or unfolding, with minimal to no effect from the solution conditions. While interactions of type (iii) 

are not as readily controllable as the other types, they provide most of the entropic contributions to the free-energy 

of solution (i.e., the thermodynamic stability) due to packing effects.29, 30 Furthermore, steric interactions are 

considered the dominant force at elevated protein concentrations, where they govern the overall protein 

arrangement in crowded environments.31, 32 As such, any computational or theoretical model must appropriately 

incorporate these different types of interactions in order to accurately capture conformational and thermodynamic 

instability issues in proteins.

In the specific case of antibodies, many coarse-grained models have been developed during the last 

decade to study different instability phenomena of mAb solutions;15-20 however, most of these models assume 

mAbs as rigid-bodies, focusing on capturing short- and long-range interactions but neglecting any conformational 

fluctuation that may affect the overall mAb structure. Such models contrast with recent experimental studies 

employing high-resolution structural techniques such as electron tomography33 and small-angle scattering,34, 35 

which have highlighted the highly flexible nature of mAbs. Due to the flexible linker connecting the Fc and Fab 

domains (i.e., the hinge), mAbs exhibit large conformational fluctuations in their quaternary structure, with a 

broad distribution of separation distances between Fc and Fab domains.20 On the other hand, in those models 

where flexibility has been considered, it has been suggested that structural fluctuations in mAbs may significantly 

affect the osmotic compressibility of the solution at protein concentrations above 140 mg/mL.17 Structural 

fluctuations might also be responsible for the somewhat narrow and asymmetric phase-equilibrium coexistence 

curves of mAbs when compared to those of globular proteins.8, 16, 20 Surprisingly, we are unaware of any studies 

that have systematically and explicitly evaluated the role of the hinge flexibility on the behavior of antibodies, and 

thus it remains an open question how these inherent conformational fluctuations might affect the physical stability 

of concentrated mAb solutions.

A long-term objective is to develop an accurate coarse-grained computational model that accounts for the 

roles of all types of protein-protein interactions in order to efficiently predict the macroscopic behavior of mAb 

solutions. Therefore, this report takes a first step in that direction by assessing how the behavior of antibodies in 

solution is affected by hinge flexibility, within the context of steric repulsion or excluded volume effects. To that 
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end, two different coarse-grained mAb models are considered which represent antibodies at either the domain or 

subdomain level, and incorporate different types of hinge flexibility (e.g., stretching, bending, and torsion). 

Furthermore, small-angle scattering profiles are also employed to evaluate the solution structure at different 

length-scales, as well as to provide a direct link between the working models and the experimental behavior of 

mAbs.

Models and Methods

Coarse-grained antibody models

In order to evaluate the general solution structure of antibodies, we employed two different molecular 

coarse-grained mAb models: a 4-bead and a 7-bead representation. The use of two different models is intended to 

factor out artifacts that might arise as a result of the particular choice of coarse-graining. These models simplify 

mAbs at either a domain-level (e.g., Fab, Fc) or subdomain-level (e.g., CH3, CH2). That is, each of the mAb 

domains or subdomains is represented by spherical particles located at the center-of-mass of the corresponding 

structures. Moreover, the hinge region is also considered and modeled by a single bead. These considerations lead 

to the two different mAb models used in this work. The 4-bead representation is the coarser of the two, where the 

Fc domain, the two Fab domains, and the hinge are each represented by a single bead (Figure 1a). Similarly, the 

7-bead model incorporates slightly more detail (Figure 1b), and it consists of: (i) two beads representing the Fc 

domain (i.e, the CH3 and CH2 subdomains of both heavy chains); (ii) two beads modeling the Fab domain, which 

account for the CH1/CL and the VL/VH subdomains, respectively (labeled as beads CH1 and FV in Figure 1b); and 

(iii) an additional bead for the hinge region. Unlike those coarse-grained mAb models developed elsewhere,15-20 

we introduce the hinge region, which allows for explicitly probing mAb flexibility and the independent movement 

of the Fc and Fab domains with respect to each other.

The diameters of the beads are selected to match the excluded volume of the domains or subdomains that 

they represent. To that end, we use as reference the crystal structure of an IgG2 antibody (pdb: 1IGT). Given the 

high homology between different monomeric antibodies36, 37 (>95% sequence and structural homology, with most 

of the structural differences located at the hinge region), it is anticipated that the size of the coarse-grained 

(sub)domains are general and transferable between antibodies. The excluded volume of each (sub)domain is 

obtained by calculating their corresponding second virial coefficients ( , with i denoting the evaluated domain 𝐵𝐻𝑆
22,𝑖

or subdomain); values of  are based on the atomistic, crystal structure of the reference antibody, where it is 𝐵𝐻𝑆
22,𝑖

assumed that each atom behaves as a hard sphere. Details of the calculation of  are provided in the Supporting 𝐵𝐻𝑆
22,𝑖

Information (SI). The diameter of the i-th coarse-grained (sub)domain  is readily given by . 𝜎𝑖 𝐵𝐻𝑆
22,𝑖 = 2𝜋𝜎3

𝑖 /3

Because of its small size, the effective diameter of the hinge bead cannot be determined in the same manner. 

Instead,  is estimated from its radius of gyration (i.e., ). Here,  is calculated from the 𝜎ℎ𝑖𝑛𝑔𝑒 𝜎ℎ𝑖𝑛𝑔𝑒 = 2𝑅𝑔 𝑅𝑔
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variance of the atomic coordinates; that is, , where  is the geometric center of the hinge 𝑅2
𝑔 = ∑𝒓𝑘 ∙ 𝒓𝑘 𝑛 ― 𝒓 ∙ 𝒓 𝒓

and  is the position of the k-th atom out of n that constitutes the hinge in the rigid, crystal structure of the 𝒓𝑘

reference antibody. Table 1 summarizes the resulting domain or subdomain excluded volumes and corresponding 

hard-sphere diameters. For illustrative purposes, Figure 1 also depicts the resulting mAb models in comparison 

against the crystal structure of the reference IgG2. Note that each of the beads encompasses most of the crystal 

structure; however, fragments of the corresponding structure are over- or underestimated as none of the antibody 

(sub)domains are perfectly spherical.

For each of the considered mAb representations, the interaction potential E in an implicit solvent system 

with N mAb molecules is given by the sum of the intra- and intermolecular energy contributions via

𝐸 =
𝑁

∑
𝑛 = 1

𝐾

∑
𝑖 < 𝑗

𝑢𝑖𝑛𝑡𝑟𝑎
𝑖𝑗 (|𝑟𝑛

𝑖 ― 𝑟𝑛
𝑗 |) +

𝑁

∑
𝑛 < 𝑚

𝐾

∑
𝑖,𝑗

𝑢𝑖𝑛𝑡𝑒𝑟
𝑖𝑗 (|𝑟𝑛

𝑖 ― 𝑟𝑚
𝑗 |)     (1)

where corresponds to the position vector for the i-th bead in the n-th molecule. K represents the number of  𝑟𝑛
𝑖  

beads per molecule in a given molecular representation (i.e., K = 4 or 7 for the 4-bead or 7-bead mAb models, 

respectively). Thus,  indicates the intramolecular interaction energy between beads i and j separated by a 𝑢𝑖𝑛𝑡𝑟𝑎
𝑖𝑗 (𝑟)

distance r, while  is the interaction energy between a pair of beads that belong to different molecules (i.e., 𝑢𝑖𝑛𝑡𝑒𝑟
𝑖𝑗 (𝑟)

the intermolecular energy contribution).

Here, intermolecular interactions are modeled via a hard-sphere  potential for each pair of beads,(𝑢𝐻𝑆
𝑖𝑗 )

𝑢𝐻𝑆
𝑖𝑗 (𝑟𝑖𝑗) = { ∞,  𝑖𝑓 𝑟𝑖𝑗 < 𝜎𝑖𝑗

0           otherwise     (2)

where is the distance between the centers of the i-th and j-th beads, and  is the average  𝑟𝑛
𝑖  𝜎𝑖𝑗 = (𝜎𝑖 + 𝜎𝑗)/2

diameter for the pair i-j.

