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SUMMARY

Protein loops are frequently considered as critical
determinants in protein structure and function.
Recent advances in high-throughput methods for
DNA sequencing and thermal stability measurement
have enabled effective exploration of sequence-
structure-function relationships in local protein
regions. Using these data-intensive technologies,
we investigated the sequence-structure-function
relationships of six complementarity-determining
regions (CDRs) and ten non-CDR loops in the vari-
able domains of a model vascular endothelial growth
factor (VEGF)-binding single-chain antibody variable
fragment (scFv) whose sequence had been opti-
mized via a consensus-sequence approach. The
results show that only a handful of residues involving
long-range tertiary interactions distant from the anti-
gen-binding site are strongly coupled with antigen
binding. This implies that the loops are passive
regions in protein folding; the essential sequences
of these regions are dictated by conserved tertiary
interactions and the consensus local loop-sequence
features contribute little to protein stability and
function.

INTRODUCTION

Protein engineering is critical for developing protein-based

therapeutics and diagnostics. Single-chain antibody variable

domain fragments (scFvs) are important pharmaceutical mole-

cules (Chan and Carter, 2010; Holliger and Hudson, 2005;

Huang et al., 2010; Miller et al., 2010; Nelson and Reichert,

2009; Weatherill et al., 2012). Because the scFv structure is
Structure
not stabilized by the constant domains, as in intact immuno-

globulin, investigators have applied sequence fitness-searching

principles based on random mutagenesis and screening

(Jermutus et al., 2001; Jespers et al., 2004; Jung et al., 1999)

or rational design with consensus-sequence profiles (Demarest

and Glaser, 2008; Ewert et al., 2003; Honegger, 2008; Jordan

et al., 2009; Kügler et al., 2009; Miller et al., 2010; Monsellier

and Bedouelle, 2006; Wörn and Plückthun, 1998, 2001) to

stability engineering of scFvs. However, exploring the vast

sequence fitness possibilities and elucidating the coupling of

sequence and function remain challenging due to limitations

in protein engineering capabilities. In this work, to further extend

the scope of antibody stability engineering with high-throughput

experiments, we sought to (1) systematically determine the

local sequence preferences in all loop regions of the antibody

variable domains for their effects on antibody stability, (2)

compare the information with the conserved sequence features

in the antibody variable domain families, (3) experimentally test

the energetic contributions of the local sequence features with

the overall antibody variable domain stability, and (4) formulate

general stability engineering strategies for the antibody variable

domains.

A large body of evidence has supported the notion that loop

regions are critical determinants in protein folding (see reviews

in Jager et al., 2008, and Marcelino and Gierasch, 2008, and

references therein). It has been long recognized that the loop

regions in a protein structure can serve as active folding initiation

sites that dominate the overall folding topology of the structure

by dictating the reversal positions of the polypeptide chain to

fold onto itself, or as passive joints that accommodate polypep-

tide chain reversal for folding to proceed (Hsu et al., 2006; Jager

et al., 2008; Marcelino and Gierasch, 2008; Yang et al., 1996).

The effects of the loop regions on the overall stability and folding

of immunoglobulin (Ig)-like structures have been demonstrated

to couple with the protein core and to contribute substantial sta-

bilizing energy not only to the folded structure but also to the

main folding transition state (Billings et al., 2008). Despite the
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recognition of critical structural determinants embedded in the

local sequences of protein loop regions, the intricate interrela-

tionships among the local structural signals and the overall

folding topology and stability remain unpredictable (Bofill and

Searle, 2005; McCallister et al., 2000; Nauli et al., 2001; Sharpe

et al., 2007).

Recently, high-throughput experimental techniques have

been shown to be effective for establishing informatics bases

for novel antibody stability engineering. Next-generation

sequencing (NGS) (Fowler et al., 2010; Hietpas et al., 2011;

Schlinkmann et al., 2012; Whitehead et al., 2012) and high-

throughput thermal inactivation (HTTI) experiments (Miller

et al., 2010) have substantially expanded the capabilities for pro-

tein stability engineering. The large volume of sequence informa-

tion provided by NGS enables sequence analyses of statistical

significance, and HTTI measurements allow physicochemical

interpretations of the sequence features that emerge from the

NGS statistics. Here, in contrast to recent studies involving pro-

tein engineering with NGS, which focused on deriving sequence

fitness statistics from single-mutation-per-variant libraries

(Fowler et al., 2010; Hietpas et al., 2011; Schlinkmann et al.,

2012; Whitehead et al., 2012), we constructed scFv variants

with changes of several residues (n = 5–11) simultaneously span-

ning a loop region in the protein so as to reveal the cooperativity

of the residues within the local structure in consideration. This

capability is particularly important to consider when investigating

local turn propensities involving several consecutive residues in

the loops.

The knowledge gained from this work should further our un-

derstanding of the structural and stability roles played by local

sequences in the loop regions of the antibody variable domains,

and enhance the basis for rational antibody stability engineering

aimed at optimizing the loop sequences, including complemen-

tarity-determining regions (CDRs), in the antibody variable

domains. In this work, we used NGS to explore the sequence

preferences in groups of consecutive or noncontiguous residues

(5–11 residues) in the 16-loop regions of a model 4D5 scFv

capable of recognizing human vascular endothelial growth fac-

tor (VEGF) (Yu et al., 2012). Synthetic degenerate DNA codons

were used for saturated mutagenesis of the loop regions, and

the functional scFv variants were selected according to the

binding or folding criteria for a filamentous phage display sys-

tem. The selected functional scFv variants were sequenced

with NGS for statistical analyses. In parallel, the stabilities of

hundreds of selected functional scFv variants from the loop

libraries were also assessed quantitatively with HTTI. We aimed

to use this to support or challenge the hypothesis that local turn

propensities in at least some, if not all, of the loops are

conserved so as to guide the folding mechanism and stabilize

the native structures of the antibody variable domains, given

that the ten non-CDR loops in known antibody variable domain

structures are mostly well-structured with conserved tight turns

or one-turn 310 helices. Unexpectedly, the results show that only

a handful of residues involving long-range tertiary interactions

distant from the antigen-binding site are strongly coupled with

antigen binding. The local consensus-sequence features

contribute little to the stability and function of the variable

domain, suggesting that the loops are passive regions in the

variable domain folding. In addition, all of the CDR and non-
10 Structure 22, 9–21, January 7, 2014 ª2014 Elsevier Ltd All rights r
CDR loops are energetically coupled to the framework of the

variable domains to various extents, and thus the variable-

domain stability can be substantially enhanced by optimizing

the loop sequences.

