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ABSTRACT: The use of binding proteins from non-
immunoglobulin scaffolds has become increasingly common
in biotechnology and medicine. Typically, binders are isolated
from a combinatorial library generated by mutating a single
scaffold protein. In contrast, here we generated a “superlibrary”
or “library-of-libraries” of 4 × 108 protein variants by
mutagenesis of seven different hyperthermophilic proteins; six
of the seven proteins have not been used as scaffolds prior to
this study. Binding proteins for five different model targets were
successfully isolated from this library. Binders obtained were
derived from five out of the seven scaffolds. Strikingly, binders
from this modestly sized superlibrary have affinities comparable
or higher than those obtained from a library with 1000-fold
higher sequence diversity but derived from a single stable scaffold. Thus scaffold diversification, i.e., randomization of multiple
different scaffolds, is a powerful alternate strategy for combinatorial library construction.
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Binding proteins derived from non-immunoglobulin scaf-
folds offer several advantages over antibodies such as

smaller size, higher stability, and ease of recombinant
expression at high yields in bacterial systems. Indeed, the
generation of binding proteins from several different protein
scaffolds has been reported.1,2

Binders are typically isolated from a combinatorial library
generated by randomization of a surface-accessible region on
the scaffold. The likelihood of obtaining binders to any given
target is greatest when the scaffold can yield mutants that
collectively have large topological diversity; this is the case with
immunoglobulins when the amino acid composition of
complementarity determining regions (CDRs) is varied. We
hypothesized that simultaneous randomization of multiple
proteins is a powerful strategy for constructing a topologically
diverse non-immunoglobulin scaffold library that is capable of
generating binders to a wide spectrum of targets. Accordingly,
we generated a “superlibrary” by randomizing secondary
structure elements of seven different hyperthermophilic
proteins; six of these have not been previously used as scaffolds
for generating binding proteins. We reasoned that highly stable
proteins are more likely to be tolerant to mutation and retain
their native structure. Therefore, hyperthermophilic proteins
are excellent candidates for scaffolds; libraries derived from
randomizing these will contain fewer misfolded mutants.3,4

We screened the superlibrary for binders to five different
model targets; our results confirm that binders to diverse target
species can indeed be isolated. We further assessed the benefits
of scaffold diversification by simultaneously isolating binders

from the superlibrary as well as a library of Sso7d mutants with
1000-fold higher sequence diversity. The Sso7d protein from
Sulfolobus solfataricus has been previously shown to be a
versatile scaffold that can yield binders to a wide range of target
species.4 Notably, affinities of binders obtained using these
approaches are comparable and underscore the effectiveness of
using multiple scaffolds.

■ RESULTS AND DISCUSSION
Construction of a Superlibrary of Alternate Scaffolds

Using Yeast Surface Display. We constructed a combina-
torial superlibrary by randomizing specific regions on seven
different proteins: Tm0487 and Tm1112 from Thermotoga
maritima; Sso7d, Sso6901, and the microtubule interacting and
transport (MIT) domain of Sso0909 from Sulfolobus
solfataricus; the chitin binding domain (ChBD) of Chitinase
A from Pyrococcus furiosus; and the N-terminal domain of the
Ph1500 protein from Pyrococcus horikoshii. Candidate proteins
from hyperthermophilic organisms were chosen on the basis of
two criteria, a known NMR or crystal structure that allows
careful selection of surface-accessible residues for mutagenesis
and overall length of ∼100 amino acids or less. The seemingly
arbitrary restriction on the overall length of scaffold proteins
was necessary to ensure that all individual scaffold libraries
could be generated using one or two oligonucleotides
containing degenerate codons. Six of the seven proteins chosen,
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all proteins except Sso7d, have not been used as scaffolds for
generating binding proteins prior to this study; we have
previously isolated binding proteins for a wide spectrum of
target species from a library of 108 Sso7d mutants.4