In the case of intramolecular contributions, bonded and non-bonded internal interactions are considered in 

these models to probe the effect of the hinge flexibility. Although intramolecular interactions between domains 

and/or subdomains are affected by the same physics that control intermolecular forces, the flexibility of the hinge 

region is rather dominated by the steric constrains on the backbone of those residues that link the Fc and Fab 

domains.38 Different experimental studies have shown that the mobility of the mAb domains is seemingly 
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random, with no indication of any influence from short- and/or long-ranged interactions between domains.39, 40 

Thus, as a first approximation, intramolecular contributions are modeled here by simple steric effects via a hard-

sphere potential akin to eq. 2a, but using an effective diameter that is 5% smaller than that of intermolecular 

interactions (i.e., , with  defined in eq. 2). This reduced size is intended to compensate for the 𝜎𝑖𝑛𝑡𝑟𝑎
𝑖𝑗 = 0.95𝜎𝑖𝑗 𝜎𝑖𝑗

overestimation of the (sub)domain sizes as they are assumed to be spherical particles. That is, due to the non-

globular geometry of domains and subdomains, the resulting bead representation misrepresents the shape of these 

mAb fragments (cf. Figure 1). The use of this reduced intramolecular diameter provides a better representation of 

the internal mobility of the antibodies. Consequently, Fc and Fab domains are permitted to freely move (and 

rotate in the case of the 7-bead model) so long as they are subjected to bond and steric constraints, which we 

describe below.

Additionally, stretching of the links between the hinge region and the other domains is also freely allowed 

for the 4-bead mAb model (i.e., without any energetic penalty), although it is limited to a separation distance d 

between the center of the hinge bead and the center of the Fc or Fab domain so that it does not lead to overlaps 

and is no larger than 7 nm (i.e.,  nm, with the subscript i indicating the Fc or Fab domains). This 𝜎𝑖𝑛𝑡𝑟𝑎
ℎ𝑖𝑛𝑔𝑒,𝑖 ≤ 𝑑 ≤ 7

range of separation distances between linked domains is intended to probe the effect of hinge flexibility under 

extreme cases beyond those reported in the literature. Moreover, it provides a broad perspective regarding how the 

flexibility at the hinge region affects the behavior of mAbs in solution from dilute to concentrated conditions. For 

the 7-bead model, the bond distances between any pair of linked beads (i.e., hinge–CH2, hinge–CH1, CH1–FV, and 

CH3–CH2) are fixed and set to values equal to those of the reference IgG2 molecule, as summarized in the Table 

S1 in the SI.

Flat-histogram Monte Carlo

Flat-histogram sampling methods are used to evaluate the solution behavior of antibodies. Specifically, 

Wang-Landau-Transition Matrix Monte Carlo41, 42 (WL-TMMC) simulations are performed in the grand-

canonical ensemble. WL-TMMC is a powerful method that provides all thermodynamic properties (e.g., free-

energy, potential energy, pressure) and structural information as a function of concentration at fixed volume and 

temperature. As simulations are performed in the grand-canonical ensemble, density fluctuations directly related 

to macroscopic behavior can be readily obtained from a single simulation, with minimal system size effects.43

Grand canonical WL-TMMC is used to calculate the probability of observing N particles for a given 

chemical potential  (e.g., activity), temperature T, and volume V (i.e., the macrostate probability distribution, 𝜇0 Π

). Specific implementation details of WL-TMMC are provided elsewhere25, 44 and briefly summarized (𝑁; 𝜇0,𝑇, 𝑉)

here. Simulations are initialized by running Wang-Landau with the update factor initially set to unity. Every time 
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a flatness criterion of 80% is met, this factor is multiplied by 0.5 and the histogram of visited macrostates is reset. 

The collection matrix, needed for Transition Matrix Monte Carlo, is updated when the update factor is smaller 

than 10-6. The simulation completely switches to Transition Matrix Monte Carlo when the update factor is below 

310-8, with the TMMC biasing function calculated from the collection matrix and subsequent updates every 106 

trial moves. Canonical ensemble averages for the quantities used in this work (see below) are accumulated and 

update every 103 trials after a simulation has swept at least two times. A sweep is achieved if each macrostate 

(i.e., each N value) has been visited from a different macrostate at least 100 times. In order to reduce 

computational time, the entire concentration range for a given isotherm (i.e., the range of N macrostates, from 0 to 

Nmax) is divided into 12 windows, with overlap between neighboring windows of no less than five particle 

numbers. The size of each window is selected to balance computational load by decreasing window size with 

increasing concentration range by a power-scaling factor of 3. Furthermore, the chemical potential  of each 𝜇0

window is selected to ensure that the most likely macrostate falls within the corresponding concentration range. 

 for the complete N range is reconstructed by matching the free-energy of neighboring Π(𝑁;𝜇0,𝑇,𝑉)

windows at the middle of the overlapping region, while the two largest and smallest macrostates at each window 

are discarded when neighbor windows are present. To do so, all the resulting macrostate distributions are 

reweighted to the same thermodynamic state (μ, T, V) via

𝑙𝑛 Π(𝑁;𝜇) = 𝑙𝑛 Π(𝑁;𝜇0) + 𝛽(𝜇 ― 𝜇0)𝑁    (3)

where  is the thermodynamic temperature, and  denotes Boltzmann’s constant. Eq. 3 corresponds to 1
𝛽 =  𝑘𝐵𝑇 𝑘𝐵

a histogram reweighting scheme, and it provides the framework to evaluate a wide range of thermodynamic states 

once the entire macrostate distribution has been reconstructed (see below).

In order to achieve an efficient sampling of the configurational space of mAbs, the following MC trial 

moves are implemented: (i) rigid-body translation and rotations; (ii) particle insertion/deletion; (iii) multi-first 

particle insertion45 (MFI); and (iv) configurational-bias43 (CBMC). Both MFI and CBMC moves are employed to 

ensure that the most likely state is selected (from a list of proposed configurations) during the trial move. 

Insertions and deletions are carried out by coupling MFI with CBMC. MFI is used to select the position for 

inserting a new particle (based on steric interactions). The inserted particle corresponds to one bead of any of the 

arms in the mAb molecules. CBMC is then employed to rebuild the molecule one bead at a time. Note that after 

inserting the hinge region and one of the arms, the positions of the remaining arms in the molecule are not fully 

independent,46 hence a couple-decouple scheme47 is employed to simultaneously insert these arms and to correctly 
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map the configurational phase space of the molecule. A total of 10 proposed configurations are evaluated during 

either MFI or CBMC.

Additionally, CBMC is also performed on canonical moves for partial ‘re-growth’ steps, as follows. A 

mAb molecule and one of its beads are randomly selected. If the selected bead is the hinge region, a direction in 

which the molecule is going to start regrowing is also randomly selected; otherwise the molecule is regrown 

towards the hinge region first. The molecule is then partially reconstructed using the scheme outlined here, where 

the position of the selected bead is kept fixed. Table 2 summarizes the different MC trials used in this work, as 

well as their corresponding probabilities for attempting one of these moves. Additional details involving Monte 

Carlo simulations of the 7-bead mAb model are provided in the SI.

