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ABSTRACT: Monoclonal antibodies (mAbs) contain hinge-like regions that enable
structural flexibility of globular domains that have a direct effect on biological function. A
subclass of mAbs, IgG2, have several interchain disulfide bonds in the hinge region that
could potentially limit structural flexibility of the globular domains and affect the overall
configuration space available to the mAb. We have characterized human IgG2 mAb in
solution via small-angle neutron scattering (SANS) and interpreted the scattering data
using atomistic models. Molecular Monte Carlo combined with molecular dynamics
simulations of a model mAb indicate that a wide range of structural configurations are
plausible, spanning radius of gyration values from ∼39 to ∼55 Å. Structural ensembles and
representative single structure solutions were derived by comparison of theoretical SANS
profiles of mAb models to experimental SANS data. Additionally, molecular mechanical
and solvation free-energy calculations were carried out on the ensemble of best-fitting
mAb structures. The results of this study indicate that low-resolution techniques like
small-angle scattering combined with atomistic molecular simulations with free-energy analysis may be helpful to determine the
types of intramolecular interactions that influence function and could lead to deleterious changes to mAb structure. This
methodology will be useful to analyze small-angle scattering data of many macromolecular systems.

■ INTRODUCTION

Monoclonal antibodies (mAbs) are vital proteins that make up
a major component of vertebrate immunity and are a class of
protein therapeutics being developed commercially to treat a
large number of diseases. The physics of mAbs is interesting
due to structural and dynamical features that affect function and
retention of biological activity. mAbs are glycoproteins with
intrinsic domain flexibility1−5 that has been correlated with
function.6 A predominant subclass of mAb proteins, known as
immunoglobulins (IgG), have molecular masses of ∼150 000
Da and are composed of two identical light chains (LC) and
two identical heavy chains (HC). These chains are held
together via covalent inter- and intrachain disulfide bonds and
stabilized by intermolecular non-bonding interactions to form
two Fab domains and one Fc domain. The Fab and Fc domains
are separated by a short polypeptide hinge region of 23−24
amino acids in the two HC.6 A cartoon representation of mAb
structure is shown in Figure 1. Mobility of Fab and Fc domains
has a direct effect on the dual function of mAbs.6 The Fab
domains contain regions of amino acids, named Fv, that are
responsible for binding antigens. The mobility of Fab domains
is required for antigen recognition and binding. Mobility of the
Fc domain is responsible for modulating effector functions that

potentially lead to the elimination of foreign bodies by the
immune system. IgG’s have subtle differences in amino acid
sequence that result in different structural, dynamical, and
functional characteristics. IgG1 and IgG2 are two common
subclasses of IgG mAbs. In their respective hinge regions, the
position of a single interchain disulfide bond in IgG1 mAbs
results in a more rigid structure,7 although significant local and
domain flexibility exists.6−8 Removal9 and genetic mutation5 of
the hinge region can eliminate and modulate function.
Complete three-dimensional structures of mAbs have been
determined by X-ray crystallography for both IgG17,9−11 and
IgG212 subclasses. Regardless, structural heterogeneity has been
observed by a variety of experimental techniques1−5,8 and
therefore crystal structures are thought to be single structures
that do not represent the large number of configurations that
exist in solution.6,7,9,11,12 The hinge region is considered a
tether that connects Fab and Fc domains to allow the motions
required for function.
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Small-angle neutron scattering (SANS) probes structure and
interactions on length scales from 10 Å to greater than 1000 Å,
making it a well-suited technique for the study of the low-
resolution shape of proteins in solution. Small-angle X-ray
scattering (SAXS) and SANS have been used to study the
structure of various mAbs in solution.13−17 Given their size and
inherent flexibility, there are few computational approaches to
exhaustively sample configuration space using atomistic models
to generate ensembles to compare to experimental SAS data.
Regardless, there are successful studies in the literature.14−16

