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Antibodies exhibit multiple paratope states
influencing VH–VL domain orientations
Monica L. Fernández-Quintero1, Nancy D. Pomarici1, Barbara A. Math1, Katharina B. Kroell1, Franz Waibl1,

Alexander Bujotzek 2, Guy Georges2 & Klaus R. Liedl1✉

In the last decades, antibodies have emerged as one of the most important and successful

classes of biopharmaceuticals. The highest variability and diversity of an antibody is con-

centrated on six hypervariable loops, also known as complementarity determining regions

(CDRs) shaping the antigen-binding site, the paratope. Whereas it was assumed that certain

sequences can only adopt a limited set of backbone conformations, in this study we present a

kinetic classification of several paratope states in solution. Using molecular dynamics

simulations in combination with experimental structural information we capture the involved

conformational transitions between different canonical clusters and additional dominant

solution structures occurring in the micro-to-millisecond timescale. Furthermore, we observe

a strong correlation of CDR loop movements. Another important aspect when characterizing

different paratope states is the relative VH/VL orientation and the influence of the distinct

CDR loop states on the VH/VL interface. Conformational rearrangements of the CDR loops do

not only have an effect on the relative VH/VL orientations, but also influence in some cases

the elbow-angle dynamics and shift the respective distributions. Thus, our results show that

antibodies exist as several interconverting paratope states, each contributing to the anti-

body’s properties.
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Antibodies have become one of the fastest-growing class of
biopharmaceuticals and are key players as therapeutic
agents because of their ability to bind a variety of tar-

gets1–4. Therefore, the importance to characterize and engineer
the structure of antibodies to improve specificity, stability, and
suitability as biotherapeutics increased substantially. The anti-
body binding site consists of six hypervariable loops, each three
on the variable domains of the heavy (VH) and the light chain
(VL), that shape the antigen-binding site, the paratope5–7. Five of
the six CDR loops, except for the CDR-H3 loop, have been
classified into canonical clusters, assuming that depending on the
length and sequence, antibody CDR loops can only adopt a
limited number of backbone conformations8–11. The highest
diversity in length, sequence, and structure can be observed for
the CDR-H3 loop9,12. Due to its ability to adopt various distinct
conformations during the V(D)J recombination and somatic
hyper-mutation, the CDR-H3 loop structure prediction still
remains challenging13–19. Together with the CDR-H3 loop, the
CDR-L3 loop is located in the center of the paratope and con-
tributes to antigen recognition. The diversity of the CDR-L3 loop
is comparable to the CDR-H3 loop, however without the con-
tribution of a D gene, the variability is lower20,21. With the
exponential rise of antibody structures the number of antibody
databases and sequence-based classification servers increased
substantially1,22. Numerous studies tried to classify antibody CDR
loops based on their sequence and structure and to correlate them
with their locus to improve fast antibody structure prediction and
design22–26. Recent studies using molecular dynamics simulations
extended the model of static canonical clusters to a character-
ization of the CDR-L3 and CDR-H3 loops as ensembles in
solution by showing that for a given CDR-L3/CDR-H3 loop
sequence several conformations should be considered. Besides
capturing several conformational transitions between different
canonical clusters, other probable CDR-L3 loop structures in
solution were identified that are not apparent from X-ray analysis
most likely due to crystal packing effects27,28. Another crucial
aspect in antibody structure design is the relative orientation of
the two variable domains VH/VL, which influences the shape of
the paratope and plays an important role in understanding
antigen-specificity29,30. The variability in the relative orientation
of the VH and VL domains is an additional structural feature of
antibodies, which increases the effective size of the antibody
repertoire. This is in line with the concept of conformational
diversity that the same antibody can adopt various conforma-
tions, which influences the binding properties31–33. To char-
acterize and understand favorable orientations of the VH and VL

domains, where essential solution structure recognizing different
antigens, the considerable binding site flexibility in the low
nanosecond timescale should be considered30. It has been shown
that conformational rearrangements of the binding site might not
only have an effect on the relative VH and VL orientations but
also on the elbow-angle34,35.

In this study, we analyze the conformational diversity of all
CDR loops to identify transition probabilities between distinct
paratope rearrangements and kinetically characterize the CDR
loop ensembles in solution. Additionally, we investigate corre-
lated movements between different CDR loops and show the
influence of distinct paratope states on the relative VH and VL

orientations and on the elbow-angle dynamics. The set of anti-
bodies investigated in this study are chosen based on strong
experimental information (the availability of highly resolved
crystal structures, affinity, specificity). Additionally, we preferred
an assignment to different canonical clusters, to investigate the
effect of affinity maturation, multispecificity, different light chain
types on the CDR loop ensemble, the relative interdomain
orientations, and the elbow-angle dynamics.