During a simulation, canonical ensemble averages are collected for the bond and angle distributions 

between mAb (sub)domains, as well as site-site distribution functions. In general, for an observable A, the 

canonical average (denoted ) is calculated as𝐴𝑁

𝐴𝑁 =
1

𝑀𝑁

𝜏

∑
𝑗 = 1

𝐴𝑗𝛿(𝑁 ― 𝑁𝑗)       (4)

where Nj is the number of particles at the trial  is the Dirac delta function, and  is the value of the 𝑗,𝛿 (𝑥) 𝐴𝑗

observable  at the trial j.  is the total number of sampled configurations during the course of the simulation, and 𝐴 𝜏

 is the number of times the macrostate N is sampled.𝑀𝑁 = ∑
𝑗𝛿(𝑁 ― 𝑁𝑗)

After the simulation is finished and  is calculated, grand-canonical averages of  are readily Π(𝑁;𝜇) 𝐴

obtained as a continuous function of molecular concentration  via〈𝑁 𝑉〉𝜇𝑉𝑇

〈𝐴〉𝜇𝑉𝑇 =
∑

𝑁𝐴𝑁Π(𝑁;𝜇)

∑
𝑁Π(𝑁;𝜇)

〈𝑁〉𝜇𝑉𝑇 =
∑

𝑁𝑁Π(𝑁;𝜇)

∑
𝑁Π(𝑁;𝜇)

Note that the state condition of the average properties in Eq. 5 can be controlled by reweighting the 

macrostate distribution to different values of  via eq. 3.  Additionally, explicit calculation of  in 𝜇 Π(𝑁;𝜇)
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combination with  allow one to fully define any thermodynamic state variable such as entropy.42 〈𝑁 𝑉〉𝜇𝑉𝑇

Particularly, one is often interested in knowledge of the osmotic pressure P, as it provides a direct connection 

between the molecular and the macroscopic behavior of proteins in solutions.12 P is calculated as

𝛽𝑃𝑉 = 𝑙𝑛⌈ ∞

∑
𝑁 = 0

Π(𝑁;𝜇)⌉ ― 𝑙𝑛 Π(0)      (6)

Second virial coefficients

Effective interactions between proteins are typically characterized by the second virial coefficient . 𝐵22

This quantity can be experimentally probed for most systems of interest,48 and thus it plays a central role in many 

molecular models and theoretical approaches for evaluating the behavior of proteins in solution.49, 50  is 𝐵22

formally related to the strength of the intermolecular interaction between a pair of proteins via51

   (7)𝐵22 =
1

2Ω2∬〈𝑒 ―𝛽𝑊22 ― 1〉𝑑𝑟12𝑑Ω12

where the brackets  denotes that the corresponding quantity is ensemble averaged over all internal degrees-of-〈…〉

freedom, as well as over the position/orientation of any other species in solution.  is the infinite-dilution 𝑊22

potential of mean force between two protein molecules, which corresponds for the working implicit-solvent mAb 

models to the intermolecular energy contribution (i.e., the second summation on the right hand side of eq. 1 when 

N = 2).  is the center-of-mass separation vector between a pair of molecules, while  represents the 𝑟12 Ω12

molecular orientation of one molecule with respect to that of the second molecule.  indicates the Ω = ∫𝑑𝑥Ω𝑖

complete orientational space for each molecule.

Qualitatively, as described by eq. 7, negative values of  indicate net attractive interactions, while 𝐵22

positive values represent net repulsive pair interactions. Given that the working mAb representations only interact 

through a steric (repulsive) potential,  can only take positive values. Notably the above definition of  is 𝐵22 𝐵22

only a function of the intermolecular interaction energy; nonetheless, for the antibody models studied in this 

work, eq. 7 implicitly depends on the conformational degrees of freedom, where the degree of molecular 

flexibility affects the resulting value.

To obtain theoretical values of , direct Mayer-Sampling Monte Carlo (MSMC) was implemented.52, 53 𝐵22
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This method calculates the integral in eq. 7 using a biased Monte Carlo approach on a system with only two 

molecules in an infinite volume. Specifically, MSMC performs an importance-sampling Monte Carlo simulation 

based on those configurations relevant to the integral for the system of interest, while simultaneously sampling a 

reference system for which the second virial coefficient is known. Thus,  for the system of interest is obtained 𝐵22

as a free-energy perturbation from a simpler system. Herein, the reference system is taken as a spherical particle 

with a diameter of  nm located at the hinge of the mAb, which interacts through a hard-sphere potential as 𝜎𝑟𝑒𝑓 = 4

that described in eq. 2. The particle size of the reference system was optimized from preliminary simulations to 

ensure resulting values of  are independent of the choice of the reference system.𝐵22

MSMC is performed for a system of only two molecules in an infinite volume, where attempted trial 

moves consist of rigid-body translations and rotations. Furthermore, when molecular flexibility is considered, 

rigid-body moves are supplemented by molecular regrowing trials, where each bead in a molecule is relocated. 

For this latter trial move, an attempted new configuration is selected with a probability  that depends on the 𝑝𝑠𝑒𝑙𝑒𝑐𝑡

Boltzmann factor of the intramolecular energy (i.e., , with  being the intramolecular 𝑝𝑠𝑒𝑙𝑒𝑐𝑡 ∝ 𝑒𝑥𝑝( ―𝛽𝑢𝑖𝑛𝑡𝑟𝑎) 𝑢𝑖𝑛𝑡𝑟𝑎

contribution in eq. 1). Each MSMC simulation consists of a short “equilibration” period (5106 configurations) to 

adjust step sizes for the trials to achieve a 50% acceptance rate, followed by a sampling period of 5108 

configurations. In previous works, similar operating parameters were found to provide well converged  values 𝐵22

on similar and more complex systems.17, 54, 55 

Small-angle scattering profiles

Small-angle scattering (SAS) intensities I(q) are used here to probe the solution structure of antibodies. 

From a computational standpoint, I(q) consists of Fourier transforms of intra- and inter-molecular spatial 

distribution functions between pairs of atoms or scattering sites, hence providing information regarding the 

internal structure of the molecules and their local arrangement with respect to themselves.56 As a result, they allow 

one to identify whether intermolecular spatial correlations influence the conformational behavior of antibodies. 

More importantly, evaluation of I(q) from molecular simulations provides an explicit connection with an 

experimental observable, as this quantity can be assessed from SAXS or SANS techniques.

Following a previously developed methodology,57 SAS intensities are readily calculated as 𝐼(𝑞) = 𝐼𝑖𝑛𝑡𝑟𝑎

.  and  are the intra- and intermolecular scattering contributions, respectively, and (𝑞) + 𝐼𝑖𝑛𝑡𝑒𝑟(𝑞) 𝐼𝑖𝑛𝑡𝑟𝑎(𝑞) 𝐼𝑖𝑛𝑡𝑒𝑟(𝑞)

are evaluated via
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𝐼𝑖𝑛𝑡𝑟𝑎(𝑞) = 〈𝑁〉𝜇𝑉𝑇

𝐾

∑
𝑎 = 1

𝑓2
𝑎 +

𝐾

∑
𝑎 ≠ 𝑏

𝑓𝑎𝑓𝑏〈𝑁𝜔𝑎𝑏(𝑞;𝑁)〉𝜇𝑉𝑇     (8𝑎)

𝐼𝑖𝑛𝑡𝑒𝑟(𝑞) =
𝐾

∑
𝑎,𝑏 = 1

𝑓𝑎𝑓𝑏〈(𝑁 ― 𝛿𝑎𝑏)[𝑆𝑎𝑏(𝑞;𝑁) ― 1]〉𝜇𝑉𝑇      (8𝑏)   

where the subscripts a and b identify the different beads that constitute a mAb molecule, and thus the summations 

in the above expressions go over the total number of beads K in a given mAb representation.  corresponds to 𝛿𝑎𝑏

Kronecker delta function, which is equal to 1 if  and zero otherwise.  represents the scattering amplitude 𝑎 = 𝑏 𝑓𝑖

for each of the beads in a molecule. Since these beads are coarse-grained representations of the mAb domains or 

subdomains,  is given by the scattering form factor of the corresponding beads, which are calculated from the 𝑓𝑖

crystal structure of the reference antibody. Details on the calculation of  are provided in the SI. The brackets 𝑓𝑖

 indicate that those quantities are obtained from grand-canonical ensemble averages (see eq. 5). The grand-〈…〉𝜇𝑉𝑇

canonical ensemble accurately captures the experimental measurement of I(q), where molecules are exchanged 

between the scattering volume V and the bulk solution.