RESULTS AND DISCUSSION

Selection of Functional scFv Variants from 24
Phage-Displayed scFv Libraries for VEGF and
Protein A Binding
Randomized scFv variants were constructed in 24 scFv libraries

through saturated mutagenesis of 5–11 consecutive residues in

the 16-loop regions of a VEGF-binding model scFv (Yu et al.,

2012) by nucleotide-directed mutagenesis (Supplemental

Experimental Procedures; Figure S1; Tables S1 and S2 available

online). Each library contained on the order of 109 variants (Table

S1). The template scFv (dubbed Av1.2) was derived from the 4D5

antibody framework (Eigenbrot et al., 1993; Fuh et al., 2006) with

the huVk1-huVH3 single-chain scFv construct (Figure S1). This

template was chosen because the sequence of the 4D5 frame-

work has been optimized via the consensus-sequence approach

and the robust stability of the scFv has been demonstrated

(Wörn and Plückthun, 1999). In addition, the CDR structures of

the 4D5 template, as defined by North et al. (2011), are most

common in known antibody structures (North et al., 2011),

making the 4D5 template a representative model system for anti-

body engineering. The saturated mutagenesis of several resi-

dues in an scFv library allows one to explore all combinations

of amino acid types that are favorable for scFv folding, within

the complexity limit of �109 for each scFv library.

The functional scFv variants were selected with two to three

rounds of the phage display selection-amplification cycle for

binding to immobilized VEGF or immobilized Protein A (Supple-

mental Experimental Procedures; Figures S2 and S3). As shown

in the composite complex structures in Figure 1, Av1.2 binds to

VEGF through the CDRs and binds to Protein A through the

framework of the VH domain. We sequenced the scFv variants

that bound to VEGF or Protein A to examine whether local

sequence features are required for the stability and function

of scFvs.

Figure 2 shows that the phage display selections for VEGF

binding generated results similar to those obtained from the

phage display selections for Protein A binding. Figures 2A and

2B show the comparable sequence profiles for the outer loop

in the VH domain (named VHOL) derived from VEGF binding

selection and Protein A binding selection, respectively. Quantita-

tively, the Pearson’s correlation coefficient (R) for the information

content of the 20 amino acid types (y axis in Figure 2; see Sup-

plemental Experimental Procedures) at the positions shown in

Figures 2A and 2B is 0.99, and the t-test p value is 6.42E-95. A

similar conclusion also emerges from the results shown in Fig-

ures 2C and 2D, where the sequence profiles for the outer loop

in the VL domain (named VLOL) derived from the VEGF and Pro-

tein A binding selection, respectively, are also comparable,

although to a lesser extent (R = 0.73, p = 1.27E-21). The likely

interpretation of the highly significant quantitative correlation

between the two sets of sequence profiles is that the scFv vari-

ants selected either way reveal the sequence requirements for

the folded structure that is competent in binding to both VEGF
eserved



Figure 2. Comparisons of Phage-Display Selections for Protein A

Binding and VEGF Binding

Sequence profiles, each of which contains sequence information for 40 scFv

variants, were constructed with scFv variants from the VHOL (A and B) and

VLOL (C and D) libraries selected for binding to VEGF (A and C) or Protein A

(B and D). The x axis shows the loop-sequence residue positions in Kabat

number, and the y axis shows the information content as described in

Equations 1, 2, and 3.

Figure 1. Composite Structure for the Template scFv Av1.2 Binding

Protein L, Protein A, and VEGF

The relative binding orientations of VEGF/G6 Fab variable domain complex

(2FJG) with Protein A (1DEE, Protein A only) and Protein L (1HEZ, Protein L

only) are shown in the composite structure.
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and Protein A. In this work, we used VEGF-scFv binding variants

to evaluate the local sequence preferences whenever possible

because these variants are more relevant to the function of the

CDRs of the scFvs. For the scFv variants with mutations in

CDRs, we used the sequence preferences from the functional

variants binding to Protein A, because VEGF-scFv binding was

not detectable for a large portion of the CDR variants.

Thermal Stability Assessment of Functional scFv
Variants with HTTI Experiments
HTTI experiments enable quick evaluations of the stability of

scFv variants from the phage display selections without the

need for laborious protein purification of the scFv variants. In

an HTTI experiment, the scFv that is secreted into the culture

supernatant from the expression host bacteria is heat treated

at various temperatures. We used an ELISA platform to assess

antigen binding without the need to purify the scFv protein mol-

ecules (Supplemental Experimental Procedures). The threshold

temperature (T50, where the scFv loses half of its binding capa-

bility to the antigen due to the heat treatment) has been estab-

lished to correlate with the melting temperature, Tm, derived

from differential scanning calorimetry (DSC) (Miller et al., 2010).

Figure 3A compares the T50 of the template scFv Av1.2 for

VEGF binding (i.e., T50
Av1.2(VEGF)) with the T50 for Protein A bind-

ing (i.e., T50
Av1.2(PrA)) in the presence or absence of a moderate

concentration of 20 mM tris(2-carboxyethyl)phosphine (TCEP).

We used TCEP to reduce the scFv intradomain disulfide bond

upon thermal denaturation and thus prevent refolding of the

heat-treated scFv. As expected, the irreversible heat denatur-

ation condition resulted in lower T50 values in the presence of

TCEP. This irreversible heat denaturation condition was used
Structure 2
throughout this work. Figure 3B shows that the heat denaturation

Tm of the purified template scFv measured with DSC in the

absence of TCEP is similar to the corresponding T50 for Protein

A binding (T50
Av1.2(PrA)_TCEP(�) in Figure 3A), whereas the

T50
Av1.2(VEGF)_TCEP(+) is lower than the T50

Av1.2(PrA)_TCEP(+)

(Figure 3A), indicating that the CDRs are more sensitive to

thermal inactivation than the overall framework region.