Recently developed algorithms and programs developed to
study intrinsically disordered proteins can be applied to study
SAS data of mAbs.18−21 Several of these programs use heuristic
algorithms to reduce the number of structures that represent
the experimental data using linear combinations of scattering
profiles. They do not take into account intermolecular
interactions in either the generation or the evaluation of
configurations in the ensemble.18,22,23 These methods are
valuable and widely used because they provide a low barrier to
rapidly generate and/or evaluate models by comparison of
theoretical scattering data to experimental data. Regardless,
there is a need to develop new methods to incorporate more
rigorous computational physical chemistry algorithms to
generate and evaluate ensembles of structures by comparison
to scattering data.
We have carried out SANS on a monodisperse solution of a

human antistreptavidin monoclonal antibody class 2 molecule
(ASA-IgG2). Experimental scattering profiles were analyzed by
comparison to theoretical data taken from the atomic
coordinates of sequential Monte Carlo (MC) and molecular
dynamics (MD) simulations. The results are refined further by
analyzing the ensemble via molecular mechanical and solvation
free energies. The addition of energetic analysis to evaluate
molecular models derived by comparison to scattering data
could be helpful to determine relevant structures for a large
number of soft-matter systems.

■ MATERIALS AND METHODS

Protein Preparation and Characterization. Concen-
trated stock solutions of ASA-IgG2 at 30 mg/mL were thawed
at room temperature and transferred to Slide-a-lizer 10 000 Da
molecular weight cutoff dialysis cassettes (Pierce) and
equilibrated in 10 mM sodium acetate (pH 5.2) in D2O
overnight. Certain commercial equipment, instruments, materi-
als, suppliers, or software are identified in this paper to foster
understanding. Such identification does not imply recommen-
dation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or
equipment identified are necessarily the best available for the
purpose. Buffers were filtered using Millipore 0.22 μm filter
membranes. Samples were then centrifuged at 16 000g for 10
min prior to the absorbance measurement. A dilution series
consisting of protein diluted into dialysis buffer was made in
triplicate using the following dilution range: 1:30, 1:20, 1:10.
Concentration was determined using the following equation:
concentration (mg/mL) = (A280 − A350)/ε, where A280 is the
absorbance at 280 nm and A350 is the absorbance at 350 nm,
using an extinction coefficient, ε, of 1.6 mL mg−1 cm−1 at 280
nm for the ASA-IgG2 protein. Absorbance was measured using
a Nanodrop spectrophotometer (Thermo).
Size-exclusion high performance liquid chromatography (SE-

HPLC) was performed using an Agilent 1100 (Palo Alto, CA,
USA) equipped with a quaternary pump, diode array detector,
and refrigerated autosampler. Two Tosoh G3000SW TSK
columns, 5 μm particle size, 7.8 mM ID × 30 cm
(Montgomeryville, PA, USA), were used in series. 50 μg of
sample was injected and eluted over 30 min using 25 mM
sodium phosphate, 125 mM sodium chloride, pH 6.9, as the
running buffer at 0.6 mL/min. Absorbance was monitored at
215 nm and at 280 nm. Data was collected using Agilent
Chemstation software. ASA-IgG2 was studied by SE-HPLC at
1.0, 2.0, and 5.0 mg/mL at pH 5.2 in 20 mM sodium acetate ±
0.15 M NaCl. Post-SEC analysis, samples were analyzed by an
online Dawn Heleos II (Wyatt Technologies) multiangle light
scattering instrument followed by an REx refractive index
detector (Wyatt Technologies). A dn/dc value of 0.185 was
used to determine the concentration. Data analysis was carried
out with Astra Software version 5.3.4. Reported values are the
mass averaged molecular weights.

Small-Angle Neutron Scattering. Scattering measure-
ments were performed on the 30 m SANS instruments24 at the
NIST Center for Neutron Research (NCNR) in Gaithersburg,
MD. The neutron wavelength, λ, was 6 Å, with a wavelength
spread, Δλ/λ, of 0.15. Scattered neutrons were detected with a
64 cm × 64 cm two-dimensional position-sensitive detector
with 128 × 128 pixels at a resolution of 0.5 cm/pixel. The data
were reduced using the IGOR program with SANS macro
routines developed at the NCNR.25 Raw counts were
normalized to a common monitor count and corrected for
empty cell counts, ambient room background counts, and
nonuniform detector response. Data from the samples were
placed on an absolute scale by normalizing the scattered
intensity to the incident beam flux. Finally, the data were
radially averaged to produce scattered intensity, I(q), versus q
curves, where q = 4π sin(θ)/λ and 2θ is the scattering angle.
Scattering was measured using sample-to-detector distances of
13.0, 5.0, and 1.5 m in order to cover the range 0.007 Å−1 ≤ q
≤ 0.3 Å−1. The scattered intensities from the samples in the
liquid state were corrected for buffer scattering and incoherent

