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Human antibody variable heavy (VH) domains tend to
aggregate upon denaturation, for instance, by heat or
acid. We have previously demonstrated that domains
resisting protein aggregation can be selected from CDR-
only repertoires by phage display. Here we analysed their
sequences to identify determinants governing protein
aggregation. We found that, while many different CDR
sequences conferred aggregation–resistance, certain
physico-chemical properties were strongly selected for.
Thus, hydrophobicity and beta-sheet propensity were sig-
nificantly lower among the selected domains, whereas net
negative charge was increased. Our results provide guide-
lines for the design of human VH repertoires with
reduced levels of protein aggregation.
Keywords: antibodies/combinatorial repertoire/molecular
evolution/phage display/protein aggregation

Many human proteins aggregate, particularly in response to
non-physiological conditions such as heat and acidic pH.
This is also the case for human antibody domains, such as
variable heavy (VH) chains, which tend to aggregate in iso-
lation. This is in marked contrast to VH from other species,
such as camels, which naturally occur in the absence of
light-chain partners. Structural studies of camelid single
domains have revealed specific features that are believed to
improve their solubility (Desmyter et al., 1996; Spinelli
et al., 1996). These include increased hydrophilicity of
surface patches that form the light chain interface in other
species. Consequently, mutation of residues in this interface
has been shown to improve solubility and to reduce aggrega-
tion of human VH domains (Davies and Riechmann, 1994;
Barthelemy et al., 2008).

However, other studies have shown that similar aggrega-
tion–resistant properties can be observed among human VH
domains lacking mutations in the light chain interface (Jespers
et al., 2004b). These domains had been derived from a syn-
thetic antibody library based on a single human framework,
but different CDR regions, highlighting the effect of variable
regions on the biophysical properties of human VH domains.
Other studies have reported similar results, with CDR
sequences shown to affect expression yields, retention on gel-
filtration columns and thermodynamic stability (Jespers et al.,
2004a; Famm et al., 2008; Barthelemy et al., 2008).

We have previously reported a method that allowed the
selection of human variable heavy chains resisting aggrega-
tion from a synthetic single framework CDR-only library
(Jespers et al., 2004a; Famm and Winter, 2006). This method
was based on the display of VH domains on phage, followed
by heat-induced unfolding and capture of aggregation–resist-
ant domains using protein A, a conformation-specific super-
antigen. The domains selected by this method not only
resisted aggregation when heated above their unfolding temp-
erature, but also displayed favourable expression and purifi-
cation yields (Jespers et al., 2004a). However, while we
noted that many of the selected domains exhibited acidic iso-
electric points, detailed sequence characteristics remained
unknown. Here we describe the CDR-sequence determinants
governing protein aggregation in human VH domains.

Material and Methods

Selection for aggregation–resistance on phage
Phages from a VH CDR-only library based on the human
V3-23/D47 framework [library 1, 2 � 109 clones (Jespers
et al., 2004a)] were purified from culture supernatant by two
precipitations with polyethylene-glycol/NaCl solution [as
previously described (Lee et al., 2007)]. Phages were sub-
jected to a single round of heat treatment [in contrast to three
rounds of treatment used by Jespers et al. (Jespers et al.,
2004a)]. Approximately 1010 phages were heated in 10 ml of
phosphate-buffered saline (PBS) at 808C for 10 min and
cooled to 48C (heat-selected repertoire). As a control, phages
were incubated in PBS at room temperature (unselected
repertoire). Phages from both repertoires were diluted into
PBS supplemented with 2% (w/v) marvel milk powder
(MPBS) and captured on a protein A coated MaxiSorp
Immuno-plate (Nunc) (which had been coated over night
with protein A at 10 mg/ml in PBS at room temperature and
blocked using 2% MPBS). The selected phages were added
to the blocked wells for 2 h at room temperature. After 10
washes with PBS, protein A-bound phages were eluted in
1 mg/ml trypsin in PBS for 10 min at room temperature. The
eluted phages were used to infect exponentially growing
Escherichia coli TG1 bacteria (Gibson, 1984) (with an
OD600 of approximately 0.5) by incubation for 30 min at
378C. Bacteria were pelleted by centrifugation, plated on
TYE agar plates supplemented with 15 mg/ml tetracycline
and grown at 378C over night.

Phage ELISA for aggregation–resistance
Aggregation–resistance of clones was analysed by measur-
ing retention of signal in a phage ELISA format
(McCafferty et al., 1990). Wells of a Nunc Maxisorp
Immuno-plate were coated over night with protein A at a
concentration of 2.5 mg/ml in PBS. The plate was washed
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once with PBS and blocked with 2% MPBS. Single colo-
nies were picked from agar plates and grown over night in
2 � TY medium supplemented with 15 mg/ml tetracycline
in 96-well round bottom plates shaking at 378C. Cells were
removed by centrifugation and phages were biotinylated
directly in the culture supernatant by adding
biotin-PEO4-N-hydroxysuccinimide (Pierce; 50 mM final
concentration). For heat selection, supernatant was incubated
at 808C for 10 min and then cooled to 48C. Supernatant was
added to the blocked ELISA wells. After three washes with
PBS, bound phage particles were detected using an
Extravidin-HRP conjugate (Sigma) and 3,30,5,50-tetramethyl-
benzidine (TMB) substrate.