Results
Anti-polyhydroxybutyrate antibody. The first antibody studied
is the human anti-polyhydroxybutyrate antibody variable frag-
ment (PDB accession code: 2D7T), which binds with high affinity
to the biodegradable polymer film. As described in the “methods”
section we clustered the obtained 200 ns bias-exchange metady-
namics simulation and used the resulting 254 cluster repre-
sentatives as starting structures for each 100 ns molecular
dynamics simulations. This approach does not only allow us to
generate a broad ensemble of CDR loop conformations but also
to characterize the paratope states in solution kinetically. Fig-
ure 1a shows the resulting tICA free energy surface of the 25.4 µs
of trajectories of all CDR loops combined to identify kinetically
relevant paratope states. The state probabilities, transition kinet-
ics, and the respective macrostate ensembles are shown in Fig. 1b.
We obtained four macrostates with CDR binding loop transition
timescales up to the millisecond timescale. Additionally, these
four macrostate ensembles were then used to calculate the
respective interface angle distributions to investigate if CDR loop
rearrangements change the relative VH and VL orientation
(Fig. 1c). We clearly see that different paratope loop states shift
the relative interdomain orientation distributions. The combined
free energy surface of all CDR loops reveals a strong macrostate
separation in the tIC1, which describes conformational changes of
the CDR-H3, the CDR-H1, the CDR-H2, and CDR-L2 loops.
Additionally, all four macrostates are further separated by the
tIC2 which describes conformational transitions in the CDR-H3,
CDR-H1, and CDR-L2 loops.

The free energy landscapes of the individual CDR loops are
shown in Fig. 2a, including the projections of the paratope
macrostate representatives of Fig. 1b to investigate correlated loop
movements and to identify the involved loop rearrangements
occurring within the four paratope states.

Besides classifying the states kinetically, the individual CDR loops
are clustered geometrically and the resulting cluster populations are
plotted against each other to visualize and describe the simulta-
neous occurrence of distinct loop conformations (Fig. 2b). Figure 2b
illustrates a matrix including all individual CDR loops and displays
which loop conformations occur at the same time and therefore
might be correlated. Strong correlations and multiple simultaneous
occurring CDR loop conformations can be observed between the
CDR-L1, CDR-L2, CDR-L3, CDR-H1, and CDR-H3 loops. A
weaker correlation can be observed for the CDR-H2 loop. It only
adopts two main conformations, which is limiting for the
correlations with other CDR loops.

Specific murine antigen-binding fragment binding to IL-18.
The second antibody studied, is the specific murine antigen-
binding fragment (Fab) in complex with a the unique cytokine
human IL-18, a proinflammatory cytokine that participates in the
regulation of innate and acquired immunity (PDB accession code:
2VXT)36. Clustering of the bias-exchange simulation resulted in
174 cluster representatives, which were used as starting structures
for each 100 ns of molecular dynamics simulations. Figure 3a
illustrates the tICA free energy landscape of all CDR loops of the
obtained 17.4 µs of trajectories. The Markov-state model in
Fig. 3b reveals three macrostates, corresponding to three paratope
states, including the state probabilities, transition timescales, and
the respective macrostate ensembles. By using the macrostate
representatives to analyze the influence of CDR loop states on the
relative interdomain orientation we observe nearly no shifts in the
distributions for the interface angle for different paratope states
(Fig. 3c). Slightly bigger shifts upon conformational changes in
the paratope can be observed for the elbow-angle. For the
obtained three macrostates the elbow-angle distributions are not
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only shifted but reveal differences in distributions (Supplemen-
tary Fig. S1). To identify correlated loop movements, the free
energy surfaces of the individual CDR loop states with the pro-
jected macrostate representatives of the overall paratope states are
displayed in Fig. 4a.

Additionally, to the kinetic classification of the states, the
individual CDR loops are clustered and the resulting cluster
populations are plotted against each other to visualize and
describe the simultaneous occurrence of distinct loop configura-
tions (Fig. 4b). In this case, the CDR-H1 loop reveals strong
correlated loop configurations with all other CDR loops.

T-cell receptor-like Fab-Hyb3 in complex with the MAGE-A1-
derived peptide. Another antibody fragment studied is the
matured Fab-Hyb3 with T-cell receptor-like binding specificity, in
complex with the melanoma antigen-encoding gene (MAGE)-A1-
derived peptide (PDB accession code: 1W72)37. The free energy
landscape and kinetic characterization of all CDR loops of the
obtained 22.6 µs of trajectories are illustrated in Fig. 5a, b. The
four macrostate ensembles were then used to investigate the role
of the CDR loop binding interface on the relative VH and VL

orientations. We observe small shifts in the VH and VL inter-
domain distributions upon conformational rearrangements in the
paratope (Fig. 5c). In line with the small shift in the interface
angle distributions also the elbow-angle distributions reveal a
small shift upon conformational changes in the CDR loops
(Supplementary Fig. S2). In line with the previous examples also
in this case we observe strong correlations between the CDR
loops and illustrate the simultaneous occurrence of specific CDR
loop configurations in Fig. 6.