In eq. 8,  corresponds to the site-site static structure factor for the pair of beads a-b from 𝑆𝑎𝑏(𝑞;𝑁)

different molecules, and it is measured in a canonical ensemble (i.e., at fixed N, V , and T).  is an 𝜔𝑎𝑏(𝑞;𝑁)

equivalent quantity to  for intramolecular pairs. These two functions are evaluated from the following 𝑆𝑎𝑏(𝑞;𝑁)

Fourier transforms

𝜔𝑎𝑏(𝑞;𝑁) = 𝜌∫𝜔𝑎𝑏(𝑟;𝑁)𝐽0(𝑞𝑟)4𝜋𝑟2𝑑𝑟    (9𝑎)

𝑆𝑎𝑏(𝑞;𝑁) ― 1 = 𝜌∫[𝑔𝑎𝑏(𝑟;𝑁) ― 1] × 𝐽0(𝑞𝑟)4𝜋𝑟2𝑑𝑟       (9𝑏)

where  is the zeroth spherical Bessel function.  is the number density of molecules for a 𝐽0(𝑥) = sin (𝑥) 𝑥 𝜌 = 𝑁 𝑉

given thermodynamic macrostate.  corresponds to the site-site intramolecular distribution function, and 𝜔𝑎𝑏(𝑟;𝑁)

 represents the site-site radial distribution function. These two functions account for the probability of 𝑔𝑎𝑏(𝑟;𝑁)

finding a bead b at a distance r from a bead a, and in a spherical shell of volume . Conceptually, the only 4𝜋𝑟2𝑑𝑟

difference between these two functions is that  only accounts for the pair of beads a-b belonging to the 𝜔𝑎𝑏(𝑟;𝑁)

same molecule, while  considers the same pair but with each site belonging to different molecules. The 𝑔𝑎𝑏(𝑟;𝑁)
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symmetry of the system ensures that  and .𝑔𝑎𝑏(𝑟;𝑁) = 𝑔𝑏𝑎(𝑟;𝑁) 𝜔𝑎𝑏(𝑟;𝑁) = 𝜔𝑏𝑎(𝑟;𝑁)

Following standard practices in the analysis of SAS profiles, calculated I(q) curves from eq. 8 are 

processed for smearing effects via59, 60

𝐼(𝑞) = ∫
∞

0
𝒩(𝑡│𝑞,𝜎𝑞)𝐼′(𝑡)𝑑𝑡    (10𝑎)

𝒩(𝑡│𝑞,𝜎𝑞) =
1

(2𝜋𝜎2
𝑞)1/2𝑒𝑥𝑝[ ― (𝑡 ― 𝑞)2

2𝜎2
𝑞

]      (10𝑏)

where  is the calculated SAS intensity (eq. 8), while I(q) represents the smeared scattering intensity. 𝐼′(𝑡) 𝒩

 is the smearing function and corresponds to a Gaussian probability distribution function with (𝑡│𝑞,𝜎𝑞)

characteristic moments q and  . The value of  is taken here as 10% of q.𝜎2
𝑞 𝜎𝑞

Results and Discussion

The local structural arrangement of antibody solutions is studied here as a function of protein 

concentration and in the context of the hinge flexibility. To that end, SAS profiles, as obtained from grand 

canonical WL- TMMC simulations, are probed for the working implicit solvent mAb models at a range of 

concentrations of 0–200 mg/mL, where mass concentrations are calculated by assuming a typical mAb size of 145 

kDa. Simulations are performed as described in the Models and Methods section on a cubic box with length 

 under periodic boundary conditions. A series of systems with different internal mAb structures are 𝐿 = 90 𝑛𝑚

probed, including fully and partially flexible mAbs, as well as rigid-body mAbs with different domain-domain 

distances. These rigid vs. flexible systems are probed in the context of molecular excluded volume (i.e., under 

only steric interactions).

Effects of intramolecular domain-domain distances

To evaluate the role of hinge flexibility on the solution structure of antibodies, it is critical to determine 

whether or not changes in the relative intramolecular distances domains can influence mAb behavior, as well as 

the outcome of any macroscopic structural observable. As an initial step, a series of different rigid body mAb 

systems are probed. Each of these systems consists of mAb molecules (either 4-bead or 7-bead mAb 

representations) with different internal but rigid configurations. Specifically, the relative position of all domains 

with respect to each other is characterized by the angles , , and , which correspond to the angles Fc–hinge–𝜃1 𝜃2 𝜃3

Fab1, Fc–hinge–Fab2, and Fab1–hinge–Fab2, respectively. The different sets of  considered here spans {𝜃1}

configurations where all domains are in contact with each other (i.e., at “closed”-contact) to those where the 
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domains are at the largest separation (i.e., in an “expanded” geometry). For simplicity, the distance of any of the 

(sub)domains bonded to the hinge is fixed and equal to that of the reference antibody (see Table S1), which 

allows one to control Fab–Fab and Fab-Fc distances by  alone.{𝜃1}

To analyze the small-angle scattering profiles of antibodies (i.e. I(q)), one needs to independently 

consider three main q regions: (i) the high-q region for ; (ii) the intermediate-q region for𝑞 >  1 nm ―1  0.3 nm ―1

; and (iii) the low-q region for . Note that the wavevector q is associated with a ≤ 𝑞 ≤  1 nm ―1 𝑞 <  0.3 nm ―1

real-space distance d via . As such, a SAS intensity at a given q value is related to the magnitude of the 𝑑 = 2𝜋 𝑞

spatial correlations of the system at distances around d. Therefore, the high-q region is related to structural 

correlations within each (sub)domain (e.g., the secondary and tertiary protein structure). Given that both mAb 

representations considered here are coarse-grained at that level, the resulting SAS intensities in this region are 

unaffected by changes in intra-domain distances, but they linearly scale with protein concentration (see below). 

On the other hand, the intermediate-q region involves short-ranged structural correlations, which include spatial 

correlations between domains (e.g., the quaternary mAb structure) and the local arrangement between neighboring 

molecules. In the case of the low-q region, these SAS intensities depend on long-ranged correlations, and thus 

they provide information regarding the macroscopic behavior of antibodies. Since only steric interactions are 

evaluated for the working mAb representations, these long-ranged correlations translate into how mAbs 

molecules arrange or ‘pack’ with respect to each other. For simplicity, all depicted scattering profiles are 

normalized by the scattering intensity of a single molecule at  (I0). I0 is calculated as the sum of the 𝑞 = 0

scattering lengths of all the atoms in the reference antibody (see SI).

Figure 2 illustrates the resulting small-angle scattering profiles for the different mAb models under a 

variety of rigid-body configurations at an average protein concentration of 175 mg/mL. Similar I(q) curves at 

different concentrations are also provided in the SI. The results in Figure 2 clearly show that changes in the 

relative intramolecular distance between domains (i.e., molecular conformation) significantly affect the 

intermediate- and low-q regions, with similar outcomes for both mAb representations. That is, decreasing inter-

domain distances leads to higher SAS intensities at small q, which implies more efficient molecular packing for 

mAbs in the closed-contact configuration. Similarly, smaller domain-domain separations yield more pronounced 

interaction peaks at intermediate-q, which suggests an increase in short-ranged spatial correlations between 

nearest-neighbor molecules. However, over the same set of mAb configurations, there is also a decrease in the 

correlations at distances equivalent to the size of the domains (i.e., ), which is the dominant feature in 𝑞 ≈ 1 nm ―1

the scattering profiles for the extended configuration. Since these mAb models in Figure 2 are rigid, larger I(q) at 

this latter q-value corresponds to a higher likelihood that two (sub)domains from different mAb molecules are at 

contact. Notably, these differences in I(q) are more pronounced at high mAb concentrations (cf. Figs. 2, S2, and 