Figure 1. Schematic representation of an immunoglobulin G (IgG)
subclass 2, isotype A protein. IgG is composed of two light chains
(LC) and two heavy chains (HC) that are held together through
several inter- and intrachain disulfide bonds (S−S) and non-bonding
interactions. The LC and part of the HC form two identical Fab
domains. Part of each HC also forms a single FC domain. The Fab and
Fc domains are connected via a flexible hinge region (blue) that itself
has four interchain disulfide bonds.
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scattering from hydrogen in the samples. Pair distribution
analysis was performed using GNOM.26 In order to optimize
P(r), several input Dmax values were used (ranging from 150 to
160 Å) to find the best-fit Dmax value of 155 Å. Guinier
analysis27 was carried out using I(Q)/I(0) ≈ exp[−q2Rg

2/3] to
estimate the radius of gyration (Rg).
Atomistic Modeling. Homology Modeling. The initial

homology model of ASA-IgG2 mAb was generated using the

Molecular Operating Environment from the Chemical
Computing Group28 using the Antibody Modeler tool to
build the ASA-IgG2 Fv coordinates. This structure was then
used in the Homology Model tool in MOE in conjunction with
Protein Data Bank29 entry 1IGT12 to build the remainder of the
ASA-IgG2 model. Disulfide bonding was chosen to represent
the IgG2 type A isotype.30,31 The homology model of ASA-
IgG2, that contained 19 668 atoms, was energy minimized for

Figure 2. Small-angle scattering studies of anti-streptavidin IgG class 2 (ASA-IgG2). (A) Size-exclusion chromatography and multiangle light
scattering of ASA-IgG2. (B) Plot of radius of gyration (Rg) versus concentration with and without the addition of 150 mM NaCl. (C) Small-angle
neutron scattering (SANS) profile of dilute ASA-IgG2. (D) Guinier analysis of the 2 mg/mL SANS data results with an Rg of 47.5 Å for the
molecule. (E) Plot of pairwise distribution (P(r)) for the ASA-IgG2 molecule. The molecule has an average maximum dimension (Dmax) of 150 Å.
Additionally, the apparent peak at ∼43 Å indicates the presence of a subdomain or flexible region of roughly 42 Å in length (roughly the size of the
Fab arms). (F) Kratky plot of ASA-IgG2. Error bars represent ±1 standard deviation.
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10 000 steps with the program NAMD32 using the CHARMM-
22 force field.33 Subsequently, the structure was immersed in a
previously equilibrated 200 Å cubic box of water (using the
TIP3P water model34) and overlapping waters were removed
and a neutralizing number of ions were added. The system was
equilibrated at 300 K and 1 bar for 1 ns in the isothermal−
isobaric ensemble. ASA-IgG2 coordinates were then used as the
starting structure for further molecular simulations and are
depicted as structure number 4 in Figures 3B and 5 and
illustrated in Figure 4A, B, and D.
Molecular Simulation and Analysis Protocol. The equili-

