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Antibody Structure is Constructed through 3 Genes

Heavy chain and light chain joins 3 and 2 gene segments respectively to form 
combinatorial diversity. Junctions form complimentary determining regions
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Antibody Diversity
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V-Gene codes for a majority of antibody variable region

Heavy chain variable region

Blue - V Gene
Red - N-additon
Pink - D Gene
Cyan - n addition
Orange - J Gene

Red - Framework 1
Green - CDR1
Yellow - Framework II
Pink - CDR2
Cyan - Framework III

Orange - CDR3
Wheat - Framework IV

V gene codes for
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Motivation - HT sequencing reveals progenitor genes

1,965,037)
)
1,868,183)

Total)Reads:)
)

High)Quality)Reads:)

95.1%)of)all)reads)are)high)quality)an@body)sequences)

• Crowe lab uses 454 pyro-sequencing to 
access antibody repertoire of healthy and 
viral infected patients.
• Antibody repertoire is the same for all 
healthy patients

Briney, Willis, Crowe Blood 2011
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Antibody Repertoire - VH3-23 dominates
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Antibody Repertoire - VH3-23 dominates
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PDB Antibody Repertoire - Recapitulates Sequencing 
Repertoire

Search by antibody-antigen 
protein complexes
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Hypothesis

There exists conformational flexibility on commonly used 
germline genes that accommodates a variety of antigenic 

structures. Using multi-state design we can test if germline 
sequences are optimal to bind a set of native complexes.

VH169 Germline Antibody
Affinity = 10-4/10-5 M

Mutations
Affinity

Intermediate Progenator
Affinity = 10-6M

Mature Antibodies
Affinity = 10-9M

HIV

Flu

Ebola

Promiscuous 
antigen binding
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Multi-State Design

pothesis): P > 0.436 for germline antibodies and H0: P
5 0.485; H1: P > 0.485 for mature antibodies. The
resulting P-values were 0.01 and 0.11 for germline and
mature antibodies, respectively. These results thus indi-
cate that the multi-constraint design protocol leads to a
significantly larger native sequence recovery with respect
to the single-constraint design strategy for germline anti-
bodies, but not for mature antibodies. We conclude that
the native CDR H3 loop sequences of germline antibod-
ies are compromises between the sequence preferences of
at least each of the individual bound and free conforma-
tional states analyzed. We observed similar trends when,
instead of considering only the sequence with the lowest
score (the designed sequence with predicted highest sta-
bility, according to the Rosetta scoring function), we
examined the top three or five unique sequences with the
lowest scores (data not shown). This indicates that our
observations are independent of the precise number of
the lowest score designed sequences analyzed.

The native sequence recovery for each individual anti-
body in our dataset is shown in Figure S1. The higher
native sequence recovery obtained by the multi-constraint
design strategy applies to all germline antibodies, even
though the relative recovery for different antibodies spans
a range. Conversely, for mature antibodies the sequence
recovery patterns are case-dependent, with some showing
better native sequence recovery in multi-state simula-
tions, some in single-constraint simulations for the
bound conformation, and some for the unbound confor-
mation (see Figs. S1 and S2).

The extent of sequence optimization of the
CDR H3 loop is related to the degree of
exposure to the antigen (antibody
maturation)

The higher degree of sequence optimization of the indi-
vidual CDR H3 loop conformations in mature antibodies
is also reflected in the larger recovery observed for mature
antibodies when compared with germline antibodies when
the designs were performed using any of the individual
structures as input (see Fig. 3). This observation prompted
us to compare the extent of native sequence recovery in
CDR H3 loop positions for a set consisting of pairs of cor-
responding antibodies that differ only in their degree of
exposure to the same antigen epitope. To minimize struc-
tural changes that result just from the absence or presence
of different binding partners, we applied the single-con-
straint design strategy to the 14 pairs of corresponding
germline and mature antibody structures shown in Table
III that were crystallized in the same form (either both in
the free form or both bound to the same antigen epitope;
see Methods). Using this dataset, we find that antibodyFigure 2

Superimposition of the VH domain of the germline 7g12 antibody in its
bound (pdb: 1n7m) and free (pdb: 1ngz) forms (green and magenta,
respectively).