S3), with any effect from changes in inter-domain separations being negligible at dilute conditions (< 10 mg/mL).
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The above results are consistent with a previous study from Castellanos et al.,34 which suggested that for 

flexible molecules like antibodies, molecular structures with a smaller characteristic size yield higher SANS 

intensities. When one compares the effective size  of the working mAb systems via their  values (where 𝜎𝑒𝑓𝑓 𝐵22

), the magnitude of the low-q SAS intensities of these systems inversely correlates with their 𝜎𝑒𝑓𝑓 = (3𝐵22 2𝜋)1 2

excluded volume (see Table S3 in the SI). For the 4-bead mAb model,  ranges between 10.4 nm and 11.2 nm 𝜎𝑒𝑓𝑓

for the ‘closed’ and ’extended’ configurations, respectively; similarly, in the 7-bead representation, 10.9 nm ≤

 over the same range of mAb structures. While the direct correlation between molecular size and 𝜎𝑒𝑓𝑓 ≤ 11.1 nm

SAS intensity may seem trivial from the perspective of globular proteins, it is not obvious for a protein with a “Y” 

shape such as mAbs in a rigid configuration. For instance, one might have anticipated that the ‘extended’ 

configuration (with the largest value for ) would favor phenomena like inter-digitation, and thus it would 𝜎𝑒𝑓𝑓

yield an improved molecular packing and higher scattering intensity at low-q. Instead, the closed configuration, 

rather than the extended one, yields more efficient molecular packing (cf. Figure 2). That is, at fixed protein 

concentrations, solutions composed of mAb structures with smaller  have larger inter-protein distances, which 𝜎𝑒𝑓𝑓

means mAb molecules with smaller  are less restricted for diffusing or tumbling in solution (i.e., improved 𝜎𝑒𝑓𝑓

mobility). This relation between  and molecular packing is also generally reflected in the intermediate-q 𝜎𝑒𝑓𝑓

region of the SAS profiles (cf. Figure 2). By changing the quaternary structure of the rigid mAb representations, 

there is clearly a shift of the interaction peak towards lower q-values as the structure changes from an ‘extended’ 

to a ‘closed’ configuration. The change is noticeable (e.g., from 0.95 nm-1 to 0.5 nm-1 for the 4-bead mAb), 

reflecting a change from strong (sub)domain–(sub)domain correlations to protein–protein correlations. 

Consequently, from an excluded-volume standpoint, this implies that structures with shorter intermolecular 

domain-domain distances are anticipated to have more favorable properties at higher concentrations, which could 

have rheological implications or improved solubility than their ‘extended’ counterparts. 

Effects of flexibility on the solution structure of mAbs

The rigid-body results shown above demonstrate that both the local arrangement between neighbor 

molecules (e.g., domain–domain contacts) and the macroscopic behavior at high mAb concentrations are strongly 

affected by the intramolecular domain distances (within a rigid mAb structure). However, the structure of 

antibodies is far from rigid. Specifically, their quaternary structure is inherently flexible, and it is expected that the 

separation between domains is constantly oscillating between ‘closed’ and ‘extended’ configurations. To assess 

the effects of these intramolecular structural fluctuations on the behavior of mAbs, we incorporate different levels 

of flexibility to both mAb models. In the case of the 4-bead mAb, flexibility is accounted for by allowing the 

distance of any domain to both the hinge and the other domains to freely fluctuate (i.e., ‘bond’ and ‘angle’ 
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flexibility, respectively) with respect to the rigid structure of the reference IgG2. On the other hand, for the 7-bead 

mAb, ‘bond’ flexibility is not considered, but instead we incorporate ‘angle’ flexibility. That is, the relative 

positions of those beads belonging to the same domain are fixed with respect to that of the hinge, but they are 

allowed to fluctuate with respect to the position of the other domains. Additionally, a ‘fully’ flexible configuration 

is also evaluated for the 7-bead mAb, which allows for the independent rotations of each of the domains. These 

latter degrees of freedom arise from the torsion of the linkers that connect the hinge to each domain, where the FV 

and CH3 subdomains freely rotate about the axis defined by the hinge and the CH1 and CH2, respectively. Note 

that the movement of the CH1 and CH2 subdomains is controlled by the ‘angle’ flexibility. Figure 3 depicts the 

SAS intensities for both mAb representations under different degrees of flexibility, and at a protein concentration 

of 175 mg/mL. Similar figures at different mAb concentrations are also provided in the SI (Figs. S4 and S5).

As one might anticipate from the previous results, by enabling mAb flexibility, significant differences are 

observed in the corresponding I(q) profiles with respect to those of the reference, rigid antibody. In general, 

allowing for mAb domains to freely move (and rotate for the 7-bead mAb) leads to higher SAS intensities in the 

low- to intermediate-q range. The magnitude and nature of these differences are similar for both levels of coarse-

graining. In the case of the 4-bead mAb (Figure 3a), differences in scattering intensities between rigid and flexible 

configurations are limited to q values smaller than that of the interaction peak (i.e., ). That is, 𝑞 ≤ 1.0 nm ―1

flexibility increases spatial correlations between neighboring molecules, which indicates a larger likelihood of 

finding two mAb molecules in contact at high protein concentrations, while reducing domain–domain correlations 

related to some degree of interdigitation. This increase in short-ranged correlations also propagates to larger 

length-scales, which suggests changes in the solution structure are due to more efficient molecular packing. Note 

that these effects are observed regardless of the type of flexibility considered (i.e., ‘bond’ vs. ‘angle’ flexibility). 

However, there are some minor differences in the resulting I(q) profiles by allowing for either of these degrees of 

freedom (cf. teal and green curves in Figure 3a). Conversely, there is a synergistic effect in the low-q region when 

both types of intramolecular degrees-of-freedom are considered, which results in even larger scattering intensities 

and indicates that a ‘fully’ flexible 4-bead mAb yields an improved arrangement of molecules.

In the case of the 7-bead mAb, the effects of flexibility on the solution structure are mainly limited to the 

intermediate-q region, while only a slight increase in I(q) is observed at low-q values (Figure 3b). Within the 

intermediate-q range, two different changes in the scattering profiles are prominent. At  (i.e., at the 𝑞 ≈ 0.6 nm ―1

interaction peak), there is a significant increase in the scattering intensity for the ‘fully’ flexible configuration. As 

discussed above and elsewhere,61 a larger interaction peak is associated with an increase in the number of closely 

packed molecules (i.e., stronger short-ranged spatial correlations or short mAb-mAb distances). As such, by fully 

allowing for hinge flexibility, mAb molecules (in a 7-bead representation) exhibit a higher propensity to stay in 
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close proximity to each other. By contrast, at the characteristic distance of the size of the individual domains (i.e., 

), there is a decrease in I(q) as a result of incorporating flexibility, which implies a loss in molecular 𝑞 ≈ 1 nm ―1

and/or solution structure at that length scale. Nonetheless, this latter reduction in short-ranged correlations is 

somewhat anticipated, as the ‘fully’ flexible configuration allows for the individual domains to independently 

reorient. That is, given that no interaction forces beyond sterics are considered, it is expected that the movement 

of each domain depends only on the presence of neighboring molecules but is largely uncorrelated from the 

position/orientation of the other domains in the molecule. Notably, substantial changes in I(q) only occur when 

the Fc and Fab domains freely rotate, as allowing for ‘angle’ flexibility alone yields small changes with respect to 

the reference, rigid-body antibody. From the perspective of steric interactions, these results suggest that 

“floppiness” in the mAb domains (i.e., torsions at the hinge) is a key factor of the hinge flexibility that favors the 

close proximity and packing between antibodies at high concentrations.