Figures 3C and 3D show the correlation between the

T50(VEGF) and the T50(PrA) values for the scFv variants with

loop mutations in the VH and VL domains, respectively. The

high correlation between the two sets of T50 measurements in

Figure 3C indicates that the effects on stability due to mutations

in the VH loops are felt equally by both binding sites. This is

expected because the VEGF binding site, which consists mainly

of VH CDRs (Yu et al., 2012), and the Protein A binding site

(situated on the VH framework) are in close proximity to each

other in the VH domain (see the complex structures in Figure 1).

The lower correlation between the two sets of T50 values in Fig-

ure 3D suggests that the stability effects due to the mutations in

the VL loops could affect the two binding sites through different

paths. In this work, we used the T50 values for VEGF-scFv bind-

ing (i.e., T50(VEGF)) to evaluate the stability of scFv variants

whenever possible because these values are more relevant to

the function of the CDRs of the scFvs. For the scFv variants

with mutations in CDRs, we used the T50 values for Protein

A-scFv binding (i.e., T50(PrA)) because VEGF-scFv binding was

not detectable for a large portion of the CDR variants.
2, 9–21, January 7, 2014 ª2014 Elsevier Ltd All rights reserved 11
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Figure 3. Thermal Inactivation Measurements for scFv-VEGF Bind-

ing and scFv-Protein A Binding

(A) Thermal inactivation of the template scFv (Av1.2) for VEGF binding in the

presence of TCEP is indicated by triangles. Thermal inactivation of Av1.2 scFv

for Protein A binding in the presence and absence of TCEP is indicated by

squares and circles, respectively. The error bars were calculated with

triplet repeats of the measurement. The T50 values are indicated with the

intersection lines.

(B) DSC scan of purified soluble Av1.2 scFv measured in the absence of TCEP

(Supplemental Experimental Procedures). The scFv expression and purifica-

tion procedures are described in Supplemental Experimental Procedures.

(C and D) T50 values measured for VEGF-scFv binding are plotted against

those measured for Protein A-scFv binding. Results for the scFv variants with

loopmutations in the VH and VL domains are shown in (C) and (D), respectively.

T50 was measured in the presence of TCEP.
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Amino Acid Sequence Preferences of the Loops in
Functional scFvs
The sequence preferences in the scFv loop regions of the VL and

VH domains are summarized in the heatmaps shown in Figure 4

(Supplemental Experimental Procedures; Tables S3 andS4). The

sequences of the functional scFv variants selected for VEGF

binding were used to determine the sequence preferences for

the non-CDR loop regions. These sequences were derived

with NGS, and sequencing errors were eliminated as much as

possible. In addition, redundant (100% identical) sequences

were removed from sequence-preference calculations (Supple-

mental Experimental Procedures; Table S4). This was done to

eliminate as much as possible any bias due to sequences that

were more favorable in phage production, PCR preparation, or

NGS sequencing, and thus ensure that the amino acid prefer-

ences (as shown in Figure 4) at each position were derived

from diverse sequences (i.e., true amino acid preferences at a

position should remain detectable in sequences with mutations

of the neighboring residues). The sequence preferences for the

six CDR loops were determined by sequencing functional scFv

variants selected for Protein A binding. These scFv variants

were experimentally confirmed for Protein A binding and the

sequences were determined with Sanger sequencing (Supple-

mental Experimental Procedures; Table S3). The Protein A bind-
12 Structure 22, 9–21, January 7, 2014 ª2014 Elsevier Ltd All rights r
ing site does not overlap with the VEGF binding site formed by

the CDRs (Figure 1), and both sites are known to be recognized

by the corresponding binders only when the three-dimensional

structure of the scFv is fully formed (Graille et al., 2000; Yu

et al., 2012). Each cell of the heatmaps in Figures 4A and 4B

shows the color-coded individual information content attributed

to one of the 20 natural amino acid types (dji for amino acid type i

[x axis] at position j [y axis]; see Equation 1). The sum of dji over

the 20 amino acid types is the information content at position j

(relative entropy, i.e., Ij of position j; see Equation 2), which is a

measurement of the information divergence between the amino

acid type probability distributions before and after the selection

process for VEGF or Protein A binding. A larger value of Ij indi-

cates that position j is more selective for amino acid types in

functional scFv variants.

The loop residues can be categorized into five major groups

based on their structural characteristics (Figures 4A and 4B):

residue side chains exposed on the protein surface (labeled O),

residues that form tight turns in the loop regions (labeled T),

residue side chains that form the lower hydrophobic core in

each of the variable domains (labeled L), residue side chains

involved in hydrogen bonding or electrostatic interactions

(labeled H), and residue side chains buried in the interface

between the two variable domains (labeled I). The averaged rela-

tive entropy Ij values (see Equations 1, 2, and 3) for each residue

position group are 0.72 ± 0.52 (O), 1.30 ± 0.75 (T), 2.75 ± 1.70 (L),

2.10 ± 1.85 (H), and 1.09 ± 0.80 (I) in the VH domain, and 0.62 ±

0.33 (O), 0.85 ± 0.42 (T), 0.89 ± 0.70 (L), 1.08 ± 0.87 (H), and

1.89 ± 1.21 (I) in the VL domain. Although the SDs of the averaged

relative entropies are large, the trends of the quantitative mea-

surements of the sequence requirement stringency indicate

that, as expected, the loop residue positions with side chains

protruding into the solvation environment are less selective in

amino acid type than the residues for which the side chains are

buried inside the protein structure and the side chains that

involve hydrogen-bonding networks. Moreover, the VH domain

has more restrictions for the loop residue side-chain types

that participate in the lower hydrophobic core (VH: Val-H12,

Val-H63, and Leu-H82C; VL: Ala-L13, Val-L58, and Leu-L78)

and form hydrogen-bonding networks (VH: Arg-H38, Arg-H66,

and Asp-H86; VL: Gln-L37, Arg-L61, and Asp-L82; Figure 5)

than the VL domain, suggesting that the VH loops aremore tightly

integrated into the overall structural packing.

Unexpectedly, in both variable domains, the residue positions

forming the tight turns in the X-ray structure are not as selective

as expected for the amino acid types with high turn propensities.