Figure 3
Average native sequence recovery for CDR H3 loops in germline and
mature antibodies. The following design simulations were performed:
single-constraint design for the bound conformation (white bar), the
free conformation (grey bar) and multi-constraint design for both
conformations (black bar) for germline and mature antibodies
crystallized in different bound and free conformations (Table I). The
star indicates that there is a statistically significant difference (as
determined by a Binomial test) between the native sequence recovery
obtained from multi- and single-constraint design simulations for
germline antibodies.
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Multi-constraint computational design
suggests that native sequences of germline
antibody H3 loops are nearly optimal for
conformational flexibility
Mariana Babor1,2 and Tanja Kortemme1,2*

1 California Institute for Quantitative Biosciences, University of California San Francisco, San Francisco, California

2Department of Biopharmaceutical Sciences, University of California San Francisco, San Francisco, California

INTRODUCTION

Antibodies recognize and neutralize antigens through inter-
actions mediated by the variable domains VH and VL. The anti-
gen binding site is primarily composed of six hyper-variable
loops known as the complementarity determining regions
(CDRs), with each VH and VL contributing three loops, called
H1, H2, H3 and L1, L2, L3, respectively.1,2 The broad range of
binding specificities exhibited by antibodies is the result of the
diversity in sequence, length, and conformational flexibility of
the CDRs.3–6 The limited size of the germline antibody reper-
toire has to recognize a far larger number of potential antigens.
Even though gene rearrangements broaden the spectrum of
binding specificities, additional mechanisms for increasing anti-
body cross-reactivity have been hypothesized to overcome the
limits imposed by the available B cell receptors.7–11 In particu-
lar, structural and biochemical studies have shown that germ-
line antibodies often possess flexible binding sites, which fre-
quently undergo loop conformational changes and side-chain
rearrangements upon antigen binding, with the most promi-
nent changes occurring in the CDR H3 loop.12–18 Conforma-
tional flexibility, defined as the ability to adopt multiple confor-
mations, of germline antibodies could thus provide alternative
ways of presenting the binding site to accommodate structurally
unrelated ligands.19 This flexibility-derived specificity might be
achieved at the expense of a relative weak strength of bind-
ing.12,13 Antibody maturation could then act by increasing the
affinity of an antigen-antibody complex, often by reducing
flexibility and stabilizing the antibody binding site in a con-
formation preorganized for the interaction with the targeted

Additional Supporting Information may be found in the online version of this article.

Abbreviations: Fv, variable domains of immunoglobulin; VL, VH, variable domains of
light chain and heavy chain, respectively.
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ABSTRACT

The limited size of the germline antibody repertoire has
to recognize a far larger number of potential antigens.
The ability of a single antibody to bind multiple ligands
due to conformational flexibility in the antigen-binding
site can significantly enlarge the repertoire. Among the
six complementarity determining regions (CDRs) that
generally comprise the binding site, the CDR H3 loop is
particularly variable. Computational protein design
studies showed that predicted low energy sequences
compatible with a given backbone structure often have
considerable similarity to the corresponding native
sequences of naturally occurring proteins, indicating
that native protein sequences are close to optimal for
their structures. Here, we take a step forward to deter-
mine whether conformational flexibility, believed to
play a key functional role in germline antibodies, is also
central in shaping their native sequence. In particular,
we use a multi-constraint computational design strategy,
along with the Rosetta scoring function, to propose that
the native sequences of CDR H3 loops from germline
antibodies are nearly optimal for conformational flexi-
bility. Moreover, we find that antibody maturation may
lead to sequences with a higher degree of optimization
for a single conformation, while disfavoring sequences
that are intrinsically flexible. In addition, this computa-
tional strategy allows us to predict mutations in the
CDR H3 loop to stabilize the antigen-bound conforma-
tion, a computational mimic of affinity maturation, that
may increase antigen binding affinity by preorganizing
the antigen binding loop. In vivo affinity maturation
data are consistent with our predictions. The method
described here can be useful to design antibodies with
higher selectivity and affinity by reducing conforma-
tional diversity.

Proteins 2009; 75:846–858.
VVC 2008 Wiley-Liss, Inc.

Key words: antibody flexibility; computational struc-
tural biology; computational design; multi-constraint
design; affinity maturation.
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Antigen A Antigen CAntigen B

mAB X mAB  Y mAB Z

mAB X, Y, and Z all use the same germline, but bind separate, and structurally 
unique antigens. The germline sequence must be flexible to accommodate all 

these positions.