brated coordinates of ASA-IgG2 described in the previous
section were used as the starting structure for molecular MC
studies. The program SASSIE21 was used to generate 56 511
nonoverlapping configurations by sampling backbone dihedral
angles, ϕ or ψ, of three amino acids on each HC in the upper
hinge of ASA-IgG2. Energetics of the specific dihedral angle to
sample configurations was derived from the energy of a given ϕ
or ψ angle that was calculated from the specific atomic (and
thereby amino acid residue specific) composition about the
given angle. The energy term was calculated from Vdihedral =
V(θ) = kθ(1.0 + cos(nθ − δ)), where the angular force constant
(kθ), multiplicity (n), and δ are values from the CHARMM 22
all-atom protein force field and are specific for the atom types
for the given dihedral angle of interest (θ = ϕ or ψ). In
addition, non-bonded terms were included in the potential U =
Vdihedral + VvdW + Velec and calculated using CHARMM 22
parameters. For well-depths εij and radii σij for pairs of atoms i
and j, the van der Waals potential energies were calculated
using
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VvdW energies were smoothed to zero using a polynomial
function for distances between 10 and 12 Å. Using atomic
charges qi, qj, relative permittivity, εr, and a Debye screening
length, L, the electrostatic potential energies were calculated
using
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with a screening length of 25 Å. The full potential, U, was used
to carry out the Metropolis sampling methodology at 300 K.
Following MC sampling, each configuration was energy

minimized for 10 000 steps followed by 10 ps of generalized
Born implicit solvent MD simulation35 to relax each structure
prior to a final 10 000 steps of energy minimization. SANS
profiles were calculated from the atomic coordinates using
Xtal2sas.36,37 Comparisons of experimental to theoretical SANS
profiles were done using reduced χ2 calculated using
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where Iexp(Q) is the experimentally determined SANS profile,
Icalculated(Q) is the profile obtained using Xtal2Sas, σexp(Q) is the
experimentally determined Q-dependent variance, and the sum
was taken over N = 50 grid points of momentum transfer, Q.
Molecular mechanical energies (ME) were taken from the

final output of energy minimization. Polar solvation free-energy
(ΔGS) calculations were carried out using the adaptive

Poisson−Boltzmann solver (APBS) software.38 APBS calcu-
lations for all configurations were carried out using the same
grid size. An ionic radius of 1.62 Å at a concentration of 0.01 M
wa s used to simulate experimental conditions. The protonation
state of each ASA-IgG2 was set to model pH 5.2 using the
programs pdb2pqr39,40 and propka.41 Energy minimization,
MC samping, MD simulation, SANS profile calculations,
comparisons to experimental data, creation of iso-density
plots, and APBS calculations were carried out within SASSIE.
Iso-density plot visualization was carried out using VMD.42

■ RESULTS AND DISCUSSION
Characterization and SANS of ASA-IgG2. Size-exclusion

chromatography multiangle light scattering (SEC-MALS)

enables the evaluation of solution polydispersity. This is
accomplished by separating different molecular weight species
according to their size and shape using size-exclusion
chromatography followed by light scattering and refractive
index measurements. Post-separation, the scattering signal and
the difference in refractive index (dRI) are evaluated for each
eluting species. The resulting scattering signal and dRI are
combined to obtain the absolute molecular weight of each
species. ASA-IgG2 was evaluated for the presence of higher
molecular weight (MW) species and overall monodispersity by
SEC-MALS (Figure 2A). Three protein concentrations and two
salt conditions were analyzed in order to detect the presence of
possible concentration dependent aggregates. At the highest
concentration measured, ASA-IgG2 exists as 97.7% monomer
in 0.0 mM NaCl and 97.8% monomer in a buffer containing
150.0 mM NaCl. There were no aggregates larger than ∼400
kDa detected. At 5.0 mg/mL ASA-IgG2, larger molecular
weight species (MW values >150 kDa) contributed 2.3 and
2.2% of the total protein in solution for the 0.0 and 150.0 mM
NaCl samples, respectively. SEC-MALS results for only the 0 M
NaCl are shown.
The average solution conformation of ASA-IgG2 was

evaluated using SANS. In order to rule out concentration
dependent interference due to interacting mAb molecules,
ASA-IgG2 was evaluated in the same protein concentration and
buffer conditions as used in the SEC-MALS experiments (see
Figure 2B). SANS scattering profiles for each of the six
conditions were fit using the Guinier approximation.27 The
Guinier plot derived radius of gyration for each protein
concentration and NaCl condition are plotted in Figure 2B.
While there is evidence of interparticle interference at 5.0 mg/
mL ASA-IgG2, noted by decreasing Rg with increasing protein
concentration, the value of Rg at 2.0 mg/mL was the same for
both the high- and low-salt concentrations. This indicates that
at 2.0 mg/mL ASA-IgG2 represents an infinitely dilute
noninteracting system. Thus, 2.0 mg/mL ASA-IgG2 with 0 M
NaCl SANS data shown in Figure 2C was used in subsequent