Combinatorial libraries of scaffold proteins were generated
by randomizing 10−15 residues on each scaffold, as shown in
Figure 1a and Supplementary Table S1. In general, surface-
accessible residues were chosen for randomization; where
available, additional data in the literature were used to guide the
choice of residues (see Supplementary Methods). Yeast display
libraries of 107−108 mutants for each scaffold were generated
(Figure 1a). Mutant proteins are expressed as a C-terminal

fusion to the yeast cell wall protein Aga2, and are flanked by an
N-terminal HA and C-terminal c-myc epitope tags, respec-
tively.5 Subsequently, individual libraries were combined to
obtain a superlibrary with an overall diversity of ∼4.4 × 108

mutants. This yeast superlibrary can be propagated indefinitely
in culture or frozen. Indirect immunofluorescent labeling of the
c-myc epitope tag shows that 20−43% of yeast cells in the
individual libraries express full-length fusions (Figure 1b).
Overall, 28% of yeast cells in the superlibrary express full-length
scaffold variants.
The ChBD library was constructed using oligonucleotides

with degenerate trinucleotide phosphoramidites coding for 20

Figure 1. Construction of a superlibrary of hyperthermophilic scaffolds. (a) Scaffolds used to construct the superlibrary. Residues chosen for
randomization are shown in licorice representation; Visual Molecular Dynamics (VMD) v1.8.7 was used to generate this figure. Also see
Supplementary Table S1. For each scaffold, the total number of amino acid residues in the wild-type protein, followed by the number of residues
randomized, is shown in parentheses. An arrow indicates the site of an inadvertent insertion of a threonine residue during construction of the ChBD
library. (b) Analysis of cell surface protein expression for individual scaffold libraries and the combined superlibrary; numbers in parentheses indicate
library diversity. Yeast cells displaying mutant proteins as cell surface fusions were labeled with an anti-c-myc antibody followed by a secondary
antibody conjugated with Alexa Fluor 488 (red histograms) or the fluorescent secondary antibody alone (purple histograms). Cells were
subsequently analyzed using flow cytometry. Numbers above the horizontal bar show the approximate percentage of yeast cells in each library
expressing the c-myc epitope tag and therefore, by inference, full-length proteins as cell surface fusions.
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Table 1. Protein Sequences of Mutants Obtained from the Superlibrary or the Sso7d mRNA display librarya

aCorresponding wild-type (WT) sequences are shown as a reference. Mutated residues are in bold font and underlined. bA truncated Tm1112
mutant was obtained due to the introduction of a stop codon at K62. cA threonine insertion was inadvertently introduced between W292 and T293
(indicated by I) during oligonucleotide synthesis; this insertion is shown in bold font and italicized.
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amino acids. Note that all stop codons are eliminated in this
approach.6 Yet, only 43% of cells in the ChBD yeast library
expressed full-length cell surface fusions. In contrast, 30% of the
Sso7d library expresses full-length fusions even though only
∼30% of the library consists of full-length Sso7d variants due to
frameshift mutations and stop codons introduced by degenerate
NNN codons used in library construction.4 It has been
previously proposed that the quality control mechanism in the
yeast endoplasmic reticulum allows cell surface expression of
only correctly folded proteins.7 Therefore, assuming a similar
frequency of frameshift mutations in the ChBD and Sso7d
libraries, it is likely that a larger fraction of mutants in the Sso7d
library are correctly folded relative to the ChBD library,
although there is some evidence of yeast surface expression of
misfolded proteins or molten globules.8 Indeed, an amino acid
insertion was inadvertently introduced in a β-sheet in the
ChBD scaffold, resulting in likely destabilization of all ChBD
mutants (Figure 1a). Moreover, a ChBD mutant isolated from
the superlibrary has the lowest thermal stability among all
proteins analyzed in this study (vide inf ra). Taken together,
these data are consistent with the idea that highly stable scaffold
proteins yield combinatorial libraries containing a larger
fraction of correctly folded proteins.
Isolation of Binders To Model Targets from the