It is well established that amino acid propensities in tight turns

are statistically significant (Fuchs and Alix, 2005) and can be

understood from the energetics of the local structures (Yang

et al., 1996) and model peptide folding (Hsu et al., 2006). It is

striking that most of the tight turn positions in the structure do

not require amino acid types with high turn propensities (the

only exception is the modest conservation in positions Gly-L16

and Gly-H15; see below and Figure 6 [LOGO column indicated

by VEGF(+)]). This indicates that the tight turn loops could have

alternative structures with varying sequence preferences. Quan-

titatively, the pairwise sequence covariation correlation coeffi-

cients (F) (Wang et al., 2009) were calculated for residue pairs

in each of the loops. Residue pairs with a statistical meaningful
eserved



A B Figure 4. Sequence Determinants in Av1.2

scFv Loop Regions

(A and B) Heatmaps show the sequence preferences

for the loop regions in the VL (A) and VH (B) domains.

Columns from left to right: , parent template Av1.2

scFv sequence, CDR regions (background in red;

yellow font for short CDR versions), and outer loop

(background in orange); : secondary structure as-

signments from PDB; ; Kabat number (grayscale

background shows the relative percentage of burial in

folded scFv structure);A human antibody consensus

sequence (grayscale background shows the per-

centage consensus of the consensus sequence;

consensus sequence and percentage consensus

obtained from http://biochemistry.utoronto.ca/

steipe/research/canonical.html); and - five major

groups of distinguished structural characteristics (O,

surface; T, tight turn; L, lower core; H, hydrogen-

bonding and electrostatic interaction; I, interdomain

interface). The colored background shows the range

of the information content 0.253 Ij (Equation 2). R–C:

sequence preference heatmaps derived from NGS

data for the 20 amino acid types color-coded

according to their dji values (Equation 1). The number

in some of the cells indicates the appearance

frequency (nearest integer of 10 3 q(j,i); q(j,i) defined

in Equation 3) of the amino acid type derived from the

HTTI-filtered variants (see the corresponding main

text). The relative phage expression ratio for each

library is shown next to the name of the library above

or below the heatmap (see also Figure S4).
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Figure 5. Superimposed VH and VL Domains

of the Av1.2 scFv

The superimposed VH and VL domains of the

template scFv structure (PDB code 2FJF) are

labeled with structure-wise equivalent residues.

The dark gray (VH) and light gray (VL) regions show

the ranges of the consecutive loop residues in

each of the phage-displayed libraries. The light-

est-gray regions are the nonloop regions in both

variable domains.
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correlation coefficient (p < 10�4 and jFj > 0.5) and with contacts

in the three-dimensional structure were not identified, support-

ing the above conclusion that the sequence features are not

conserved for local turn structures.

Similar Sequence and Structural Features Shared by the
Corresponding Loops in the VH and VL Domains
Loops VHL1, VHL2, and VHL4 in the VH domain share similar

structural and sequence features with the corresponding loops

VLL1, VLL2, and VLL4 in the VL domain, as indicated by the

superimposed VH and VL domains of the template scFv structure

shown in Figure 5 and the sequence preferences shown in Fig-

ures 4 and 6 (see below). These local structure pairs are highly

similar in structure; the local root-mean-square deviation

(rmsd) for the structurally aligned heavy atoms in the L1

(VL:12-18; VH:11-17), L2 (VL:38-44; VH: 39-45), and L4 (VL:78-

83; VH:82C-87) loop pairs is 0.07, 0.44, and 0.37 Å respectively.

The sequence preference patterns shown in Figures 4A and 4B

(see also Figure 6) for these structure-wise equivalent regions

share similar features. The glycines of the type II turns in both

VLL1 and VHL1 loops (Gly-L16 and Gly-H15) are marginally

conserved. In addition, the type II turns in both VLL2 (Pro-L40

and Gly-L41) and VHL2 (Pro-H41 and Gly-H42) loops are much

less selective in amino acid types. Still, both VLL2 and VHL2
14 Structure 22, 9–21, January 7, 2014 ª2014 Elsevier Ltd All rights reserved
loops are anchored to the interface at

one end by highly conserved residues

(Pro-L44 and Leu-H45). The one-turn

310 helices in both VLL4 and VHL4 share

almost identical structural features (Fig-

ure 5) and similar sequence preference

profiles (Figures 4A, 4B, and 6), where

only Asp-L82 and Asp-H86 are highly

conserved as the keystone residue in

the hydrogen-bonding network in each

variable domain capping the lower hydro-

phobic core. The similarity in structural

features and sequence encodings in

these loop regions suggests that these

loops could play common roles in folding

and stabilizing the VH and VL domains.

CDR-H1 and CDR-L1 are somewhat

similar in terms of structural features

and amino acid encodings. Both loops

have two structure-wise equivalent

hydrophobic residues (Val-L29 and

Val-L33; Ile-H29 and Ile-H34) anchoring

the CDR1 loop to the upper hydrophobic
core in the variable domain (Figure 5), and these two hydro-

phobic residues are also frequently observed in known CDR

structures. The hydrophobic preferences of these residue posi-

tions (Figures 4A and 4B), in particular Val-L33 and Ile-H34,

indicate the importance of these residues in mediating both

antigen binding and protein stability.

Differences between the Corresponding Loops in the VH

and VL Domains
The VH and VL domains in the template scFv differ in structure

mainly in the regions from CDR2 to the outer loop. As shown in

Figure 5, CDR-H2 forms a b-hairpin as an extension to one of

the b sheets in the b sandwich, where the cross-sheet VHL3

loop forms a compact local structure with two consecutive

tight turns (type I followed by type II). In contrast, the shorter

CDR-L2 adopts a local structure of shorter b strands followed

by a loosely packed VLL3 loop with two tight turns (type II fol-

lowed by type I). The sequence preferences in these regions

reflect these structural differences. The b strands flanking the

tip of the CDR-H2 loop are highly selective in amino acid

type (Gly-H50, Thr-H57, and especially Tyr-H59; Figure 4B).