Sequencing of repertoires
Regions of the phage genome encoding the VH domains
were amplified by PCR from bacterial cultures using primers
50-CGGTTTATCAGCTTGCTTTCG-30 and 50-GTTTTGTCG
TCTTTCCAGACG-30 and subjected to DNA sequence
analysis.

Results

We first selected aggregation–resistant domains by heating a
large CDR-only VH library (2 � 109 clones) (Jespers et al.,
2004a) on phage: the phages were heated to 808C, followed

Fig. 1. CDR amino acid frequencies of VH repertoires. Frequencies were calculated from sequences of 40 clones from the unselected VH repertoire (A), as
well as 40 clones selected by heating on phage (B). Amino acids are indicated by single letter codes and frequencies correlate with letter size. Amino acids are
colour-coded according to physico-chemical properties: green (G, S, T, Y, C, Q, N) indicates polar residues, blue (K, R, H) basic residues, red (D, E) acidic
residues, black (F, V, L, A, M, I, W, P) hydrophobic residues. Numbering of CDR residues according to Kabat and Wu (Kabat and Wu, 1991). Residues
99–100 k are shown as a single, averaged position to account for variable CDR 3-length in repertoires. (A) and (B) were generated using WebLogo (Crooks
et al., 2004). (C) shows amino acid frequencies (in percent) at positions displaying significant sequence bias. Upper values refer to the unselected repertoire,
lower values to the heat-selected repertoire. Shading indicates statistically significant bias as follows: light gray p , 0.05; gray p , 0.01; dark gray p , 0.001;
black p , 1026. p-values were calculated using x2 statistics with one degree of freedom; amino acids rare at a given position in the unselected repertoire
(frequency of 10% or less) were excluded from the analysis.
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by capture of domains resistant to heat-induced aggregation
by protein A (heat-selected repertoire). As a control, the VH
library was incubated at room temperature and captured by
protein A (unselected repertoire). We next analysed the
aggregation propensity of the two repertoires by phage ELISA.
For this purpose, phages were heated and aggregation–
resistant clones detected with an anti-phage conjugate after
protein A capture. Using this assay, we identified 40 clones
from each repertoire, which differed considerably in their
aggregation–resistance (with an average retention of ELISA
signal after heating of 88% for the heat-selected clones and
42% for the unselected clones).

As the clones from the two repertoires strongly differed in
their resistance to aggregation, we wondered whether this prop-
erty was reflected in their sequence characteristics. We there-
fore determined their sequences and calculated amino acid
frequencies at all individual CDR positions. This revealed con-
siderable diversity at all of the analysed positions (Fig. 1A and
B). However, further analyses found that the frequencies of
amino acids at several positions differed significantly between
the two repertoires, indicating selection pressure associated
with the heat-denaturation step (Fig. 1C). This included strong
enrichment (p , 0.01) of valine at position 29, glycine at pos-
ition 35 and serine at position 102. A considerable preference
(p , 0.001) was observed for valine at position 100l and in
particular for glutamate at position 32 (p , 1026). We also
found that certain amino acids were less frequent among the
selected domains, in particular arginine and lysine. However,
with the exception of arginine at position 52, these biases were
generally weak (p , 0.05). Many of these positions are
located within CDR 1. In total, we detected six positions, three
in CDR 1 (29, 32, 35), one in CDR 2 (52) and two in CDR 3
(100l, 102) that differed strongly (p , 0.01) in their amino
acid composition between the two repertoires.

We next determined physico-chemical properties of longer
stretches of the proteins, both at the domain-level (Table I,
first row), as well as for individual CDRs (Table I, rows 2–4).
This revealed strong increase of net negative charge for the
heat-selected VH domains, as well as reduced hydrophobi-
city. This is in agreement with the enrichment of acidic and
polar residues at individual positions (as above). We also
observed that beta-sheet propensity of the domains was
significantly reduced. Similar trends were observed for

individual CDRs, particularly CDR 1 and, to a lesser degree,
CDR 3 and CDR 2 (Table I; rows 2–4).

In addition to heat-induced aggregation, we also analysed
the sequence features of a repertoire of VH domains that had
previously been selected by incubation at acidic pH (Famm
et al., 2008). In contrast to the domains selected by heat, we
did not observe physico-chemical properties to differ signifi-
cantly from the unselected repertoire (data not shown). This
is in agreement with our earlier findings that these proteins
resist acid-induced aggregation mainly through the selection
of specific point mutations (such as Arg28) (Famm et al.,
2008).