Superlibrary. Using magnetic selection followed by fluo-
rescence activated cell sorting (FACS) as previously described,5

we successfully isolated binders for five different model targets
from the superlibrary. The targets chosen included a small
organic molecule (fluorescein), a 12 amino acid peptide from
the C-terminus of the β-catenin protein (BCP), the 32 amino
acid Brain Natriuretic Peptide32 (BNP32) that contains a
disulfide bridge, hen egg lysozyme (HEL), and immunoglobu-
lin G from rabbit (rIgG). These targets represent species with a
range of molecular weights; also specificity of rIgG binders
could be rigorously assessed by evaluating their binding to
other closely related immunoglobulins (vide inf ra).
The pool of mutants with the highest affinity for the targets,

obtained after multiple rounds of FACS, included proteins
derived from five of the seven scaffolds used to construct the
superlibrary: Sso7d, Sso6901, MIT, Tm1112, and ChBD
(Table 1). Binding proteins from multiple scaffolds were
obtained in the pool of highest affinity binders for all targets,
with the exception of HEL. Interestingly, single distinct Sso7d
mutant in the pool of highest affinity binders from the
superlibrary is identical to the mutant that was previously
isolated by screening the Sso7d library.4 Also, the pool of
binders for BNP32 from sorts contained a truncated Tm1112
mutant.
We measured the equilibrium dissociation constants (KD) of

the binding interaction between mutant proteins and their
targets for a selected subset of mutant proteins, using yeast cell
surface titrations.5 Note that multiple previous reports have
shown the consistency between KD values estimated using yeast
surface titrations and those obtained using soluble proteins.9,10

Since rIgG is a dimeric molecule, and our estimates for KD are
based on the assumption of a monovalent binding isotherm. KD
estimates from yeast surface titrations are likely influenced by
the avidity effect in the case of rIgG; a single rIgG molecule
may bind to two cell surface fusions. Therefore, KD values for
rIgG binders were determined by ELISA. The estimated
binding affinities and their associated 68% confidence intervals,
analogous to the commonly reported standard deviations from
triplicate measurements, are shown in Table 2.

Our analysis shows that the binding affinities of mutants
obtained from the superlibrary are in the few hundred
nanomolar to micromolar range. Note that an affinity
maturation step has not been performed on these mutants.
Further increases in affinity may be achieved by additional
rounds of mutagenesis and screening. However, it is important
to note that several applications such as the design of affinity
ligands for chromatographic separations do not require binding
proteins with high affinity. For instance, the KD for the binding
interaction between protein G and IgG is ∼100 nM.11

Role of Scaffold versus Sequence Diversity in
Combinatorial Libraries. A significant fraction of the
superlibrary is composed of a single scaffold; Sso7d mutants
make up 108 out of the overall 4.4 × 108 mutants in the
superlibrary. Nevertheless, the pool of binders with the highest
affinity for each target was found to be derived from a distinct
subset of scaffolds. For example, the “best” binders for rIgG
were derived from MIT and ChBD, whereas binders to BNP32
were derived from Tm1112, Sso7d, and Sso6901 (Table 1).
These results suggested that specific scaffolds may be more
suited than others to generate binders for a given target.
However, the overall diversity of a yeast surface display

library is restricted by the transformation efficiency in yeast; the
highest reported diversities are on the order of ∼109−10
mutants, whereas the theoretical diversity generated by
randomizing 10 residues is ∼1013. The limited diversity of
our individual scaffold libraries raises the following question: is
the apparent propensity of a particular scaffold or subset of
scaffolds to generate binders for a given target simply an artifact
of library size limitation? In other words, can a library with very
high sequence diversity but generated from a single versatile
scaffold such as Sso7d yield binders with affinities higher than
those obtained from the superlibrary with lower sequence
diversity but derived from multiple scaffolds?
To address this question, we screened a library of ∼5 × 1011

Sso7d mutants for binders to two targets: rIgG and BNP32. A
combination of mRNA display12 and yeast display was used.
After multiple rounds of FACS, six and three distinct clones
were obtained in the case of binders to BNP32 and rIgG,
respectively (Table 1). We estimated the affinities of rIgG- and
BNP32-binding mutants using ELISA and yeast cell surface
titrations. Strikingly, binding affinities of mutants isolated from
a 5 × 1011 library of Sso7d mutants are lower, or at best
comparable, to those obtained from the superlibrary with
overall diversity lower by 3 orders of magnitude (∼4 × 108)

Table 2. KD Estimates for Selected Mutantsa

Target molecule Mutant-scaffold
Estimated KD (nM)
(68% confidence interval)