In addition, the loop residues in the CDR-H2 have moderate

preferences for hydrophilic or turn (Gly and Pro) amino acid

types (Figure 4B). In contrast, the sequence preferences for



Figure 6. Comparisons of NGS Profiles, Sanger-Sequence Profiles, and Consensus-Sequence Profiles from the Natural Sequence Database
Sequence LOGOs of each non-CDR loop libraries derived from 40 randomly picked nonredundant VEGF-binding scFv variants sequenced by the Sanger method

[labeled as VEGF(+)], NGS results (labeled as NGS), and database sequences from human antibody VH 3 and V kappa 1 family (labeled as Consensus). The y axis

shows the Ij calculated with Equations 1, 2, and 3, and the x axis shows the amino acid positions (in Kabat number) in the template scFv. Residue positions:- for

tight turn (T), C for lower core (L), ; for hydrogen-bonding and electrostatic interaction (H), and A for interdomain interface (I).
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the CDR-L2 residue positions are essentially random (Fig-

ure 4A), indicating that the local structure of the CDR-L2

loop is flexible to accommodate a wide range of sequences.

This is in agreement with the loose CDR-L2 structure seen in

X-ray crystallography (Figure 5). The flexible structure extends

to the VLL3 loop, where the sequence preferences are much

less selective than the sequence preferences for the residues

in its more compact counterpart (VHL3) in the VH domain (Fig-

ures 4A and 4B). The lack of sequence preferences in these re-

gions is in agreement with the high relative phage expression

ratios (i.e., the phage-display efficiency of well-folded scFv

variants from an scFv library compared with the template

Av1.2 scFv; Supplemental Experimental Procedures; Fig-

ure S4) of the phage-displayed libraries for CDR-L2, VLL3,
Structure 2
and VLOL. This is contrast to the CDR-H2 and VHL3 regions,

where high sequence requirements limit the relative phage

expression ratios of the corresponding phage-displayed

libraries (relative phage expression ratios shown in Figures

4A, 4B, and S4). The relative phage expression ratio reflects

the structural tolerance for the mutations introduced in the

variants of the phage-displayed library in comparison with

the template scFv.

CDR-H3 and CDR-L3 are grossly different in the loop structure

(Figure 5), and the sequence preferences are the least selective

among the loops (Figures 4A and 4B). Even the most distin-

guished features that are conserved in many antibodies (i.e.,

cis-Pro-L95 in CDR-L3 and the salt bridge Arg-H94.Asp-

H101 in CDR-H3) are not conserved in the well-folded scFv
2, 9–21, January 7, 2014 ª2014 Elsevier Ltd All rights reserved 15



Figure 7. Thermal Stability Measurements of the Functional scFv

Variants Selected from Each Non-CDR Loop Library

(A) T50(VEGF) measurements (y axis) of the scFv variants selected from non-

CDR loop libraries (x axis) for VEGF binding are presented with mean and SD

bars superimposed on the data points. The dashed line indicates the T50 of

template scFv (Av1.2) (T50
Av1.2(VEGF) = 61�C; see Figure 3A). The sequence

details are shown in Table S5.

(B) The plot shows the correlation of the two sets of frequencies (q(j,i); see

Equation 3) of amino acid types derived from NGS data (Figure 4B) and

HTTI-filtered variants (Table S5) for the VH domain. R is Pearson’s correlation

coefficient and the p value was calculated by t test.

(C) The same as in (B) for the VL domain.
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variants. It is well established that the diversity of the IgG variable

domain sequence is largely the result of V(D)J gene recombina-

tion with the junctions taking place in the CDR3 loop (Nemazee,

2006). The indifference of the amino acids for the residues in the

CDR3 loops shown in Figures 4A and 4B indicates that the

sequence mutations around the gene-recombination junctions

can be tolerated in the CDR3 loops without substantially

affecting the folding and stability of the variable domains. The

high somatic mutation rate in CDR3s during antibody develop-

ment could be attributed to the tolerance of amino acid types

for the residues in the CDR3 regions. The sequence-diversity

tolerance of the CDR3 loops is in good agreement with the

high relative phage expression ratios of the two loop libraries

shown in Figures 4A and 4B.

The side chain of Asn-H76 in VHOL supports the CDR-H1

structure by forming hydrogen bonds with the backbone of

CDR-H1 (Figure 5) and is thus highly conserved in amino acid

type (Figures 4B and 6), emphasizing the importance of the outer

loop in both folding and binding of the VH domain. However, a

similar interaction between VLOL and CDR-L1 has not been

identified.
16 Structure 22, 9–21, January 7, 2014 ª2014 Elsevier Ltd All rights r
Comparisons of Loop-Sequence Profiles from NGS,
Sanger Sequencing, and an Antibody Variable Domain
Sequence Database
To further validate the NGS results, we carried out indepen-

dent Sanger sequencing for VEGF-binding scFv variants. Fig-

ure 6 shows the Sanger sequencing results for the selected

scFvs confirmed for VEGF binding by ELISA. These sequence

preferences are compared with the NGS results from Figures

4A and 4B and with consensus-sequence profiles derived

from natural antibody sequences. A large portion of the vari-

ants with mutations on the CDRs do not bind to VEGF, and

thus variants for the CDR libraries are not included in Figure 6.

The comparisons shown in Figure 6 indicate that the

sequence preferences derived from NGS results are in good

agreement with the Sanger sequencing results for the VEGF-

binding scFvs (Pearson’s correlation coefficients and t-test p

values for the information content of the 20 amino acid types

in the positions shown in the pairs of LOGO plots in Figure 6

are presented in the figure), confirming that the NGS statistics

reflect the sequence requirements for VEGF binding of the

scFv variants. Comparisons of the consensus-sequence pro-

files from the sequence database with the other two sets of

sequence profiles show that only a few key residues in the

non-CDR loops need to be conserved as in the consensus

sequence (Arg-H66 [VHL3], Asp-H86 [VHL4], Asn-H76

[VHOL], Arg-L61 [VLL3], and Asp-L82 [VLL4] in hydrogen

bonding, and Leu-H45 [VHL2] and Pro-L44 [VLL2] as interface

hydrophobic residues), suggesting that although these few

conserved residues are important for the function and struc-

ture of the antibody variable domains, the majority of the

loop residues have a substantial tolerance for amino-acid-

type substitutions.