Characterizing multispecificty of an SPE7 antibody. The fourth
antibody fragment investigated is part of a study characterizing

multispecificity by conformational diversity, where the same
SPE7 antibody can adopt various conformations and recognize
different antigens (PDB accession code: 1OAQ)38. The free
energy landscape of all CDR binding loops of 11.4 µs of trajec-
tories reveals three accessible macrostates, in which all available
crystal structures binding to different antigens are present
(Fig. 7a). The available crystal structures reveal the greatest dif-
ferences in the heavy chain, in particular the CDR-H3 loop (Cα-
RMSD of 5.38 Å between the 1OCW and 1OAX, Cα-RMSD of
4.81 Å between the 1OCW and 1OAQ). The structure with the
PDB accession code 1OCW, crystallized without antigen, shows
the greatest structural difference, due to strong crystal packing
effects in the CDR-H3, CDR-L3, and CDR-H1 loop28. While all
other available structures lie in the same dominant minimum in
solution, the 1OCW lies in a separate local side minimum. The
three macrostate ensembles are again used to investigate if dif-
ferent CDR loop conformations reveal different relative VH and
VL interdomain distributions (Fig. 7b). In line with the previous
results, we observe shifted relative VH and VL interdomain dis-
tributions upon conformational changes in the binding interface.
A substantial shift in the VH and VL interdomain distribution can
be observed between the macrostates, in which the 1OCW and all
the other available crystal structures are present (Fig. 7c). Also,
for this antibody we observe a strong correlation and dependency
of loop conformations for all CDR loops (Supplementary Fig. S5).

Affinity maturation of an anti-lysozyme binding Fab. Another
key aspect when characterizing different states of the complete
binding interface is the affinity maturation process and its effect
on the CDR loops. The binding site of polyreactive antibodies,
which can bind with low affinity to various distinct antigens, has
been shown to be substantially more flexible compared to
matured antibodies39,40. To investigate the effect of affinity

Fig. 1 Paratope states of the anti-polyhydroxybutyrate antibody Fv including the results of the Markov-state model and shows the relative VH–VL

interface distributions for the respective macrostates. a Combined free energy landscape of all CDR loops with the respective four macrostate
representatives. b Markov-state model, transition kinetics, and state probabilities of different paratope states for the anti-polyhydroxybutyrate antibody.
c Relative VH–VL interface dynamics of the macrostate ensembles, color-coded according to the Markov-state model in (b). The horizontal line depicts the
interface orientation of the crystal structure.
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Fig. 2 Free energy surfaces and loop correlations for all individual CDR loops, showing which loops contribute to conformational rearrangements in
the different paratope states. a Free energy surfaces of all individual CDR loops of the anti-polyhydroxybutyrate antibody including the projections of
macrostates of Fig. 1b). b Visualization of simultaneous occurrence of CDR loop conformations for all CDR loops.
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maturation on the accessible binding site states, the relative
interdomain orientation and the elbow-angle, we chose the affi-
nity maturation pair D44.1 (naïve) and the F10.6.6 (matured)
anti-lysozyme binding Fab41,42. Both Fabs originate from the
same germline rearrangement and are therefore related in
sequence and structure. The D44.1 Fab differs from the matured
F10.6.6 in twenty mutations, seven of them located in the CDR
loops and four being directly in the VH–VL interface. As starting
structures for 200 ns bias-exchange simulations we used the Fabs
with the PDB accession codes: 1MLC (naïve) and 1P2C
(matured). By clustering the 200 ns bias-exchange simulations we
already observe a substantial rigidification upon affinity matura-
tion reflected in the number of resulting CDR binding site clus-
ters. By using the same distance cut-off criterion of 1.2 Å as
described in the “Methods” section the naïve antibody resulted in
301 cluster representatives while the matured antibody revealed
only 141 clusters. The resulting 30.1 and 14.1 µs of trajectories
were then used to construct a Markov-state model of the com-
plete binding interface to test if the rigidification does not only
occur in the CDR loops but also in the relative VH and VL

interdomain distributions.
Figure 8a shows the resulting free energy surface of the 30.1 µs

of trajectories of the naïve antibody CDR binding interface. We
obtained six macrostates with transition kinetics between the
resulting six paratope states in the microsecond timescale
(Fig. 8b). The VH and VL interdomain distributions of the six
respective macrostate ensembles are shifted for the different CDR
loop states, confirming a strong correlation of CDR loop
rearrangements with the relative domain orientations (Fig. 8c).
The relative interdomain orientations of the individual paratope
macrostates for the D44.1 antibody fragment were computed by
using the torsion-based interface angle definition and also by
calculating the HL angle with ABangle (Supplementary Fig. 22).