Fluoresceinb Sso7d-Fluorescein-2 879 (515−1700)
BCPb Sso6901-BCP 3297 (2120−5300)
BNP32b Tm1112-BNP32 653 (565−755)

Sso6901-BNP32 2100 (1560−2850)
Sso7d-BNP32md 2696 (2000−3650)

HELb Sso7d-Lysozyme 349e (225−540)
rIgGc MIT-rIgG 1156 (830−2050)

Sso7d-rIgGmd 2638 (1855−4170)
aIn each case, KD values were estimated using data from three different
experiments. See Figure 2 and Supplementary Figure S1 for titration
curves. bYeast surface titrations were used to estimate KD.

cELISA was
used to estimate KD.

dThese binders were isolated from the mRNA
display library of Sso7d mutants. eThe HEL binder isolated from the
superlibrary was identical to a mutant previously isolated.4
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(Figure 2, Table 2). Further, in yeast cell surface titrations for
two other BNP32-binding mutants (Sso7d-BNP32-3 and
Sso7d-BNP32-4 in Table 1) isolated from the 5 × 1011 library
of Sso7d mutants, saturation of the binding isotherm was not
attained even at 10 μM BNP32 concentration (data not
shown); this indicates that these mutants have lower affinities
(i.e., higher KD) than that reported for Sso7d-BNP32m in
Table 2. Thus, our results strongly suggest that scaffold
diversification is advantageous for design of combinatorial

scaffold libraries. A particular scaffold may be better suited than
others for generating binders to a given target.
In generating our superlibrary, we chose to randomize 10−15

amino acid residues on β-strands or α-helices of various scaffold
proteins; the basic flat surface topology of the randomized
region on the scaffold was maintained (Figure 1a). Arguably,
inclusion of additional scaffolds where loop regions are
mutagenized might enhance the binding capabilities of the
superlibrary. Nevertheless, it is interesting to note that the
possibly subtle variations in topology and/or amino acid

Figure 2. Comparison of binders from superlibrary and Sso7d mRNA display library. Binding curves used to estimate KD for binding interaction of
rIgG with (a) MIT-rIgG and (b) Sso7d-rIgGm, obtained by ELISA. Ninety-six-well plates were coated with rIgG followed by labeling with varying
concentrations of 6xHis-tagged recombinant MIT-rIgG or Sso7d-rIgGm proteins. The fraction of immobilized rIgG bound by soluble mutant
proteins is plotted as a function of mutant protein concentration. (c, d) Yeast cell surface titration plots used to estimate the apparent KD for binding
interaction of BNP32 with Tm1112-BNP32 and Sso7d-BNP32m, respectively. Yeast cells displaying mutant proteins as cell surface fusions were
labeled with biotinylated BNP32, followed by streptavidin-phycoerythrin (SA-PE). Subsequently, cells were analyzed using flow cytometry. The
fraction of cell surface displayed mutant proteins bound by BNP32 is plotted as a function of BNP32 concentration. In all plots, different symbols
denote data from independent experiments.

Figure 3. Characterization of MIT-rIgG. (a) Analysis of binding specificity of MIT-rIgG. Yeast cells displaying MIT-rIgG as cell surface fusions were
labeled with 1 μM rIgG or an equivalent concentration of the non-target immunoglobulin species donkey IgG (dIgG), goat IgG (gIgG), chicken IgG
(cIgY), and mouse IgG (mIgG). Fluorescence histograms confirm the high specificity of MIT-rIgG binding to rIgG; binding to other non-target
immunoglobulins is insignificant. (b) CD spectra of wild-type MIT (MIT-WT) and MIT-rIgG mutants in 20 mM sodium phosphate buffer, pH 7.4.
The baseline corrected molar ellipticity (θ) was normalized as θ ̅ = (θ − θmin)/(θmax − θmin), where θmin and θmax are the minimum and maximum
values of baseline corrected molar ellipticity.
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composition of the scaffold framework may favor a particular
scaffold in the context of generating binding proteins to a given
target. In some ways, this is analogous to antibodies for two
different targets arising from two different germ lines. Parallels
can also be drawn to the introduction of loop length diversity in
CDRs of antibodies13−16 or the 10th domain of fibronectin to
generate high affinity binders.17,18