Conformational Flexibility Hypothesis

Multi-State Design may reveal promiscuous sequences

mpi_msd.linuxrelease - design in mutations that 
give a lower energy structure for each state

ex. VH1-69 mAb’s
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VH1-69 Mature Antibody Complexes
Entry (PDB ID) Antibody Name Type Ligand Resolution

1g9m 17b FAB Kappa Envelope Glycoprotein 
gp120 (HXBC2) 2.20

2b4c X5 FAB Kappa Envelope Glycoprotein 
gp120 (JRFL) 3.30

2cmr D5 FAB Kappa Gp41 Fusion Intermediate 2.0

2dd8 m396 FAB Lambda SARS Spike 2.30

2xra HK20 FAB Kappa Transmembrane protein 
(synthetic) 2.30

2xtj 1D05 FAB Kappa Proprotein convertase 
substilin 2.70

3fku F10 ScFV Kappa Hemmaglutanin 3.20

3gbn CR6261 FAB Lamda Hemmaglutanin Peptide 2.20

3ma9 8066 FAB Lamda Transmembrane 
Glycoprotein 2.05

3mac 8062 FAB Lambda Transmembrane 
Glycoprotein 2.50

3nps S4 FAB Kappa Suppressor of 
tumorgenicity protein 1.50

3p30 1281 FAB Lamda Gp41 Fusion Intermediate 3.30

12 candidate test complexes using VH1-69
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VH1-69 Mature Antibody Complexes
Divergent from germline
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VH1-69 Multi-State Design

K A S G G T F S S Y T I G I I P I L G I A N T A D K S TVH1-69

VH1-69 MSD (11 States) 19/28 recovered to VH1-69
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VH1-69 Multi-State Design

Antibody 17b designs towards germline in MSD with correctly designed amino 
acids shown in dark blue. Incorrect designed are shown in orange
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VH1-69 Single-State Design (3GBN)

K A S G G T F S S Y T I G I I P I L G I A N T A D K S TVH1-69

K A S G G P F R S Y A I G I I P I F G T T K T A D D F A3gbn

16/28 recovered to VH1-69
24/28 Native
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VH1-69 MSD/SSD Design 
Design Percentage recovered to native Percentage to VH1-69

MSD of 11 VH1-69 States - 68
1g9m 68 36
2cmr 71 57
2dd8 71 61
2xra 79 35
2xtj 64 54
3fku 57 36
3gbn 85 50
3ma9 50 42

3mac 64 39

3nps 71 64

3p30 46 39
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VH1-69 MSD/SSD Design 

VH1-69 Sequence Recovery
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VH3-23 Mature Antibody Complexes
Entry (PDB ID) Antibody Name Type Ligand Resolution

1s78 Pertuzumab FAB Kappa ErbB-2 3.25

2fjg G6 FAB Kappa Vascular endothelial growth 
factor 1 2.80

2qqn Semaphorin 
Blocking

FAB Lamda Neurophilin-1 2.20

2r56 IgE Fab Fragment FAB Kappa Beta-lactoglublin allergen 2.80

2vxs Unnamed FAB Lamda Interleukin-17A 2.63

2vyr Unnamed Single VH 
chain

Single Chain MDM4 Protein 2.00

3bn9 E2 FAB Kappa Supressor of tumorigenicity 
protein 14 2.17

3dvn Apu2.16 FAB Kappa Ubiquitin 2.70

3kr3 DX-2647 FAB Kappa Insulin-like growth factor II 2.20

9 candidate test complexes using VH3-23
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VH3-23 Mature Antibody Complexes

9 candidate test complexes using VH3-23

Divergent from germline
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VH3-23 Multi-State Design

16/27

9 States - VH3-23 fixed backbone
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VH3-23 Multi-State Design

Orange - Correct, Red - Incorrect
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VH3-23 Single-State Design

E L L Q T F S S Y A M S S A I S G S G G G T Y Y A D S V I R N L N R

E L V Q T I S D Y W I H A G I T P A G G Y T Y Y A D S V I A T A N R

VH3-23

2FJG

2FJG SSD
11/34 recovered to VH3-23
22/34 recovered to Native

11  more recovered to single state
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Design Percentage recovered to native
Percentage recovered to 

VH3-23

MSD of VH3-23 States - 60

1S78 46 28

2FJG 64 32

2QQN 47 44

2R56 56 47

2VXS 50 50

2VYR 47 35
3DVN 26 20

3BN9 50 38

3KR3 47 32

VH3-23 MSD/SSD Design 
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VH3-23 MSD/SSD Design 

VH3-23 Sequence Recovery
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VH5-51 Mature Antibody Complexes

4 candidate test complexes using VH5-51

Entry (PDB ID)
Antibody 

Name
Antibody 

Description Ligand Resolution

2b1a 2219 FAB Lamda
UG1033 
Peptide

2.35

2xwt K1-70 FAB Lamda TSH-R 1.90

3hmx
ustekinumab 

Fab
FAB Lamda IL-12 3.00

2dd8 m396 FAB Lambda SARS Spike 2.30
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VH5-51 Mature Antibody Complexes
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VH5-51 Multi-State Design

G F T S Y M I T Q I K S T A Y A MVH5-51

VH5-51 MSD 11/17 recovered to VH5-51
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VH5-51 Single-State Design

R

R
G F T S Y M I T Q I K S T A Y A MVH5-51

2B1A MSD 6/17 recovered to VH5-51
14/17 Native

T F S D Y M F S E M R N T A H L2B1A P
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VH5-51 MSD/SSD Design 

Design Percentage 
recovered to native

Percentage to 
VH5-51

MSD of  VH5-51 
States - 65

2b1a 82 35

2xwt 82 47

3hmx 82 70
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VH5-51 MSD/SSD Design 

VH5-51 Sequence Recovery
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Conclusions 

• Multi-state design recovers sequences closer to 
germline progenitor.