Interestingly, comparison of the effects of the different levels of flexibility at different mAb 

concentrations indicates that there is a limiting concentration for which a rigid mAb representation is no longer 

capable to capture the solution behavior of antibodies. That is, at low protein concentrations, the resulting SAS 

profiles from flexible mAb representations exhibit minimal difference from those of the rigid configuration. As 

protein concentration increases, however, the differences between I(q) for rigid and flexible models become 

evident, which highlights the inherent limitations in probing the behavior of mAbs at elevated concentrations by 

neglecting hinge flexibility. Nonetheless, the concentration at which such difference is observed strongly depends 

on the number of internal degrees of freedom incorporated in the model. Thus, for instance, by including only 

‘angle’ flexibility to the 7-bead representation, the resulting SAS profile is indistinguishable from that of the rigid 

model up to a concentration of 100 mg/mL (cf. Fig. 3b and Fig. S5 in the SI); on the other hand, allowing for 

rotation of the domains in the 7-bead mAb (in addition to ‘angle’ flexibility) leads to I(q) that significantly differs 

from the rigid representation at concentrated conditions. Given that the ‘fully’ flexible configurations are expected 

to provide a more realistic representation of the behavior of antibodies, the remainder of this report focuses on 

comparing the solution behavior of mAbs when all possible degrees of freedom are allowed.

When considering ‘fully’ flexible mAb representations, the effect of flexibility on the solution structure of 

both mAb models (as observed by SAS profiles) is only prominent at protein concentrations above 50 mg/mL 

(Figure 4). At dilute conditions and in the absence of protein-protein interactions beyond sterics, the average 

separation between antibodies is of several molecular diameters. As a result, changes in the quaternary mAb 

structure due to hinge flexibility yield negligible effects on the low- to intermediate-q SAS intensities. That is, 

from the solution structure perspective, there is no distinction between rigid and flexible molecules under dilute 

conditions, where their arrangement in solution is governed by the characteristic molecular size. On the other 
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hand, as protein concentration increases, the average mAb–mAb separation decreases, and thus the quaternary 

mAb structure is highly influenced by the close proximity with neighboring molecules. The ubiquitous movement 

of the mAb domains (resulting from the hinge flexibility) becomes restricted to favor more efficient packing 

between nearest-neighbor molecules, as it is evidenced by the increase in the scattering intensity at q .< 1 nm ―1

Although the effects of increasing concentration on the structure of flexible mAbs are qualitatively 

equivalent for both levels of coarse-graining (i.e., an increase in spatial correlations), the extent of these effects 

vary by the number of degrees of freedom that are considered. That is, depending on both the number of beads 

and the types of flexibility moves used to model antibodies, one might obtain a different resulting behavior for 

these molecules at elevated concentrations. To better understand the underlying causes for this variability, one 

needs to analyze the distribution of molecules in real-space; specifically, we focus our attention on the hinge–

hinge radial distribution function . This distribution function is defined as the number of system 𝑔𝐻𝐻(𝑟)

configurations, relative to that of an ideal gas, where a hinge particle is within a spherical shell separated by a 

distance r from the hinge of another mAb molecule. Given that the hinge is buried inside the mAb,  can 𝑔𝐻𝐻(𝑟)

then provide information about the spatial arrangement of mAb molecules, as well as changes in their internal 

structure. Figure 5 illustrates  as a function of protein concentration for rigid and fully flexible mAbs (both 𝑔𝐻𝐻(𝑟)

4-bead and 7-bead representations).

The results in Figure 5 show how flexibility affects the structure solution of antibodies within the 

limitations of each coarse-grained model. Thus, by enabling flexibility in the 4-bead mAb representation (Figure 

5a), there is a significant increase in the likelihood of finding two mAb molecules at distances far below the 

effective molecular size (i.e., the position of the first peak in ) when compared to those of rigid mAbs. 𝑔𝐻𝐻(𝑟)

Furthermore, flexibility also yields a decrease in the height of the first peak, which can be related to a loss in 

solution structure around the first neighbor shell. Two different internal structural features in flexible 4-bead 

mAbs were observed from sampled configurations at high concentrations that may explain these differences in 

. (i) mAbs acquire a ‘closed’ structure (i.e., Fabs and Fc in closed-contact), which exposes the hinge; and 𝑔𝐻𝐻(𝑟)

(ii) mAbs take a configuration where at least one of the internal angles is extended, facilitating inter-penetration or 

inter-digitation between molecules. Both of these types of molecular structures can increase the probability of 

finding two hinge beads separated by a distance r < 11 nm, which also reduce the number of configurations within 

a distance r around the first neighbor shell.

In the case of the fully flexible 7-bead mAb (Figure 5b), changes in  as a result of flexibility are 𝑔𝐻𝐻(𝑟)

completely opposite to those observed for the 4-bead representation. That is, hinge flexibility reduces the 

likelihood that two hinge domains are at short distances (e.g., r < 10 nm), and it yields larger oscillations around 
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the first neighbor shell. These changes are consistent with those observed from I(q) and are the result of the 

rotation of the outer subdomains in the  Fc and Fab arms. While analysis of sampled configurations at high 

concentrations suggests a structural preference of flexible mAb molecules towards extended inner angles (i.e., 

CH1–hinge–CH2 and CH1–hinge–CH1), the continuous re-orientation of the mAb domains minimizes inter-

digitation between molecules; hence the reduced  and increased solution structure at 𝑔𝐻𝐻(𝑟 < 11 nm) 10 nm

 in comparison with  of the rigid mAb.< 𝑟 < 20 nm 𝑔𝐻𝐻(𝑟)

In spite of the mechanistic differences on how flexibility affects the molecular behavior of the different 

mAb representations, there is a common feature among the  of all coarse-grained mAb models: a shift of 𝑔𝐻𝐻(𝑟)

the effective molecular size (i.e., the position of the first peak in ) towards smaller size as protein 𝑔𝐻𝐻(𝑟)

concentration increases. For purely steric systems such as those considered in this section, the thermodynamics of 

the solution is completely controlled by the effective or characteristic size of the molecules.62, 63 As such, changes 

in the effective mAb size are anticipated to significantly impact the macroscopic behavior of antibodies at 

concentrated conditions. By evaluating the osmotic pressure P of the different mAb representations (Figure 6), the 

decrease in mAb size becomes evident when comparing P against that of hard-spheres with equivalent 

dimensions. Here, the hard-sphere pressure is calculated via the Carnahan-Starling approximation64 for particles 

with diameter  of 10 nm and 11 nm. For both 4-bead and 7-bead models, the increase in P with increasing 𝜎𝐻𝑆

concentration is not as pronounced as that of hard-spheres, with the 7-bead mAb exhibiting lower osmotic 

pressures than their 4-bead counterparts at the same concentrations. Although this “reduced” P occurs for both 

rigid and flexible models, flexibility consistently leads to smaller values of P. From a physical chemistry 

standpoint, the osmotic pressure of steric systems is directly related to “crowding” effects, and thus lower values 

of P imply an increase in the amount of available volume in solution.65 When considering the non-globular nature 

of antibodies, it is somewhat expected that the increase in osmotic pressure with concentration is not as stiff as 

that of hard-spheres (cf. Figure 6). The “Y” shape of mAb molecules facilitates their packing, which consequently 

results in lower values of P (or equivalently larger available volumes). Similarly, flexibility enables the 

rearrangement of the quaternary mAb structure, leading to further improved molecular packing and even lower 

osmotic pressures.

Summary and Conclusions

Employing two different coarse-grained models, we have investigated the effect of changes in 

intramolecular domain-domain distances on the solution structure of diluted to concentrated mAb solutions. These 

models represent mAbs at either domain- or subdomain-level (i.e., 4-bead or 7-bead mAb models). Regardless of 

the level of structural detail in these models, the results qualitatively highlighted how the quaternary structure of 

mAbs plays a critical role on modulating the organization of mAb molecules in solution, specifically at elevated 
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concentrations. When considering mAbs as rigid structures, analysis of SAS profiles showed that changes in the 

relative internal distances between Fc and Fab domains significantly alter local arrangement of neighboring 

molecules, as well as the molecular packing of the concentrated mAb solutions. Thus, rigid mAb representations 

with smaller effective molecular sizes (i.e., shorter separations between domains) yield increased spatial 

correlations between molecules at both short- and long-range length-scales. However, these results also suggest 

that one must carefully consider existing rigid mAb models, as they are based on a single molecular conformation 

and may misrepresent antibody behavior at high concentrations. This is particularly relevant for studying stability 

phenomena that strongly depend on an accurate description of molecular packing such as high viscosity and 

protein solubility.