The relative interdomain distributions for the individual macro-
states show the same trend and depict the same shifts upon
conformational changes in the CDR loops independent of the
applied method. The elbow-angle distributions for each macro-
state ensemble are visualized in Supplementary Fig. S3 and reveal
in this case an extremely low dependency on the distinct CDR
loop states and the relative interdomain orientations. Very similar
variations up to 55° for the elbow-angle distributions, as in the
examples before, can be observed for the D44.1 antibody
(Supplementary Fig. S3). The individual free energy surfaces of
the CDR loops with the projected six macrostate representatives
are shown in Supplementary Fig. S6a, while Supplementary
Fig. S6b shows and visualizes the simultaneous occurrence of
distinct loop configurations. Loop correlations can be observed
between all CDR loops.

The free energy surface of CDR binding loops of the matured
F10.6.6 antibody (14.1 µs of trajectories) is illustrated in Fig. 9a.
The Markov-state model in Fig. 9b reveals three macrostates with
conformational transitions between different CDR binding site
states in the micro-to millisecond timescales. Again, by analyzing
the respective ensemble of each macrostate to identify the role of
conformational changes in the paratope on the interface angle, we
observe nearly no difference in the relative interdomain
orientations between the different paratope states (Fig. 9c). Also,
in the elbow-angle distributions nearly no shifts can be observed
for different CDR loop states (Supplementary Fig. S4). However,
upon affinity maturation the elbow angle substantially rigidifies
compared to the naïve antibody D44.1 antibody and only reveals
variations up to 40°. Supplementary Fig. S7a, S7b shows again the
free energy landscapes of the individual CDR loops and visualize
the simultaneous occurrence of loop conformations. We observe
a strong correlation and dependency of loop conformations for
the frames (in particular for macrostate 2) in Supplementary

Fig. 3 Paratope states of the specific IL-18 antibody including the results of the Markov-state model and shows the relative VH–VL interface
distributions for the respective macrostates. a Combined free energy landscape of all CDR loops with the respective three macrostate representatives.
b Markov-state model, transition kinetics, and state probabilities of different paratope states for the specific IL-18 antibody. c Relative VH–VL interface
dynamics of the macrostate ensembles, color-coded according to the Markov-state model in (b). The horizontal line depicts the interface orientation of the
crystal structure.
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Fig. 4 Free energy surfaces and loop correlations for all individual CDR loops, showing which loops contribute to conformational rearrangements in
the different paratope states. a Free energy surfaces of all individual CDR loops of the IL-18 antibody including the projections of macrostates of Fig. 3b).
b Visualization of simultaneous occurrence of CDR loop conformations for all CDR loops. We observe strong correlations between the different CDR loop
conformations.
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Fig. S7a for the CDR-L1, CDR-L2, CDR-H1, CDR-H2, and CDR-
H3 loop conformations.

To visualize the conformational diversity of each CDR loop
individually we included 2D-rmsd plots, residual b-factors and
ensemble pictures for each macrostate in the supporting
information (Supplementary Figs. S10–S20).

Discussion
Antibody CDR loops are flexible and can adopt various distinct
conformations31–33,38. Studies revealed that the high conforma-
tional diversity of the CDR loops can be captured by kinetically
characterizing the loops as ensembles in solution. For all CDR
loops conformational transitions between canonical clusters and
additional dominant solution structures have been
observed18,27,28. Additionally, these conformational transitions
between different CDR loop states occur in the micro-to-
millisecond timescale18,27,28,43, while the relative VH and VL

interdomain dynamics can be captured in the 0.1–10 ns
timescale44,45.

Our results are in line with previous studies; however, we
observe that the slow components of these relative VH and VL

interdomain dynamics, slower than 10 ns, might be strongly
correlated with the CDR loop rearrangements occurring in the
micro-to millisecond timescale. Our results reveal that certain
CDR loop conformations favor specific interface angle distribu-
tions, fluctuating in the 0.1–10 ns timescale. Similar fast dynamics
as for the relative VH and VL interdomain dynamics can be seen
for the elbow angle, which exhibits the majority of movements in
the low nanosecond timescale. It has already been shown that the
elbow-angle has high flexibility and that antigen-binding or even
single point-mutations can strongly influence the elbow-
angle35,36,46. In all examples, we observe broader variations in
the elbow-angle compared to the relative VH and VL interdomain

dynamics. This is line with the idea that conformational CDR
loop rearrangements, which are involved in the antigen-binding
process, induce shifts or changes in the elbow-angle distributions.
Thus, also in this case the transitions between different CDR loop
binding interface states, which strongly influence the relative VH

and VL interdomain dynamics, might also correlate with the
slower dynamics of the elbow-angle movements. Our results
clearly show that conformational rearrangements in the CDR
loop backbone occur in the micro-to-millisecond timescale, while
the interdomain and elbow-angle dynamics can be captured in
the low nanosecond timescale. Side-chain flexibility (vibrations
and side-chain rotation) occurs on a substantially faster timescale
(in the low nanosecond timescale), compared to conformational
changes in the backbone (in the microsecond timescale)47–50.
Thus, for all our macrostates possible side-chain conformations
and their dynamics should be represented comprehensively in our
simulations.