Analysis of Specificity and Thermal Stability. Mutant
proteins isolated from the superlibrary did not exhibit any
significant binding to secondary reagents (data not shown). We
further analyzed the specificity of MIT-rIgG by assessing its
binding to immunoglobulins from species other than rabbit.
Briefly, flow cytometry was used to detect the binding of yeast
cells displaying MIT-rIgG to its cognate target, rIgG, or
immunoglobulins from mouse, goat, chicken, and donkey. As
shown in Figure 3a, MIT-rIgG shows negligible binding to non-
target immunoglobulins. We attribute the high specificity of
MIT-rIgG to the stringent negative selection steps employed
during magnetic selection. Additionally, circular dichroism
(CD) spectroscopy confirmed that the CD spectra for wild-
type and MIT-rIgG are reasonably similar over the range of
wavelengths from 210 to 240 nm. CD spectra of several Sso7d
mutants have been shown to be similar to that of the wild-type
protein.4

We assessed the thermal stability of proteins derived from
different scaffolds in the superlibrary, using differential scanning
calorimetry (DSC) or thermal denaturation studies on yeast
cell surface displayed proteins. DSC was used to measure the
melting temperatures (Tm) for the wild-type proteins Tm1112,
Sso6901, and MIT, as well as selected mutants derived from
Sso7d, Sso6901, and MIT; these proteins were recombinantly
expressed in E. coli. For ChBD-rIgG and Tm1112-BNP32, we
used yeast cell surface displayed protein to determine the
temperature of half-maximal irreversible thermal denaturation
(T1/2), as previously described.17,19 Pertinently, DSC experi-
ments on Tm1112-BNP32 were not feasible due to the low
protein yield and aggregation-prone nature of the protein under
the buffer conditions tested. Also, we chose to use yeast-
displayed protein to assess the thermal stability of ChBD-rIgG
due to an amino acid insertion in a β-strand; we anticipated, as
indeed confirmed by experiment, that this may lead to loss of
protein stability.
Table 3 shows the Tm and T1/2 values for the wild-type and

mutant proteins. Corresponding thermal denaturation curves
are shown in Supplementary Figure S2. Mutant proteins
derived from the Sso7d, Sso6901, and MIT scaffolds show high
melting temperatures (Tm = 74−93 °C). It is noteworthy here
that even though these mutants have Tm's lower than those of
their parent scaffolds, they nevertheless retain high thermal
stability. Further, the mutant proteins were easily expressed
recombinantly in E. coli in soluble form. On the other hand, the
Tm1112 and ChBD mutants analyzed have significantly lower
thermal stability (50 and 38 °C, respectively). The low thermal
stability of Tm1112-BNP32 can be attributed to the deletion of
multiple β-strands that likely results in significant disruption of
the wild-type structure. Similar results are also seen in case of
Sso7d, where deletion of the C-terminal α helix leads to a
decrease in melting temperature by 46 °C.20 In case of ChBD-
rIgG, loss of thermal stability is likely due to an inadvertent
amino acid insertion in a β-strand during oligonucleotide
synthesis; all mutants in the ChBD library carry this insertion.

■ CONCLUSIONS
A key limitation of combinatorial approaches is that any library
screening method samples only a very small fraction of the
sequence space generated by randomizing a scaffold protein.
Here we have shown that, despite this limitation, a modestly
sized superlibrary of hyperthermophilic scaffolds can yield
binders to a diverse set of model targets. Interestingly, binding
affinities of mutants isolated from the superlibrary are
comparable to or higher than those obtained from an Sso7d
library with 1000-fold higher diversity. Clearly, sequence
diversity is important; it is intuitive that a scaffold library
with very low diversity will be limited in its capability to
generate binders. However, on the evidence of our data, it
appears that the benefits of a modest increase in overall library
size through scaffold diversification outweigh the gains from a
large increase in the sequence diversity of a single scaffold
library. To the best of our knowledge, this is also the first
demonstration of the use of Sso6901, MIT, Tm1112, and
ChBD as scaffolds for engineering molecular recognition,
adding to the palate of alternate scaffolds available for
generating binding proteins.