To summarize, the sequence preferences of the non-CDR

loops in both VH and VL variable domains are conserved only

in a few residue positions involving intradomain tertiary

hydrogen-bonding networks (residues marked by triangles in

Figure 6) and interdomain hydrophobic packing (residues

marked by diamonds in Figure 6). All of these interactions

involve residue positions that are distant in sequence. Local

sequence features for tight-turn structures (residues marked

by squares in Figure 6) are not well defined in loop-sequence

preferences, implying that sequence signals for local structures

need not be specific as long as the keystone interactions that

dictate the tertiary structure of the variable domain are uncom-

promised. In particular, the lack of sequence preferences in the

regions ranging from CDR-L2 to VLOL explains the high relative

phage expression ratios of the corresponding phage-displayed

libraries (Figure 4A), the loose local structure (Figure 5), and the

fact that there is room for further structure stability optimization

(Figure 7; see below) in the VL domain, but not in the corre-

sponding well-folded region in the VH domain. Moreover,

although the loop residues that involve lower hydrophobic

core packing (residues marked by circles in Figure 6) prefer

hydrophobic amino acid types, the stringency of conser-

vation is substantially weaker compared with positions involving

hydrogen-bonding networks. Consequently, only a few re-

sidue positions in the loop regions need to strictly follow

the consensus-sequence requirements for natural antibody

sequences.
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Thermal Stability Measurements of VEGF-Binding scFv
Variants with HTTI
HTTI (T50) measurements obtained from the individual variants

provide a thermodynamic rationale for the coupling of the remote

key residues in the non-CDR loops to the antigen binding

through CDRs. Figure 7 shows the distributions of T50(VEGF)

values for scFv variants selected from each of the phage-dis-

played non-CDR libraries. The scFv variants were selected after

a few rounds of selection-amplification cycle against immobi-

lized VEGF and were confirmed for positive VEGF binding by

ELISA (Supplemental Experimental Procedures; Table S5). The

sequence preferences for thermal stable scFv variants are

compared with the sequence preferences derived from NGS

data as shown in Figures 4A and 4B. The numbers superimposed

in the heatmaps of Figures 4A and 4B indicate the appearance

frequency (q(j,i) in Equation 3) of the amino acid type in each

residue position of the non-CDR loops; the appearance fre-

quencies were counted only in scFv variants with T50(VEGF) >

T50
Av1.2(VEGF) � 5�C. These scFv variants were functionally

confirmed to have similar or better stability compared with the

template scFv Av1.2. The predominant key residues that emerge

from the HTTI-filtered scFv variants (Table S5) are similar to the

predominant key residues that emerge from the NGS statistics

(Figures 4A and 4B; see residues Arg-H66 [VHL3], Asp-H86

[VHL4], Asn-H76 [VHOL], Arg-L61 [VLL3], and Asp-L82 [VLL4]

in hydrogen bonding, and Leu-H45 [VHL2] and Pro-L44 [VLL2]

as interface hydrophobic residues). The Pearson’s correlation

coefficients and t-test p values for the frequencies (q(j,i) in Equa-

tion 3) of the amino acid types from the HTTI-filtered scFv vari-

ants compared with those from NGS statistics are shown in

Figures 7B and 7C for the VH and VL domains, respectively.

The highly significant correlations confirm the same set of key

residues derived from NGS and HTTI, indicating that the key res-

idue positions that are strongly associated with the antigen bind-

ing of the template scFv (Figures 4A, 4B and 5) are also critical for

the thermal stability of the scFv structures (Figure 7; Table S5).

This result supports the notion that the key residues that are

distant from the functional site (CDRs) but are critical for the

functional structure of the scFv variants are also critical for the

thermal stability of the overall variable domain structure. This

also indicates that the qualitative assumption that the energetic

contribution from an individual residue to the overall protein sta-

bility is somewhat proportional to the relative entropy (Equation 1)

of the residue, implying that the distributions of the amino acid

types in the protein roughly follow the Boltzmann distribution re-

flecting the free energy of the protein structure.

The HTTI measurements shown in Figure 7 suggest that there

is still a lot of room for improvement with regard to the thermal

stability of the framework region of the template scFv based on

the 4D5 variable domain sequences, whichwere optimized using

a consensus approach. As shown in Figure 7A, a large portion of

the functional, nonredundant scFv variants from the VHL1,

VHL2, VLL2, VLL3, VLL4, and VLOL libraries have higher thermal

stability than the 4D5-based template scFv. In good agreement

with the above observations that the regions between CDR-L2

and VLOL are loosely consolidated in the VL domain, the results

in Figure 7A show the difference in stability optimization of these

regions in the two variable domains. Local sequences in VLL3,

VLL4, and VLOL can be further optimized to increase the stability
Structure 2
over that of the scFv template. By contrast, the potential for

stability improvement is relatively limited in the corresponding

regions of the VH domain, suggesting that the natural-consensus

antibody variable domain sequences are not equally optimized

for structural stability. The stability of the VH/LL1 and VH/LL2

regions in the template scFv is also far from optimal, suggesting

that the tight-turn structures in these loops of the template scFv

are not essential for loop formation.

The relatively low level of stability optimization of the light-

chain variable domains could be a natural consequence of

antibody development in vivo, where the antibody heavy chain

evolves first in premature B cells before light-chain gene recom-

bination and expression occur. Consequently, the heavy-chain

variable domain is mostly responsible for key epitope recogni-

tion, and the chief function of the light-chain variable domain

could be limited to supporting the heavy chain in protein folding

and antigen binding (Nemazee, 2006).

Keystone Hydrogen-Bonding Networks Involve Polar
Loop Residues that Cap the Bottom of the Lower
Hydrophobic Core
Amino acids involving the hydrogen-bonding network that caps

the bottom of the lower hydrophobic core (Figure 5) in each of the

variable domains are particularly critical for protein stability, as

shown in Figure 6. Recombinant phage-display libraries (VLHnet

and VHHnet) with variants from saturated mutagenesis of the

three noncontiguous segments encompassing the hydrogen-

bonding network in each variable domain were constructed

and selected for VEGF binding. The purpose of this experiment

was to test whether any other configurations of the hydrogen-

bonded electrostatic interactions could replace the native

configuration. The sequence preferences for the hydrogen-

bonding networks that emerge from the selected functional

variants are shown in Figure 8, which indicates that the native

configurations and key residue amino acid types are highly

conserved, especially in the VH domain. The covariation correla-

tion coefficient (F) cannot be calculated for the residue pairs in

the hydrogen-bonding networks because the highly conserved

sequence features do not reveal the necessary amino acid sub-

stitution information for such a calculation. Nevertheless, it is

clear, at least qualitatively, that these conserved residues are

essential for the folding and stability of the variable domain struc-

tures, and that the polarity of the electrostatic interactions is part

of a larger network and cannot be altered.