Table 1. Comparison of the Difference in Mean Square
Atomic Displacement before and after 10 000 Steps of
Energy Minimization for 1160 Structures with χ2 < 2a

region average σ min max

all atoms 2.47 × 10−3 3.29 × 10−4 1.98 × 10−3 4.9 × 10−3

flexible
atoms

0.129 3.31 × 10−2 5.75 × 10−2 0.237

aUnits for all values are Å2. Statistical uncertainty is noted by the
standard deviation σ.
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analysis. The Guinier plot is shown in Figure 2D. The radius of
gyration of ASA-IgG2 is 47.5 ± 0.6 Å. The pair distribution,
P(r), plot of ASA-IgG2 is shown in Figure 2E. The maximum
dimension of the average ASA-IgG2 molecule is ∼155 Å. The
resulting real-space Rg value was ∼48 Å and is in agreement
with that calculated using the Guinier approximation. Note that
there are two major peaks within the P(r) plot. The peak at
∼43 Å is consistent with distribution of scattering centers from

within the Fab regions, while the second peak at ∼80 Å most
likely represents the distribution of scattering centers from the
entire antibody. A Kratky plot, shown in Figure 2F, indicates
that ASA-IgG2 has the characteristics of a globular protein
despite its inherent flexibility. This has been previously noted
for antibodies.13

Molecular Simulation of ASA-IgG2.MC simulation using
reduced degrees of freedom samples a rugged energy surface.

Figure 3. Molecular Monte Carlo modeling of ASA-IgG2 and comparison to SANS Data. (A) Rg values for each of 56 511 configurations of ASA-
IgG2 generated by molecular Monte Carlo simulation are plotted versus their structure number. The SANS profile for each configuration was
calculated using the programs xtal2sas. The scattering profiles were then compared to experimental data, and the χ2 value for each configuration was
determined. Plot of χ2 versus Rg and SANS profiles (single best, single worst, and average structure for the entire ensemble (B and C) and for the
subensemble of structures with χ2 values <2.0 (D and E)). In part B, representative structures discussed in the text and in Figure 5 are itemized with
enumerated red triangles. Error bars represent ±1 standard deviation.
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Therefore, energy minimization and relaxation using MD
simulation is necessary to relax degrees of freedom (bond,
angle, and improper) that were held fixed in the MC simulation
to adequately represent the physics of the ensemble.
Regardless, as shown in Table 1, the structure of each
configuration overall and within the flexible upper-hinge region
does not change dramatically upon the initial energy
minimization. MC simulation using a maximum stepwise
angular variation of δθ ∼ 10° used in the dihedral sampling
yielded a large acceptance percentage covering a large range of
Rg values, as shown in Figure 3A. Theoretical SANS profiles for

each structure were calculated, and the individual χ2 determined
from eq 3 as a function of Rg is shown in Figure 3B. Even
though the upper hinge of ASA-IgG2 has only three amino
acids that can be used to vary the relative configuration of Fab
to Fc domains, the Rg values spanned from ∼39 to ∼55 Å. A
comparison of the SANS profiles of the best and worst single
structures as well as the average SANS profile for the entire
ensemble is shown in Figure 3C. A subset of structures with χ2

values <2 (Figure 3D) compares favorably with the
experimental data, as shown in Figure 3E.