Especially interesting is the effect of affinity maturation on the
resulting CDR binding loop states and the resulting changes in
the distributions of the relative VH and VL interdomain dynamics
and the elbow angle. The results of the naïve and matured anti-
body in Figs. 8b and 9b, respectively, indicate that not only the
paratope rigidifies upon affinity maturation, but also the relative
VH and VL interdomain dynamics and the elbow-angle exhibit
less flexibility (Figs. 8c, 9c, Supplementary Figs. S3, S4). The direct
comparison of the conformational spaces between the naïve and
the matured Fab in the same coordinate system is shown in
Supplementary Fig. S8 and a substantial decrease in conforma-
tional space is evident. The D44.1 antibody fragment was crys-
tallized with and without antigen (PDB accession codes: 1MLC,
1MLB, respectively). We observe that the X-ray structure of the
D44.1 antibody crystallized without antigen lies in a local side
minimum due to crystal packing effects, while the bound

Fig. 5 Paratope states of the matured Fab-Hyb3 including the results of the Markov-state model and shows the relative VH–VL interface distributions
for the respective macrostates. a Combined free energy landscape of all CDR loops with the respective four macrostate representatives. b Markov-state
model, transition kinetics, and state probabilities of different paratope states for the matured Fab-Hyb3. c Relative VH–VL interface dynamics of the
macrostate ensembles, color-coded according to the Markov-state model in (b). The horizontal line depicts the interface orientation of the crystal
structure.
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Fig. 6 Free energy surfaces and loop correlations for all individual CDR loops, showing which loops contribute to conformational rearrangements in
the different paratope states. a Free energy surfaces of all individual CDR loops of the Fab-Hyb3 including the projections of macrostates of Fig. 5b).
b Visualization of simultaneous occurrence of CDR loop conformations for all CDR loops. We observe strong correlations between the different CDR loop
conformations.
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Fig. 7 Paratope states of the SPE7 antibody including the results of the Markov-state model and shows the relative VH − VL interface distributions for
the respective macrostates. a Combined free energy landscape of all CDR loops with the respective three macrostate representatives. b Markov-state
model, transition kinetics, and state probabilities of different paratope states for the SPE7 antibody. c Relative VH–VL interface dynamics of the macrostate
ensembles, color-coded according to the Markov-state model in (b). The horizontal line depicts the interface orientation of the crystal structure.

Fig. 8 Paratope states of the naive D44.1 antibody including the results of the Markov-state model and shows the relative VH–VL interface
distributions for the respective macrostates. a Combined free energy landscape of all CDR loops with the respective six macrostate representatives.
b Markov-state model, transition kinetics, and state probabilities of different paratope states for the naïve D44.1 antibody. c Relative VH–VL interface
dynamics of the macrostate ensembles, color-coded according to the Markov-state model in (b). The horizontal line depicts the interface orientation of the
crystal structure.
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structure belongs to the dominant minimum in solution28. Also
the relative interdomain orientation VH–VL differs 2° between the
two available X-ray structures and both interface orientations are
present within the obtained ensemble in solution. For the naïve
D44.1 antibody, conformational rearrangements of the paratope
result in substantial shifts of the relative interface orientation. The
sampled canonical clusters for the individual CDR loops, for both
the naïve and the matured antibody fragment, are depicted in
Supplementary Tables S4 and S5. The results clearly reveal that
various canonical cluster representatives lie within the same
minimum in solution and that we clearly see transitions between
different canonical structures. A substantial rigidification upon
maturation of the binding interface loops can be observed, which
is in line with the smaller variability of the VH and VL inter-
domain dynamics and the reduced elbow-angle flexibility. Smaller
conformational changes in binding site loops also induce less
effect on the interface angle and the elbow-angle distributions. In
line with these observations, also the matured Fab-Hyb3 exhibits
only small shifts in the relative VH and VL interdomain angles
and elbow-angle distributions for the different paratope macro-
states in solution. Supplementary Table S3 illustrates the sampled
canonical clusters and to shows which macrostate in solution they
belong to. Again, various canonical clusters belong to the same
kinetic minimum in solution. Especially interesting is that the
Fab-Hyb3 consists of a lambda light chain and is the repre-
sentative canonical cluster median of the L1-11-3 cluster, con-
taining only lambda chain structures. The other CDR-L1 loop
canonical clusters are not present within the obtained ensemble in
solution, indicating that the kappa CDR-L1 loop conformations
might not be energetically favorable when starting from a lambda
light chain CDR-L1 conformation. Besides sampling various
canonical clusters for all CDR loops, we also observe a strong

correlation between different CDR loop conformational rear-
rangements (Fig. 6).