■ METHODS
Construction of Yeast Surface Display Libraries. The

plasmid vector for yeast surface display (pCTCON) and the
yeast strain EBY100 were kind gifts from Prof. K. Dane Wittrup
(Massachusetts Institute of Technology, Cambridge, MA). A
previously described Sso7d yeast library was used in this study.4

Yeast display libraries for all other scaffolds and the Sso7d
mRNA display library were constructed using previously
published protocols5,21 (see Supplementary Methods for
details). Individual yeast display libraries were pooled together
to obtain the superlibrary.

Table 3. Analysis of Thermal Stability for Wild-type Scaffold
Proteins (WT) and Mutantsa

Wild-Type or Target-binding Mutant Tm or T1/2 (°C)

Tm1112-WT 99.4
Tm1112-BNP32 50 ± 4.3b

MIT-WT 116.9 (116.7, 117.2)
MIT-rIgG 74.2 (74.1, 74.3)
Sso7d-WT 98c

Sso7d-Lysozyme 92.7c

Sso7d-rIgGm 85.5 (85.5, 85.6)
Sso6901-WT 97.2 (97.1, 97.3)
Sso6901-BCP 84.5 (84.5, 84.6)
Sso6901-BNP32 76.2 (76.0, 76.4)
ChBD-WT >85d

ChBD-rIgG 38 ± 1.7b

aThe melting temperature (Tm) was determined by differential
scanning calorimetry. The temperature corresponding to the mid-
point of irreversible thermal denaturation was determined from
experiments with yeast cell surface displayed proteins. Unless stated
otherwise, all data reported are Tm values. The average value from
duplicate measurements is reported for all proteins, with the exception
of Tm1112-WT, where a single measurement was performed.
Numbers in parentheses show Tm values obtained in each experiment.
The T1/2 values reported are the mean from three separate
experiments ± standard error of the mean. Also see Supplementary
Figure S2. bT1/2 value.

cValues for Sso7d-WT24 and Sso7d-Lysozyme4

have been previously reported. dThe wild-type ChBD protein has been
reported to retain its secondary structure at 85 °C.25
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Library Screening. The yeast superlibrary was screened
using a magnetic selection step followed by multiple rounds of
FACS, as described.5 The mRNA display library was incubated
with biotinylated targets immobilized on Dynal biotin binder
magnetic beads (Invitrogen, Carlsbad, CA). Mutants that
bound to the beads were isolated, amplified by PCR, and
subsequently transformed into yeast. This pool of mutants, in
yeast display format, was further screened using FACS, and 6−
10 clones from the pool of binders after the final round of
FACS were sequenced. Detailed protocols can be found in
Supplementary Methods.
Estimation of KD. The apparent KD was estimated using

yeast cell surface titrations, for all mutants except rIgG binders,
as described.5 For MIT-rIgG and Sso7d-rIgGm, KD was
estimated using ELISA22,23 (see Supplementary Methods for
details). Errors associated with estimates of KD are reported as
68% confidence intervals; these were calculated as described.5

Biophysical Characterization. Wild-type proteins and
mutants were recombinantly expressed in E. coli with a C-
terminal (all Sso7d mutants) or N-terminal (wild-type and
mutant proteins from MIT, Sso6901, and Tm1112) 6xHistidine
(6xHis) tag. All proteins were purified in a single step using a
nickel column as described.4 Detailed protocols can be found in
Supplementary Methods. Melting temperatures of proteins
dialyzed in PBS (wild-type Sso6901, wild-type MIT, Sso6901-
BNP32, and Sso6901-BCP) or 50 mM sodium acetate buffer,
pH 5 (wild-type Tm1112, MIT-rIgG, Sso7d-rIgG) were
determined using a Nano DSC II differential scanning
calorimeter (TA Instruments, Newcastle, DE). The thermal
denaturation of ChBD-rIgG and Tm1112-BNP32 was studied
using yeast cell surface experiments, previously described.17,19

Protein samples in 20 mM sodium phosphate buffer (pH 7.4)
were used for CD spectrocopy on a JASCO-815 spectropo-
larimeter (Jasco Inc., Easton, MD). CD spectra were recorded
over 210−250 nm using a 50 nm/min scan rate, 0.1 nm pitch, 1
nm bandwidth, and 2 s response time.
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