Figure 4. Iso-density plots of ASA-IgG2 from molecular Monte Carlo simulation. (A) Starting structure. (B) Mesh representation and (C) solid
surface representation of all structures. (D) Mesh representation and (E) solid surface representation for structures with χ2 values <2.0. Structures
were aligned on their Fc region (brown) in order to demonstrate the configuration space covered by the flexible Fab arms (Fab light chain, red; Fab
heavy chain, gray).
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The relative arrangement of Fab and Fc domains in mAbs
has been correlated to the functional behavior in solution.
However, the configuration space available to the domains has
not been studied extensively. To determine the extent of
configuration space sampled, the ensemble was analyzed using
iso-density plots. These plots are generated by averaging the
occupancy of ASA-IgG2 backbone alpha-carbon atoms on a
three-dimensional grid. The intensity of each voxel is
determined by the sum of backbone alpha-carbon atoms
found in that voxel normalized by the maximum occupancy
over the entire ensemble in order to normalize the data to a
common reference. As shown in Figure 4, the range of
configuration space sampled by the Fab domains is large for the
entire ensemble (Figure 4B and C) and reduced for structures
with χ2 < 2 (Figure 4D and E).
While ensemble and subensemble fits of the data are

informative, it is also instructive to evaluate the quality of fit for
individual structures. Eight structures are singled out for

comparison, as enumerated in Figure 3B. These structures
highlight the range of Rg values (structures 1 and 2), the initial
homology model (4), and several structures with Rg values
close to the experimentally determined value (3, 5−8).
Structure 3 represents a configuration with an Rg near the
experimental value yet with a rather poor χ2 value. A
comparison of the eight structures is shown in Figure 5.
Generally, compact structures (1) and extended structures (2
and 4) have large χ2 values, while intermediate structures are
more favorable (5−8). Structure 3, while having an Rg close to
the experimental value, is bent with one of the Fab domains
parallel to the Fc domain to a larger extent than that of the
individual more favorable structures (5−8). Thus, there are
single structures and ensembles of structures that have SANS
profiles that reproduce the experimental data. The number of
relevant constraints inherent in a SAS profile is largely
unknown, but it is generally accepted that the mathematical
problem is underdetermined. Such highly underdetermined
problems can have an infinite number of solutions.43 Thus, one
should be careful in considering a single structure, or a single
linear combination of structures, as the definitive solution to
the problem. Qualitatively, our conservative analysis mimics
heuristic algorithms used to study intrinsically disordered
proteins. There are many experimental measurements that
could potentially be used to provide constraints to refine the
ensemble including analytical ultracentrifugation, NMR (nu-
clear Overhauser effect and residual dipolar coupling
constraints), electron microscopy, Förster energy resonance
transfer, and chemical cross-linking among others.
Lacking such experimental constraints, our approach is to

apply a free-energy analysis to evaluate the relative configura-
tional energies of the subensemble of ASA-IgG2. This approach
implements the widely used MM-PBSA method44 that, for
example, has used to study RNA/DNA stability,45 the effect of
amino-acid mutations in proteins,46 protein−protein binding,47

and ligand binding affinities.48 Briefly, the approach used
defines the standard Gibbs free energy of a particular molecular
configuration as

° = +◦ ◦G G Ginternal solvation (4)

Figure 5. Comparison of structures as a function of χ2 and Rg.
Numbering is based on the itemized and enumerated structures in
Figure 3B.

Figure 6. Thermodynamic cycle for relative configurational free-
energy calculations. White boxes represent configurations in a vacuum,
and blue shaded boxes represent configurations in water. Numbers
depicted between states are described in the text.
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The values of G° will be used to determine ΔG° between the
various thermodynamic states defined in Figure 6. We estimate
ΔGinternal° to be the difference in intermolecular energy

Δ ≈ Δ = Δ◦ ◦G H Uinternal internal internal (5)

where

Δ = Δ + Δ + Δ + Δ + Δ + ΔU U U U U U Uinternal b a d i e v
(6)

with the subscripts defined as b = bond, a = angle, d = dihedral,
i = improper, e = electrostatic, and v = van der Waals
corresponding to the molecular mechanical energies taken from
the final minimization step after MC and MD. We are
concerned with the relative configurational free energy ΔΔG
that can be calculated from the thermodynamic cycle that can
be determined by

ΔΔ = Δ − Δ = Δ − ΔG G G G G1 3 4 2 (7)