• Single state design recovers sequences closer to 
native (mature) antibody sequences, showing an in 
silico maturation. 

• Germline sequences are optimally flexible in 
frequently used germline genes to accommodate 
binding of many antigens.
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Future Directions

• Combine states of frequent and infrequently 
used germline genes to see which sequences are 
recovered.

•Full quanitative workup to find frequently used 
amino acids (PSSM)

• Iterative relax and MSD to accommodate 
clashing rotamers and improve sequence recovery. 

• Apply MSD to HIV antibodies to bind a diverse 
panel of antigens
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Antibody Diversity

Pejchal(et(al.,(PNAS((2010(
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Gene Usage is Driven by Structure

• Tian et. al reported on healthy and diseased 
repertoire using Sanger sequencing

CB1

1-2 1-3
1-8
1-18

1-46
1-69

2-70

3-7

3-9

3-11

3-13

3-15
3-20
3-213-233-30

3-33
3-43

3-46
3-48

3-49
3-53

3-66
3-72
3-74

3-30-3

4-4

4-31

4-34

4-39

4-59
4-61

4-30-4
5-51

6-1
7-4

CB2

1-2
1-3

1-8
1-18

1-46
1-69
2-70

3-7

3-9
3-11
3-13
3-15
3-20
3-21

3-23

3-30

3-33

3-43
3-46

3-48
3-49
3-53
3-66

3-72
3-74

3-30-3

4-4

4-31

4-34

4-39

4-59
4-61
4-30-4 5-51

6-1

7-4

VB1

1-2
1-3

1-8

1-18

1-46

1-69

2-70

3-7
3-9

3-11
3-13
3-15

3-20
3-21

3-23
3-30

3-33
3-43
3-46

3-48
3-49

3-53
3-66
3-72
3-74

3-30-3

4-4

4-31

4-34
4-39

4-59
4-61
4-30-4

5-51
6-1

7-4

VB3

1-2

1-3

1-8

1-18

1-46

1-69
2-70

3-7

3-9
3-11

3-13
3-15

3-20
3-21

3-233-303-33
3-43

3-46
3-48

3-49
3-53

3-66

3-72

3-74

3-30-3
4-4

4-31

4-34

4-39

4-59
4-61
4-30-4

5-51

6-1
7-4

VB2

1-2
1-3

1-8

1-18

1-46

1-69
2-70

3-7

3-9
3-11

3-13

3-15
3-20

3-21
3-233-30

3-33

3-43
3-46
3-48

3-49

3-53

3-66
3-72

3-74

3-30-3
4-4
4-31

4-34

4-39

4-59

4-61
4-30-4 5-51

6-1
7-4

VH1 Family

VH2 Family

VH3 Family

VH4 Family

VH5 Family

VH6 Family

VH7 Family

CB3

1-2

1-3
1-8

1-18
1-46
1-69

2-70

3-7

3-9
3-11

3-13

3-15

3-20
3-21

3-23

3-303-333-43
3-46

3-48
3-49
3-53

3-66

3-72

3-74

3-30-3

4-4

4-31
4-34
4-39

4-59

4-61
4-30-4

5-51
6-1

7-4

FIGURE 7. VH1–46 is the dominant VH gene segment in RV VP6-specific naive B cells. Frequencies of VH gene segment use in all three RV-specific
circulating naive or memory B cells are presented. Data from randomly selected naive or memory B cell clones from the same group of donors are shown
for comparison. VH1–46 was the dominant VH gene segment used in RV-specific naive B cells, while the dominance became less apparent in memory cells
(p ! 0.001). In contrast, VH3–23 dominated the repertoire in all three subsets of randomly selected cells.
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FIGURE 7. VH1–46 is the dominant VH gene segment in RV VP6-specific naive B cells. Frequencies of VH gene segment use in all three RV-specific
circulating naive or memory B cells are presented. Data from randomly selected naive or memory B cell clones from the same group of donors are shown
for comparison. VH1–46 was the dominant VH gene segment used in RV-specific naive B cells, while the dominance became less apparent in memory cells
(p ! 0.001). In contrast, VH3–23 dominated the repertoire in all three subsets of randomly selected cells.
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