Additionally, the solution behavior of mAbs was also probed in the context of the conformational 

fluctuations in the protein structure. Phenomenologically, enabling hinge flexibility in the working mAb models 

leads to increased spatial correlations at high concentrations in comparison to those of the reference, rigid 

antibody. This occurs because fluctuations in mAb quaternary structure are modulated by the close proximity 

between molecules at elevated concentrations (> 50 mg/mL), which results in a more efficient molecular packing 

and osmotic compressibility. However, our results also showed that the mechanism behind this synergy between 

flexibility and molecular arrangement strongly depends on both the level of structural detail and the number of 

degrees of freedom considered in the coarse-grained model. For instance, allowing for ‘angle’ flexibility leads to 

significant changes in molecular packing for the 4-bead model, but to small changes for the 7-bead model. When 

independent rotations of the mAb domains are considered, one observes larger differences between rigid and 

flexible representations in the 7-bead model. In this regard, it is expected that the ‘fully’ flexible 7-bead mAb 

model represents more realistically and accurately the solution structure of antibodies, as it accounts for all 

possible movements of the linkers at the hinge as well as the anisotropy of the individual domains. Nonetheless, if 

one is interested in qualitatively capturing the physical behavior of antibody solutions, the flexible 4-bead model 

might be considered in favor of computational efficiency.

We note that the present models do not quantitatively agree with measured profiles in confined 

environments.34 This lack of quantitative agreement suggests that some details of the models considered here (e.g., 

spherical bead shape and hard core interactions) are not adequate to reproduce observed scattering profiles. In 

order to appropriately perform a comparison of the coarse-grained models against experimental SAS data, one 

needs to accurately introduce other inter-molecular forces to the working computational model, as well as to 

account for the anisotropy of the individual (sub)domains. Including the effects of these softer interactions and 

non-spherical bead shapes to represent the domains is the topic of future work. Additionally, collection of 

experimental SAS data for a stable mAb molecule up to elevated concentrations and different interacting 
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conditions is part of an ongoing study and will be the topic of an upcoming report. Such experimental data will 

facilitate parameterization and validation of a coarse-grained mAb model that will allow for accurate prediction of 

the solution behavior of antibodies at elevated concentrations. Finally, it is important to highlight that the above 

results and conclusions are solely based on steric repulsions, but they neglect both short- and long-range 

intermolecular attractions/repulsions. While these latter types of interactions are anticipated to dominate the 

macroscopic behavior of antibodies up to intermediate concentrations, the insights provided by the working 

models are representative of concentrated mAb solutions where molecular crowding due to excluded volume 

effects governs the solution properties.29 Nonetheless, this work is a first step in the direction of developing 

accurate but simplified models of mAb solutions, and thus future reports will extend the present results to 

consider the role of other forces such as electrostatic and van der Waals interactions on the solution structure and 

macroscopic behavior of antibodies.
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Figure 1. Coarse-grained representation of the different antibody models considered here. (a) 4-bead mAb 
model. Antibodies are coarse-grained at the domain level, where the Fab, the Fc, and the hinge are 

represented by a single sphere each. (b) 7-bead mAb model. The different sub-domains on an antibody are 
modeled by a single sphere, and they correspond to the CH3, CH2, CH1, FV, and hinge subdomains. (c) 

Crystal structure of the reference antibody (i.e., IgG2, pdb ID: 1IGT).  For visualization purposes, coarse-
grained models are overlaid over the structure of the reference antibody. 
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Figure 2. Small-angle scattering profiles for the different mAb models as rigid-body representations under 
different internal configuration. (a) 4-bead mAb; and (b) 7-bead mAb. The black arrow in both panels 

indicates the direction in which domain-domain distances are decreased. These structures range from a 
configuration where Fab and Fc domains are at the farthest separation (red line) to that where all domains 
are in contact with each other (dark-blue line). <I>I(q)</I> profiles are shown at a concentration of 175 

mg/mL, and they are normalized by the scattering intensity of a single molecule at q=0 (I0). For 
comparison, graphical representations of the different mAb structures are also shown in the figures. 
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Figure 3. Small-angle scattering profiles for the different mAb models under different levels of hinge 
flexibility. (a) 4-bead mAb; and (b) 7-bead mAb. The black arrow in both panels indicates the direction in 

which the degree of flexibility increases. The rigid configuration for both models corresponds to mAbs in the 
structure of the reference antibody (pdb: 1IGT). <I>I(q)</I>  profiles are shown at a concentration of 175 

 mg/mL, and they are normalized by the scattering intensity of a single molecule at q=0 (I0). 
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Figure 4. Small-angle scattering profiles for the different mAb models at different mAb concentrations. (a) 4-
bead mAb; and (b) 7-bead mAb. In both panels, solid-lines represent fully flexible mAbs, while dashed-lines 
correspond to rigid mAbs (based on the structure of the reference antibody). Color-coding corresponds to 

different protein concentrations and is indicated in the legends of each panel. <I>I(q)</I> is normalized by 
the scattering intensity of a single molecule at q=0 (I0) and by the average number of molecules <I>〈N〉 

in the scattering volume to facilitate comparison between profiles. 
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Figure 5. Hinge–hinge radial distribution function (<I>gHH(r)</I>) for the different coarse-grained mAb 
representations as a function of protein concentration. (a) 4-bead mAb; and (b) 7-bead mAb. Color-coding 
represents different mAb concentrations (20 – 180 mg/mL), and the black arrows indicate the direction in 
which concentration increases. In both panels, <I>gHH(r)</I> is shown for the rigid and fully flexible mAb 

configurations. For clarity, curves from the rigid configuration are shifted up by one unit. 
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Figure 6. Osmotic pressure <I>P</I> as a function of mAb concentration for the different mAb models: (a) 
4-bead mAb; and (b) 7-bead mAb. In both panels, blue solid-lines correspond to fully flexible mAbs, while 
red dashed-lines represent rigid mAbs (based on the structure of the reference antibody). For comparison, 
the pressure from hard-spheres with diameter <I>σHS</I> of 10 and 11 nm are also shown in the figures 

as dot-dashed lines. <I>P</I> is normalized by the pressure of an ideal-gas <I>Pig=(NkBT)/V</I> at 
equivalent molecular concentration. 
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Table 1. Excluded volume  and hard-sphere diameter  for the different coarse-grained 𝐵𝐻𝑆
22,𝑖 𝜎𝑖

domains and subdomains.

Bead 𝑩𝑯𝑺
𝟐𝟐,𝒊[𝒏𝒎𝟑]𝒂,𝒃 𝜎𝑖[𝒏𝒎]

Hinge 1.52c

Fc 527.87 ± 1.91 6.32
Fab 443.20 ± 0.26 5.96
FV 208.13 ± 018 4.63
CH1 179.09 ± 0.06 4.41
CH2 316.83 ± 0.62 5.33
CH3 196.05 ± 0.14 4.54

a Calculated via Mayer-Sampling from the crystal structure (i.e., all-atom representation) of the 
reference IgG2, where each atom is treated as a hard-sphere based on the Van der Waals radii. 
b Uncertainties of calculated values of  correspond to standard error over no less than four 𝐵𝐻𝑆

22,𝑖
independent Mayer-Sampling simulations. 
c Diameter of the hinge region is calculated from the radius of gyration.
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Table 2. Monte Carlo trial moves and their probability of selection.