Discussion

The use of phage display for the selection of antibody
domains from a large combinatorial repertoire has allowed us to
identify CDR-sequence determinants governing aggregation–
resistance. For the VH domains that had been selected by
heating on phage, we detected significant enrichment of
amino acids at several positions, particularly within CDR 1.
This included glycine 35, a residue previously shown to
increase the solubility of VH domains (Jespers et al., 2004b;
Barthelemy et al., 2008). However, other substitutions had
not been previously described, including a strong preference
for glutamate at position 32.

We also wondered whether we could detect changes that
may not be obvious from the analyses of amino acid frequen-
cies at single positions. Such changes may originate from the
effect of combined amino acid changes at multiple positions
or may be obscured by co-variation. Further analysis did
indeed reveal properties that had not been obvious from the
analyses of single positions. Thus, hydrophobicity and beta-
sheet propensity were significantly lower among the selected
domains, while net negative charge was increased. All of the
observed properties have previously been implicated in
protein aggregation and the formation of amyloid-like aggre-
gates (Dobson, 1999). These properties are also the basis of
algorithms that aim to predict the formation of protein aggre-
gates (DuBay et al., 2004; Fernandez-Escamilla et al., 2004).
Indeed, we observed that these algorithms predicted lower
levels of protein aggregation for heat-selected VH repertoires
(data not shown).

Table I. Physico-chemical properties of VH domains and their CDR regions

Repertoire Net charge Hydrophobicity b-sheet propensity

VH Unselected 1.823 (1.840) 20.001 (0.036) 0.328 (0.005)
Heat-selected 20.707 (1.579)*** 20.038 (0.034)*** 0.336 (0.007)***

CDR 1 only Unselected 20.336 (1.076) 20.071 (0.269) 0.314 (0.052)
Heat-selected 21.393 (1.058)*** 20.258 (0.256)** 0.348 (0.056)**

CDR 2 only Unselected 20.174 (0.902) 20.152 (0.345) 0.318 (0.064)
Heat-selected 20.646 (0.970)* 20.255 (0.299) 0.351 (0.065)*

CDR 3 only Unselected 0.361 (1.391) 20.099 (0.263) 0.321 (0.039)
Heat-selected 20.640 (1.848)** 20.224 (0.228)** 0.351 (0.041)**

Properties were calculated from sequences of 40 clones from the unselected repertoire, as well as 40 clones selected by heating on phage. Shown are
population means with standard deviations displayed in brackets. p-values were calculated using two-tailed heteroscedastic t-tests. CDR positions included in
the analysis were CDR 1 (27–35), CDR 2 (50–52, 52a, 53, 54), CDR 3 (94–98, 99–100 k, 100l, 101, 102). Net charges were calculated at pH 7.4 based on
Henderson–Hasselbach equation using side-chain pKa values (Fersht, 1998). Hydrophobicity values were calculated at pH 7.5 according to Cowan and
Whittaker (Cowan and Whittaker, 1990). Beta-sheet propensities were calculated according to Chiti (Chiti et al., 2003) (proline residues were excluded from
the analysis); propensities range from 0 (high) to 1 (low). *Indicates p , 0.05; **Indicates p , 0.01; ***Indicates p , 0.001.
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The effect of charge on protein aggregation and solubility
has long been known and proteins display minimal solubility
near their isoelectric points (Loeb, 1921). Our observation that
increased negative charge plays a major role in aggregation–
resistance is in agreement with reports on the engineering of
proteins other than VH. In a recent study, Whitesides and co-
workers reported that increasing negative charge in
alpha-amylase (by chemical acetylation of lysines) signifi-
cantly improved resistance against thermal and chemical
inactivation (Shaw et al., 2008). Liu and co-workers reported
the engineering of green fluorescent protein (GFP) into a
highly aggregation–resistant form by the introduction of
negatively charged surface residues (Lawrence et al., 2007).
In contrast to our results, they also observed similar effects
for a highly positively charged GFP variant (although not for
other proteins, such as glutathione-S-transferase).

In summary, we found that CDRs with highly diverse
sequences, but common physico-chemical properties, can give
rise to human variable domains resisting protein aggregation.
This is in agreement with previous results, demonstrating that
repertoires of aggregation–resistant domains can be generated
by combinatorial assembly of pre-selected CDR regions
(Christ et al., 2006). Although good antigen binders were
obtained in these experiments, pre-selection did lead to a con-
siderable loss of CDR-diversity (Christ et al., 2007). Our
results here suggest an alternative path to the construction of
such repertoires. Thus, the identification of sequence determi-
nants governing protein aggregation may open up the path
towards the design of human VH repertoires with reduced
levels of protein aggregation. This may include the use of tri-
nucleotide mutagenesis (Virnekas et al., 1994) to limit diver-
sity at restrictive positions (such as CDR 1, residue 32) and
the targeting of diversity to other regions (such as CDR 2)
that display little sequence bias in our analyses.
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