HTTI measurements of the scFv variants from the VLHnet and

VHHnet libraries indicate that the hydrogen-bonding network

region in the VL domain has room for thermal-stability improve-

ment. The sequence requirements for the hydrogen-bonding

network residues in the VH domain are much more stringent

than those for the VL domain (Figure 8), suggesting that the

thermal stability of the VH domain is not likely to be improved

beyond that of the template scFv. The HTTI results show that

the margin for thermal-stability improvement for the scFv vari-

ants from the VHHnet library is indeed quite limited (the best

observed DT50(VEGF) = 1.2�C; Figure 7; Table S5), and that the

thermal-stability improvement for the scFv variants from the

VLHnet library are relatively higher (the best observed

DT50(VEGF) = 5.7�C; Figure 7; Table S5). This result is in good

agreement with the above conclusion that the thermal stability
2, 9–21, January 7, 2014 ª2014 Elsevier Ltd All rights reserved 17



VL hydrogen-bonded electrostatic interaction networks

VEGF(+)

Consensus

Consensus

      VH hydrogen-bonded electrostatic interaction networks

VEGF(+)

60             61

Figure 8. Sequence Preferences for the Hydrogen-Bonded

Networks Capping the Lower Hydrophobic Core of the Variable

Domains

Sequence LOGOs derived from 40 nonredundant functional (positive for VEGF

binding) scFv variants selected from the libraries (VLHnet and VHHnet) of the

noncontiguous hydrogen-bonding network residues are compared with the

consensus-sequence LOGOs for both variable domains. The symbols labeling

the key positions are defined in Figure 6.
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of the non-CDR loops of the VL domain can be optimized beyond

that of the template scFv.

CDRs as Determinants of scFv Stability
It is anticipated that CDR-H1, CDR-L1, and CDR-H2 are more

limited in sustaining sequence diversity in comparison with the

other CDRs due to the more stringent sequence requirements

of the three CDRs, as indicated in Figures 4A and 4B. To test

this hypothesis, we measured the expression level of soluble

scFv from each of the CDR libraries (CDR-L1-5X–CDR-H3-5X).

The five central CDR residues for each library were selected

according to the following criteria: they are on the tip of the

CDR, are themost exposed to solvent, and are the least stringent

in sequence requirements for each CDR region (see Figures 4A

and 4B for these residue positions); that is, these residues are

the least coupled with the main body of the variable domain.

Figures 9A and 9B show the soluble scFv expression levels

(Supplemental Experimental Procedures) of the CDR recom-

binant libraries that were diversified by saturated mutagenesis.

The CDR-H1-5X, CDR-L1-5X, and CDR-H2-5X libraries show a

low expression level (Figure 9A), in good agreement with the

hypothesis above. To further test the tolerance of sequence vari-

ation in the CDRs, we extended the libraries to encompass nine

to 11 randomized residues centered on the five central residues

(Figure S1). Figure 9B shows that, among theCDR libraries with a
18 Structure 22, 9–21, January 7, 2014 ª2014 Elsevier Ltd All rights r
longer randomized sequence, only the CDR-H3-11X library

could be expressed effectively. A possible explanation for this

is that CDR-H3 is the longest of the CDRs (and thus is the least

coupled to the framework), but it is also likely that the VL domain

is less stable and thus cannot sustain the same level of sequence

variations as the VH domain.

The above results imply that the population of scFv variants

from the CDR-H3 library is energetically more stable than those

from all other CDR libraries. We tested this hypothesis with

thermal inactivation measurements. Figure 9C shows that the

Protein A-based T50 values (T50(PrA)) of the CDR-L1-5X, CDR-

L2-5X, CDR-L3-5X soluble scFv libraries from the supernatant

of the culture of the expression host bacteria are all substantially

less than that of the template scFv(Av1.2), indicating that

sequence variations in the CDRs of the VL domain are not well

tolerated and are mostly deleterious to the stability of the overall

scFv variants. In comparison, Figure 9D shows the T50(PrA)

values of the CDR-H1-5X, CDR-H2-5X, CDR-H3-5X soluble

variant libraries. Although CDR-H1 is as intolerant of sequence

variation as CDR-L1, presumably due to the essential coupling

of the CDR1 loop with the hydrophobic core (see above), CDR-

H3 can tolerate sequence variations without substantially desta-

bilizing the corresponding scFv variants, in agreement with the

hypothesis. The sequence tolerance of CDR-H2 is less robust

than that of CDR-H3, but nevertheless is better than that of the

other CDRs. These results indicate that the CDRs are energeti-

cally coupled to the frameworks: amino acid types that are dele-

terious to loop formation (in general, hydrophobic and aromatic

amino acids) destabilize the CDRs and in turn destabilize the

framework. Quantitatively, CDR3s are the least coupled and

CDR1s are the most coupled with the framework. CDRs in the

VH domain are less coupled with the framework compared with

the corresponding CDRs in the VL domain. These trends explain

the library scFv expression levels shown in Figures 9A and 9B.

The origin of the discrepancies in loop-framework coupling is

not known exactly, but one explanation could be that the VH

framework is reinforced by more structured regions ranging

from CDR-H2 to the outer loop (VHOL), but not in the VL domain

(see above), and as such, the framework of the VH domain could

sustain more sequence variations in the CDRs than the frame-

work of the VL domain.

The results in Figure 9 agreewith the notion that theCDR loops

contribute differently to the folding and stability of the variable

domains. The Ig-like structures share a common folding mecha-

nismwhereby key hydrophobic residues from the B, C, E, and F b

strands nucleate to form a central hydrophobic cluster, which

defines the characteristic Ig-like folding topology. The peripheral

segments, including the E–F b-arch (VH/LL4), the C0 b strand

(CDR2 in VH and VL), and the B–C b arch (CDR1 in VH and VL),

consolidate around the central nucleus, followed by the final

docking of the A and G b strands and the final consolidation of

the CDR3 loop structure (Billings et al., 2008; Cota et al., 2001;

Fowler and Clarke, 2001; Geierhaas et al., 2004; Hamill et al.,

2000a, 2000b; Lappalainen et al., 2008; Lorch et al., 1999).