In agreement with previous findings for highly specific anti-
body fragments, the IL-18 specific Fab shows only small shifts in
the relative interdomain angle distributions upon conformational
changes in the CDR loop states between the three different
macrostates (Fig. 3, Fig. 4). Additionally, Fig. 4 displays the
correlation between different CDR loops, in particular, the CDR-
H1 loop appears to strongly influence the CDR-H3, CDR-H2,
CDR-L3, and CDR-L2 loop and thereby consequently reduces the
combinatorics of possible binding site conformations. Further-
more, we identified for each individual loop that various cano-
nical clusters are sampled within our CDR loop ensemble in
solution and the assignments to the respective macrostates are
shown in Supplementary Table S2. The substantial shifts in the
elbow-angle distributions can be interpreted as allosteric effect
induced by conformational changes in the CDR loops, which is in
line with previously shown results, discussing substantial changes
in the elbow-angle upon antigen binding34,35. Another example,
where the different CDR loop conformational states strongly
influence the resulting relative VH and VL interdomain dynamics
is the human anti-polyhydroxybutyrate antibody variable frag-
ment. The obtained four paratope states show substantial differ-
ences in the interface angle distributions upon differences in the
CDR loop conformations, following the idea of certain CDR loop
states favoring certain VH and VL interdomain orientations
(Fig. 1). Furthermore, the free energy landscape in Fig. 1a shows a
strong state separation in the first tIC component, dominated by
correlated structural rearrangements in the CDR-H3, CDR-H1,
CDR-L1, and CDR-L2 loops. Supplementary Table S1 sum-
marizes the individual CDR loops which canonical clusters are
sampled and even belong to the same macrostate in solution.

Fig. 9 Paratope states of the matured F10.6.6 antibody including the results of the Markov-state model and shows the relative VH–VL interface
distributions for the respective macrostates. a Combined free energy landscape of all CDR loops with the respective three macrostate representatives.
b Markov-state model, transition kinetics, and state probabilities of different paratope states for the matured F10.6.6 antibody. c Relative VH–VL interface
dynamics of the macrostate ensembles, color-coded according to the Markov-state model in (b). The horizontal line depicts the interface orientation of the
crystal structure.
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Within macrostate 4, which is the highest populated paratope
state, a high number of the available canonical cluster repre-
sentatives for all CDR loops are present, this especially is true for
the CDR-L3 loop. Various canonical clusters are present within
the obtained ensembles in solution and again belong to the same
kinetic minimum and thus should be combined.

Multispecificity of antibodies has been discussed to be medi-
ated by conformational diversity. Conformational diversity fol-
lows the concept that one single sequence can adopt multiple
structures and functions. Thus the functional diversity of the
limited repertoire of antibody sequences is increased and the
evolution of new proteins and functions is facilitated31–33.

The variable fragment of SPE7 was crystallized with four dif-
ferent antigens and without antigens. In the absence of the
antigen, substantial conformational rearrangements due to crystal
packing effects, especially in the CDR-H3, CDR-H1, and CDR-L3
loops can be observed. While five of the six structures belong to
the same kinetic dominant minimum in solution, the 1OCW,
crystallized without antigen, differing substantially from all other
structures, lies in a side minimum in solution. We obtained three
macrostates and again observe shifts in the interface angle dis-
tributions upon changes in the binding site CDR loop con-
formations. Furthermore, Supplementary Table S6 summarizes
the canonical cluster representatives present within the obtained
macrostate ensembles in solution and again for certain CDR
loops various canonical cluster representatives belong to the same
kinetic minimum and thus should be combined. For the highest
populated canonical cluster of the CDR-L3 loop with a loop
length of nine, five of the six available canonical clusters belong to
the same kinetic minimum. Our results are in strong agreement
with previous studies, showing that the CDR-L3 loop can adopt
various conformations in solution, in which the majority of
canonical clusters are present and even belong to the same kinetic
minimum27. Recent studies discussed the hidden role of the DE
loops in antibodies, which are usually considered as framework
region. This fourth solvent-exposed loop, the so-called DE loop,
adjacent to CDR1 and CDR2 loops, also shows, similar as the
CDR loops, a high variability in sequence and structure and is
involved in some antibody-antigen interactions; however, even if
no direct contact with the antigen is present, it can modulate the
behavior of the CDR loops51. The DE loop located on the heavy
chain is called H4 loop, while the DE loop of the light chain is
known as L4 loop. The crucial role of the H4 binding site loop for
molecular recognition and in the antigen-binding process has
recently been discussed for T-cell receptors52. The free energy
surfaces and conformational diversity of both the L4 and the H4
loops are illustrated in Supplementary Fig. S9. We clearly see that
both the L4 and H4 loops are correlated with the CDR loops,
indicating their prominent role in antigen-binding and their
influence on the binding site loop conformations.