Trial Probability
Rigid-body 
translation

0.35

Rigid-body rotation 0.20
Configuration-bias 0.15
Insertion or deletiona 0.30

a Insertion/deletion of molecules consists of the concatenation of Multi-first particle insertion and 
configurational-bias moves.
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I. SUPPORTING INFORMATION

A. Reference IgG2 Antibody

As model system for the design of the 4-bead and 7-bead mAb models, an IgG2 antibody

(pdb: 1IGT) was used. In our coarse-grained models, each of the beads representing the

different domains and subdomains are located at the center-of-mass of the corresponding

mAb fragment (see Fig. 1 in the main text). These representations allow us to evaluate

the different geometrical relations between domains/subdomains, within the context of the

crystal structure of the reference antibody. Table S1 summarizes the bond distances and

angles relating the Hinge to the different mAb domains/subdomains.

TABLE S1. Internal coordinates of the reference IgG2 antibody (pdb: 1IGT).

2-Body Relations

Pair Bond Distance [nm]

Hinge–Fc 4.24

Hinge–Fab-1 5.85

Hinge–Fab-2 4.87

Hinge–CH2 2.98

Hinge–CH1-1 4.15

Hinge–CH1-2 3.42

CH2–CH2 2.83

FV-1–CH1-1 3.48

FV-2–CH1-2 3.15

3-Body Relations

Set Angle [deg]

Fc–Hinge–Fab-1 107.17◦

Fc–Hinge–Fab-2 108.98◦

Fab-1–Hinge–Fab-2 122.58◦

CH2–Hinge–CH1-1 122.31◦

CH2–Hinge–CH1-2 107.15◦

CH1-1–Hinge–CH1-2 98.30◦

2
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B. All-Atom BHS
22 for Antibody Domains

Hard-sphere second virial coefficients for atomistic models of the mAb domains and sub-

domains (BHS
22,i, with i denoting the evaluated domain or subdomain) were calculated using

Mayer-Sampling Monte Carlo[1, 2] (MSMC), as described in the main text. Structures of

the different antibody fragments were taken from the reference IgG2 antibody (pdb: 1IGT),

as described in Table S2.

TABLE S2. Residue number for the amino acids forming the different mAb domains and subdo-

mains. These ID numbers correspond to the internal identification of the reference antibody (pdb:

1IGT).

Antibody

Fragment

Residue Number

Heavy Chain Light Chain

Hinge 236–243 -

Fc 248–474 -

Fab 1–229 1–214

Fv 1–112 1–108

CH1 113–229 109–214

CH2 248–360 -

CH3 361–474 -

For MSMC simulations, interactions between atoms were represented by a hard-sphere po-

tential. As such, atomic sizes were taken from the corresponding Van der Waals diameters,[3]

and they are given by 0.37, 0.04, 0.33, 0.31, and 0.39 nm for C, H, N, O, and S, respectively.

The reference system, required for MSMC calculations, consisted of a single hard-sphere par-

ticle located in the center-of-mass of the evaluated (sub)domain, with a diameter of 3 nm.

The resulting values of BHS
22,i are shown in Table 1 in the main text.

C. Computational Method for 7-bead Model

For the 7-bead model simulations, five Monte Carlo trials were employed. These trials

included rigid-body translations, rigid-body rotations, grand canonical insert or deletion

with configurational bias, particle regrowth with configurational bias, and configurational

3
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swaps between processors. The first four move types were attempted with equal probability

of 0.24999375. The configuration swap was attempted with a probability of 2.5 × 10−5 as

described in Ref. 4. For the grand canonical configurational-bias insertions and deletions,

the hinge bead was first placed with 10 multiple first bead insertions. Then one of the

arms was selected, and the bead furthest from the hinge was placed in 10 different trial

positions. Then the bead on the same arm closer to the hinge was placed with a single trial.

After this, the two beads of the other arms were placed that are furthest from the hinge

simultaneously, in 10 trials. Finally, the two remaining beads were placed with a single

trial. In the regrowth configurational bias trial, the hinge and one of the three branches

was selected to remain, while the other two arms were regrown in a similar fashion as

described above. To initialize the simulations, Wang Landau simulations were performed

for 25 flatness checks, as described in Ref. 4. For the last 5 flatness checks, a collection

matrix was initialized. This collection matrix was then used to initialize a transition matrix

Monte Carlo simulation for 40 sweeps. The cubic periodic boundaries were 90 nanometers in

size. The number of particles were constrained to be between 0 and 636. This density range

was divided into 12 windows with a width scaled by an exponent of 1.5 for larger windows

on the lower density. For the scattering calculation, histograms were computed every 1000

trials, with a 0.05nm bin spacing.

D. Domains and Subdomains Scattering Amplitudes

Scattering amplitudes (fi) for the different domains and subdomains are calculated from

the crystal structure of the reference IgG2. Briefly, fi is calculated as [5]

fi =
1

2

∑
m

bm

∫ π

0

cos [qrm cosφ] sinφdφ (D.1)

where bm is the scattering contribution from each atom. For simplicity, bm is assumed as

the scattering length for neutrons, and it can take the values 6.651, 9.40, 5.804, 2.847, and

−3.742 fm for C, N, O, S, and H, respectively [6].

In eq. D.1, the summation goes over all atoms in the evaluated structure, while the integral

evaluates all possible relative orientations between the wavevector q and the position rm for

each atom. As such, q is the magnitude of the wavevector, rm is the distance of the m-th

atom to the geometric center of the molecule, and φ is the angle form between both vectors.

4
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FIG. S1. Scattering amplitudes fi for the mAb domains and subdomains used to construct the

different working coarse-grained models: (a) 4-bead mAb model; and (b) 7-bead mAb model.

Figure S1 shows the resulting scattering amplitudes.

Following eq. D.1 and the values of bm, the q = 0 scattering intensity for a single molecule

(I0) can be calculated as I0 =
∑

m b
2
m.

5
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E. Rigid-Body mAbs

TABLE S3. Excluded volume for different mAb models and structures as measured by the second

virial coefficient B22.

4-bead mAb

Configuration B22 [nm3] σeff [nm]

Rigid–1IGT 2816.2± 4.4 11.041

Rigid–Closed contact 2376.5± 6.6 10.432

Rigid–Fc-Fab contact 2568.6± 6.0 10.702

Rigid–Fab-Fab contact 2727.1± 4.9 10.921

Rigid–Extended 2922.8± 5.7 11.172

Fully Flexible 2863.4± 2.8 11.101

7-bead mAb

Configuration B22 [nm3] σeff [nm]

Rigid–1IGT 2821.5± 0.2 11.0440

Rigid–Closed contact 2694.0± 0.8 10.8751

Rigid–Extended 2881.2± 0.5 11.1211

Angle Flexible 2800.9± 0.3 10.0170

Fully Flexible 2446.2± 0.8 10.5311

6
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FIG. S2. Small-angle scattering profiles for the 4-bead mAb models as a rigid-body representaion

at different protein concentrations: (a) 1 mg/mL; (b) 10 mg/mL; and (c) 100 mg/mL. Each curve

corresponds to mAb structures with different separation distances between Fc and Fab domains.

These configurations are controled by the set of angles {θ1, θ2}, which are listed in each panel. θ1

corresponds to the angle between Fab-hinge-Fc, and it is assumed to be identical for both Fab

domains. θ2 is the angle for Fab-hinge-Fab.

7
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FIG. S3. Small-angle scattering profiles for the 7-bead mAb models as a rigid-body representaion

at different protein concentrations: (a) 1 mg/mL; (b) 10 mg/mL; and (c) 100 mg/mL. Each curve

corresponds to mAb structures with different separation distances between Fc and Fab domains.

8
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F. Flexible mAbs

9
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FIG. S4. Small-angle scattering profiles for the flexible 4-bead mAb models at different protein

concentrations: (a) 1 mg/mL; (b) 10 mg/mL; and (c) 100 mg/mL. Each curve corresponds to mAb

structures with different levels of flexibility.

10
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FIG. S5. Small-angle scattering profiles for the flexible 7-bead mAb models at different protein

concentrations: (a) 1 mg/mL; (b) 10 mg/mL; and (c) 100 mg/mL. Each curve corresponds to mAb

structures with different levels of flexibility.
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