CDR1 sequence preferences, especially the conservation of

the anchoring hydrophobic residues, reflect the importance of

the CDR1 loop for the folding and stability of the variable

domains. In contrast, the CDR3 loops can tolerate diverse

sequences for antigen bonding, coupled with the stability of
eserved
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Figure 9. Expression Levels of the Soluble

scFv Libraries and Thermal Inactivation

Measurements of the scFvs from the CDR

Libraries

(A and B) Expression levels for the short (A) and

long (B) versions of the CDR libraries. The experi-

mental procedures are described in Supplemental

Experimental Procedures.

(C) Thermal inactivation measurements of the

soluble scFv libraries CDR-L1-5X–CDR-L3-5X

based on Protein A binding.

(D) Thermal inactivation measurements of the

soluble scFv libraries CDR-H1-5X–CDR-H3-5X

based on Protein A binding. The thermal inactiva-

tion measurement is described in Supplemental

Experimental Procedures, and the randomized

sequence ranges of the scFv CDR libraries are

defined in Figure S1. The error bars were calcu-

lated with triplet repeats of the measurement.
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the framework region only as a peripheral substructure that

forms after the consolidation of the core region of the variable

domain. Although CDR-H2 is confined to sequences that form

b-hairpin structures, CDR-L2 likely contributes less to the

stability of the VL domain.

Conclusions
The emerging loop-sequence preferences reveal that the speci-

ficities of all the local structural codes are strikingly inferior to

those of the predominant long-range tertiary interactions. None

of the 16 loops in the antibody variable domains need to be

encoded with conserved local sequence features. By contrast,

residue positions involving in tertiary interactions are well

conserved in the loop regions for protein folding, stability, and

function. These residues, and particularly those in the

hydrogen-bonding networks that cap the lower hydrophobic

core, involve tertiary interactions that are strongly coupled to

the function of the CDRs in recognizing the antigen, by energet-

ically stabilizing the overall functional structure of the variable

domain. The results also converge to support the folding mech-

anism of the hydrophobic core initiation, followed by the consol-

idation of the loop regions through tertiary interactions involving

hydrophobic interactions and hydrogen bonding with residues

distant in sequence. The nonspecific sequence preferences

pertinent to local structural features are more in line with the
Structure 22, 9–21, January 7, 201
notion that the loops in the IgG-like struc-

ture are passive regions to accommodate

the configurations dictated by the for-

mation of the hydrophobic core and

hydrogen-bonding network. The alterna-

tive hypothesis that the variable domain

loops are encoded with redundant turn-

forming determinants that can only be

revealed by simultaneous mutation of all

loop sequences is less likely because

the consolidation of the transition state

(see above) implies a concerted folding

involving all parts of the protein. This

argues against the hypothesis that
misbehavior in a certain part of the protein can always be

compensated for by redundant structural signals encoded else-

where. Although our experimental results are derived from the

Av1.2 scFv template, it is likely that our conclusions can be

generalized to a greater extent due to the high conservation of

sequence and structural features among antibody gene families.

Results from this work will help to shape antibody engineering

strategies to achieve a more robust scFv framework. Deep

sequencing of the functional scFv variants revealed that the

structure-wise equivalent positions in the non-CDR loops con-

necting the core B-C-C0 and E-F b strands, and nonconsecutive

residues involving hydrogen-bonding networks capping the

lower hydrophobic core in the VH and VL domains, are similar

with regard to amino-acid-type encodings. Moreover, the more

consolidated local structure in regions between CDR-H2 and

VHOL in the VH domain could confer extra stability to the VH

domain in comparison with the VL domain, for which the shorter

and less regular counterpart does not require strict sequence

preferences and the local consensus sequence is not fully ener-

getically optimized to support the overall structure. However, the

stability of scFv constructs should not be limited by the weak-

ness of the natural consensus sequence of the VL domain. One

obvious way to stabilize the scFv framework is to make the VL

domain as stable as the VH domain by engineering the regions

from CDR-L2 to VLOL in the VL domain and then revising the
4 ª2014 Elsevier Ltd All rights reserved 19
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other non-CDR loop sequences. The HTTI results shown in Table

S5 and Figure 7 demonstrate that many alternative loop

sequences can indeed improve the thermal stability above that

of the already robust 4D5 framework.

Taken together, yjr sequence preferences of a large number of

functional scFv variants reveal that the sequences of the

non-CDR loop regions are coupled to the central core of the

variable domain, which in turn sustains the functional conforma-

tion of the CDRs. The CDR1 and CDR2 sequences are coupled

with the stability of the variable domains as well as the antigen

binding, and thus optimization of the sequences of these regions

is more restricted in comparison with the CDR3 regions, which

are less coupledwith the framework and can sustainmuch larger

sequence diversity. As such, optimizing the non-CDR loop

sequences can substantially increase the thermal stability

and expression level of the scFv variants, enabling greater

complexity of the CDR sequence variation and thus more

functional CDR configurations.

EXPERIMENTAL PROCEDURES

General experiment details are described in Supplemental Experimental

Procedures.

Phage-Displayed scFv Library Construction and Selection

Construction of the scFv library and the selection procedures were done as

described previously (Yu et al., 2012).

HTTI Measurement

HTTI measurements were performed as previously described (Miller et al.,

2010) with minor modifications.

Information Content from Sequence Profiles

The individual information content dji attributed to amino acid type i at position j

is shown in Equation 1, and the information content (or relative entropy) Ij at

position j of amultiple amino acid sequence alignment is defined in Equation 2:

dji =qðj; iÞIj (1)

Ij =
X20

i = 1;qðj;iÞs0

qðj; iÞlog2

qðj; iÞ
pi

(2)

where,

qðj; iÞ=Cji

Mj

(3)

where pi is the background probability for amino acid type i, Cji is the count of

amino acid type i at position j of themultiple alignment, andMj is the total count

of 20 natural amino acid residues at position j of the multiple alignment. The

background probabilities were calculated according to the DNA sequence

statistics from randomly sampled scFv variants after the library constructions,

and the statistics are shown in Table S2.
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