For antibody structure design our results imply, that all CDR
loops can adopt different conformations in solution, which are
not only strongly correlated with each other, but can also shift the
relative VH–VL interdomain distributions. Conformational
changes in the paratope are mainly dominated by CDR-L2, CDR-
H1, and CDR-H3 loop rearrangements, which directly influence
the relative interdomain orientations and in some cases even the
elbow-angle (Fig. 10). Conformational changes in the antibody
binding site can induce changes in the elbow-angle, indicating an
allosteric effect. The CDR-H2 loop conformation has been dis-
cussed to be determined by the heavy chain framework residue
7153. In two studied antibody fragments residue 71 is an arginine
resulting in a stabilization of the CDR-H2 and CDR-H1 loop, as
salt bridges and hydrogen bond interactions are formed. While
the salt bridges and hydrogen bond interactions with the CDR-
H2 loop occur in up to 90% of the frames, interactions with the

CDR-H1 loop occur only in certain macrostates, indicating that
residue H71 plays an important role in stabilizing and favoring
specific CDR-H1 loop conformational states in solution. Besides
interactions with residue H71, both the CDR-H1 and CDR-H2
loops are strongly influenced by rearrangements of the paratope.
The CDR-H3 loop is not influenced by different paratope states
in the example of the specific IL-18 binding antibody. Apart from
the high specificity of this antibody, the CDR-H3 loop is rather
short, containing only four residues. Both aspects together might
explain this low flexibility and the small contributions to con-
formational rearrangements of the paratope. However, it has
already been shown, that a less specific or naïve antibody of the
same short CDR-H3 loop length, can reveal a high flexibility,
possibly influencing the other CDR loop conformations18. In line
with these observations, the multispecific SPE7 antibody contains
a nine residue long CDR-H3 loop, which substantially contributes
together with the CDR-H1 and CDR-L2 loops to rearrangements
of the CDR loop binding interface. The CDR loop length might
influence the resulting flexibility, but as can be seen in the affinity
maturation pair, the CDR loops of the same length rigidify sub-
stantially upon affinity maturation, indicating that the con-
formational diversity of a loop and the influence on the other
binding CDR loops is governed by their sequence composition
and not necessarily by their length. Upon affinity maturation and
for highly specific antibodies we observe smaller conformational
changes in the CDR loops and consequently also smaller shifts in
the relative VH–VL orientation, compared to naïve or multi-
specific antibodies. Additionally, we sample conformational
transitions between different canonical clusters for all CDR loops
and identify additional dominant solution structures, which are
not apparent from X-ray structures most likely due to crystal
packing effects. We also observe that various canonical

Fig. 10 Overview and summary of all investigated antibody fragments
with their respective PDB codes, visualizing which of the CDR loops is
influenced by different paratope states. As we observe a strong
dependency of the CDR loop conformations on the relative VH–VL domain
orientation we also included the influence of different paratope states on
the relative interface distributions. The strength of the influence of different
paratope states on the individual CDR loops, the VH–VL domain orientation
and the elbow-angle correlates with the intensity of the different shades
of gray.
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conformations belong to the same kinetic minimum in solution
and thus might be combined.

In conclusion, antibody paratopes are flexible and exist in
several different conformations. We characterize kinetically
accessible paratope states and observe correlated binding interface
loop rearrangements for several antibody fragments. Besides
kinetic characterization of the paratope into different correlated
CDR loop states, we also present a strong dependence of the CDR
loop conformations on the relative interdomain orientation. In
the studied Fab cases we also see an influence of the different
paratope states, including CDR loop movements and changes in
the relative interdomain orientation, on the obtained elbow-angle
distributions. We show that antibody CDR loop conformations
are strongly correlated, reducing the combinatorics of possible
states of the complete binding interface and shifting the relative
VH and VL orientation and the elbow-angle distributions. These
findings have broad implications in the field of antibody design
and in the development of biotherapeutics as they provide a new
paradigm in the understanding of CDR binding loop states,
antibody-antigen recognition, relative VH and VL interface angles
and elbow-angle distributions and their respective dynamics.

Methods
Structure preparation. Experimental structure information was available for all
considered antibody fragments. We deleted the co-crystallized antigen in all
complex crystal structures. The starting structures for simulations were prepared in
MOE (Molecular Operating Environment, Chemical Computing Group, version
2018.01) using the Protonate3D tool54,55. To neutralize the charges we used the
uniform background charge56–58. Using the tleap tool of the AmberTools1856,57

package, the crystal structures were soaked with cubic water boxes of TIP3P water
molecules with a minimum wall distance of 10 Å to the protein59. The box size in
MD simulations can influence the resulting dynamics if sampling is
insufficient60,61. For all crystal structures parameters of the AMBER force field
14SB were used62. The antibody fragments were carefully equilibrated using a
multistep equilibration protocol63.