The various ΔG components are calculated for

Δ = Δ◦G Uinternal internal (8)

and

≈ Δ◦G Gsolvation polarsolvation (9)

where ΔGsolvation was calculated using APBS.38 Non-polar free-
energy and entropic contributions contribute far less than the
terms that we consider;44,47 therefore, they are not included in
our analysis.
As shown in Figure 7a, the relative free energy, ΔG°, of the

subensemble (structures with χ2 < 2) shows that fewer
configurations may be energetically favorable. The standard
deviation of G values for the 1160 structures was ≈80 kcal/mol,
close to the theoretical value of G°(N)1/2 ≈ 78 kcal/mol.
Evaluation of structures near the energetic minimum could

allow a substantial reduction of the number of plausible, and
hence representative, structures. Typically, to numerically
converge energetic values, one can sample configurations
from an extended MD simulation. There are 1160 structures
with χ2 < 2 out of the entire 56 511 structures. Separate multi-
nanosecond simulations of either of these ensembles and
subsequent free-energy analysis is a monumental task. Attempts
to discriminate energetic differences based on relative arrange-
ments of Fab and Fc domains were inconclusive (not shown).
Alternatively, it is instructive to investigate the energetic

fluctuations and converged averages for the highest and lowest
energy structures in the subensemble described in Figure 7a.
These individual structures are shown in Figure 7d and e. The
two structures were separately equilibrated and simulated with
explicit solvent for 100 ns as described above. Individual
structures were extracted from each system every 100 ps to
calculate the energies shown in Figure 7. The mean values and
statistical fluctuations were −16400 ± 326 and −16800 ± 406
kcal/mol, respectively, where fluctuations are defined as 1
standard deviation. This limited analysis indicates that the
lower energy structure is more favorable. Our analysis is not
exhaustive, and there are limits of the accuracy of computa-
tionally derived values of free energies. Further development of
computational calculation of free energies and validation to
experimental data is needed.
The energetic analysis, while computationally demanding

and inherently limited, includes thermodynamic constraints
that have the potential to improve upon the results of
conservative linear combinations of scattering profiles, as
shown in Figures 4 and 5. This applies to any heurisitic
method used to make linear combinations of scattering profiles
to refine the fit to the scattering data. Furthermore, this analysis
could be useful to evaluate specific atomistic contacts between
Fab and Fc regions which could be used to determine potential

Figure 7. Relative configurational free-energy analysis of structures with χ2 < 2. (A) Molecular mechanical energy (MM), non-polar solvation energy
(ΔGS), and total free energy (G°) for 1060 structures (see Figures 3D and 4E). (B) Iso-density plot of ASA-IgG2 (reproduced from Figure 4E). (C)
Iso-density plot of structures of lowest free energy within 1 standard deviation of the lowest single free-energy value in the ensemble. Parts D and E
show structures with the single highest and lowest free energy, respectively.
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disulfide shuffling, oxidation mechanisms, and other deleterious
events. The incorporation of energetic constraints will
undoubtedly benefit the analysis of small-angle scattering data
of proteins, nucleic acids, their complexes, and other soft-
matter systems.

■ SUMMARY

The upper-hinge region of mAbs has long been recognized to
provide a large degree of flexibility to Fab domains. Human
IgG2 mAbs contain a contiguous region of ∼3 amino acids that
potentially have the ability to enable this flexibility. The amino-
terminal amino acid of the hinge region has steric limitations,
and the carboxy-terminal is anchored by a disulfide bond. We
have found via MC−MD simulations that a large number of
configurations are energetically feasible covering a Rg range of
at least 16 Å. The average of the scattering profiles suggest, as
one possible solution, that the entire ensemble contributes
equally and thus by itself represents the solution configurations
of ASA-IgG2. A subensemble with lower average deviation from
the scattering data is a second equally valid solution, and thus, a
linear combination of these structures by itself, separately, can
represent the solution configurations. To understand the
ensemble on an energetic basis, a free-energy analysis of the
subensemble was carried out. This analysis indicates that a
reduced subset of structures have lower average free energies
and thus using this constraint more physically reasonable
structures were determined. This type of analysis could be
useful where specific interactions that are known to effect
function and or chemical stability are of interest. The software
to create, manage, and evaluate such ensembles of flexible
biomacromolecules starting from a single starting structure to
the analysis via open-source solvation energy calculators38 is
available for general use.21
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