Metadynamics simulations. To enhance the sampling of the conformational
space well-tempered bias-exchange metadynamics64–66 simulations were per-
formed in GROMACS67,68 with the PLUMED 2 implementation69. As enhanced
sampling technique, we chose metadynamics as it allows to focus the enhanced
sampling on predefined collective variables (CV). The sampling is accelerated by a
history-dependent bias potential, which is constructed in the space of the
CVs64,66,70. As collective variables, we used a well-established protocol, boosting a
linear combination of sine and cosine of the ψ torsion angles of all CDR loops
calculated with functions MATHEVAL and COMBINE implemented in PLUMED
218,27,43,52,69,71. As discussed previously the ψ torsion angle captures conforma-
tional transitions comprehensively72. The underlying method presented in this
paper has been validated in various studies against a large number of experimental
results. The simulations were performed at 300 K in an NpT ensemble using the
GPU implementation of the pmemd module47 to be as close to the experimental
conditions as possible and to obtain the correct density distributions of both
protein and water. We used a Gaussian height of 10.0 kcal/mol. Gaussian
deposition occurred every 1000 steps and a bias factor of 10 was used. 200 ns of
bias-exchange metadynamics simulations were performed for each available anti-
body fragment crystal structure. The resulting trajectories were clustered in
cpptraj57,73 by using the average linkage hierarchical clustering algorithm with a
distance cut-off criterion of 1.2 Å resulting in a large number of clusters. The
cluster representatives for the antibody fragments were equilibrated and simulated
for 100 ns using the AMBER1874 simulation package.

Molecular dynamics simulations. Molecular dynamics simulations were per-
formed in an NpT ensemble using pmemd.cuda47. Bonds involving hydrogen
atoms were restrained by applying the SHAKE algorithm75, allowing a time step of
2.0 fs. Atmospheric pressure (1 bar) of the system was set by weak coupling to an
external bath using the Berendsen algorithm76. The Langevin thermostat77 was
used to maintain the temperature during simulations at 300 K.

With the obtained trajectories we performed a time-lagged independent
component analysis (tICA) using the python library PyEMMA 2 employing a lag
time of 10 ns78. Thermodynamics and kinetics were calculated with a Markov-state
model79 by using PyEMMA 2, which uses the k-means clustering algorithm80 to
define microstates and the PCCA+ clustering algorithm81 to coarse grain the
microstates to macrostates. Markov-state models are network models which
provide valuable insights for conformational states and transition probabilities
between them, as it is possible to accurately identify the boundaries between two
states79. The states are defined based on kinetic criteria, which allow us to identify

the boundaries between free energy wells. Basically, MSMs coarse-grain the
system’s dynamics, which reflect the free energy surface and ultimately determine
the system’s structure and dynamics. Thus, MSMs provide important insights and
enhance the understanding of states and transition probabilities, which can make a
quantitative connection with experiment79,82.

The sampling efficiency and the reliability of the Markov-state model (e.g.,
defining optimal feature mappings) can be evaluated with the
Chapman–Kolmogorov test46,83, by using the variational approach for Markov
processes84 and by taking into account the fraction of states used, as the network
states must be fully connected to calculate probabilities of transitions and the
relative equilibrium probabilities. To build the Markov-state model we used the
backbone torsions of the respective CDR loop, defined 150 microstates using the k-
means clustering algorithm and applied a lag time of 10 ns.

The median canonical structure information for each CDR loop, provided in
the tables in the supplementary material, was extracted from the PyIgClassify
database22 and compared to the obtained CDR loop ensembles in solution. We then
used the respective macrostate ensembles to investigate correlations between the
different paratope states and the relative VH and VL orientations and the elbow
angles.

Relative VH and VL orientations and elbow-angle calculations. For the relative
VH and VL orientations, described in this study, we defined a torsion angle between
the center of mass (COM) of the CDR loops of the light chain, the COM of the VL

domain, the COM of the VH domain and the COM of the CDR loops of the heavy
chain. Additionally, we also performed calculations using the well-established
program ABangle85,86 to calculate the dependence of the relative VH–VL orienta-
tions on the CDR loop conformations. The results of the ABangle are shown in
Supplementary Table S8. A comparison of the ABangle results with our defined
torsion angle to characterize the antibody interface is illustrated in Supplementary
Fig. 22.

As measure for the elbow-angle we calculated a torsion angle between the COM
of variable domain, a defined vector between the COMs of the switch regions and
the COM of the constant region. We also included the results (Supplementary
Table S7) for the elbow-angle calculations by using the measure presented by
Stanfield et al. in the supporting information87.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
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(and its supplementary information files).
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