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A protein without natural binding functions was engineered to bind HIV-1 integrase. Phage display selections applied a library of variants based on the C-terminal domain of the eye lens protein human cS-crystallin. Multiple loop regions were altered to encode libraries with 3.6  1011 different variants. A
crystallin variant, termed integrase binding protein-10 (IBP-10), inhibits integrase catalysis with nanomolar Ki values. IBP-10 interacts with the integrase C-terminal domain and inhibits integrase substrate
afﬁnity. This allosteric mechanism allows IBP-10 to inhibit drug-resistant integrase variants. The results
demonstrate the applicability of the crystallin scaffold for the discovery of binding partners and enzyme
inhibitors.
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Engineered protein scaffolds can offer afﬁnity reagents to solve
biomedical challenges.1,2 Anti-HIV therapies, for example, require
new binding partners, such as protein therapeutics, in response
to the very high rate of viral mutagenesis and consequent acquisition of drug resistance by the virus.3,4 Thus, developing alternative
agents to target HIV proteins, such as integrase, could supplement
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and accelerate treatments for this ongoing pandemic.5 Globally,
>33 million people are infected with HIV, and 2 million people
are killed each year by the virus.6
For protein-based, anti-viral compounds, the ideal scaffold for
molecular recognition will exhibit the attributes of antibodies yet
provide important advantages. Antibodies offer high afﬁnity, solubility, speciﬁcity, and adaptable binding. However, the antibody
scaffold is limited by its high cost, high molecular weight, low
stability, and reducible disulﬁde bonds. Furthermore, new protein
scaffolds could provide research tools for afﬁnity puriﬁcation,
immuno-blotting and -precipitation, co-crystallization, inhibition,
and sub-cellular localization. New classes of enzyme inhibitors
could also provide powerful tools for controlling and studying protein function.
Previous reports demonstrate adapting the molecular recognition of proteins to new ligands and other targets.7 For example,
afﬁbodies, based on the Z-domain of the IgG-binding Protein A
from Staphylococcus aureus, have been used to identify inhibitors
to the CD28-CD80 interaction.8 Nanobodies, based on camel antibodies, have been tested in preclinical trials for the treatment of
colorectal cancer and other diseases.9,10 Maxibodies, single chain
Fabs, have been used as agents against inﬂammation, cancer, and
autoimmune diseases.7 A paralog of human cS-crystallin, fulllength cB-crystallin, has also been used as a scaffold for afﬁnity reagent development; mutagenesis was applied to the afﬁlins from
cB-crystallin to alter the b-sheet regions of the protein.11
Of the major classes of crystallin, cS-crystallin offers particularly useful properties for afﬁnity reagents. Expressed outside the
eye lens in the cornea and retina, cS-crystallin has evolved for stability in different microenvironments.12 Thus, cS-crystallin could
be more resilient than a-, b-, or cA-F crystallins to different assays.
The high solubility of cS-crystallin provides a useful property for
developing afﬁnity reagents. Scaffold proteins must retain solubility, and could also prove useful for the solubilization of binding
partners. Human cS-crystallin can remain soluble in physiological
concentrations of 400 mg/ml (19.2 mM).13 In addition, eye lens
proteins are neither degraded nor re-expressed during the life of
the organism. This long-term in vivo stability suggests variants of
cS-crystallin could remain thermodynamically stable for prolonged durations.
Though its proposed physiological function is to maintain eye
lens transparency,14 cS-crystallin shares common structural

Figure 1. Structure of human C-terminal domain cS-crystallin. Two surfaceexposed loops (red and blue) in the crystal structure of cS-crystallin (PDB: 1ha4)
were targeted for mutagenesis. The loops’ prime location for molecular recognition
of target proteins suggested that crystallin could provide malleable, yet high afﬁnity
and speciﬁcity, binding reagents.
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features with antibodies (Fig. 1). These commonalities suggest an
approach for engineering new molecular recognition capabilities
into cS-crystallin. Notably, both proteins feature surface accessible
loops, which antibodies apply to recognize antigens. Thus, cS-crystallin could provide adaptive binding surfaces to recognize a widerange of antigens, analytes, or other targets.
The experiments in this report target HIV-1 integrase with variants of the C-terminal domain of the cS-crystallin protein scaffold
(hereafter referred to as crystallin). Integrase is required for the
establishment of productive HIV infections.15 Thus, the protein is
an excellent target for the development of afﬁnity reagents. Multimeric integrase binds to substrate DNA, and catalyzes two steps of
viral genome tailoring during the replication cycle: 30 -end processing (30 -EP) and strand transfer (ST).15 30 -EP begins after reverse
transcription of the viral RNA into viral cDNA. In this process, multimeric integrase species bind to the termini of the nascent viral
cDNA, and remove the two terminal nucleotides from each 30 end. This 30 -EP reaction exposes 30 -OH groups for ligation into
the host’s DNA. After transport of the integrase-cDNA complex into
the nucleus, multimeric integrase catalyzes the ST reaction with
chromosomal DNA.16 During ST, each processed 30 -OH nucleophilically attacks the phosphodiester backbone of the host DNA to allow insertion of the viral genome. From this inserted viral
genome, transcription and translation of viral proteins and preproteins can proceed.15
Integrase can be divided into three domains, each with distinct
functions.17 The N-terminal domain (NTD), from residues 1–50, is
responsible for binding viral DNA.18,19 The core catalytic domain
(CCD), from residues 51–212, contains the active site of the enzyme.19,20 Finally, the C-terminal domain (CTD), from residues
213–288, performs various roles, including host chromatin binding21,22 and interaction with reverse transcriptase.23
Both the 30 -EP and ST reactions catalyzed by integrase can be
replicated through in vitro biochemical assays with puriﬁed, recombinant integrase and a radiolabeled DNA substrate homologous to the viral long terminal repeat sequence.24 A third
reaction, disintegration, which reverses DNA integration, can be
performed in vitro, though the reaction has not been observed
in vivo.24,25 Catalysis of disintegration by integrase is used here
and in other biochemical studies, because the reaction allows assay
with severely attenuated integrase variants that do not produce
detectable 30 -EP or ST products.26
A variety of small molecules and proteins can inhibit integrase.27–29 Raltegravir (RGV) is FDA-approved for therapeutic use;30
elvitegravir (EVG) exhibits improved efﬁcacy, but presently lacks
FDA approval.31 Unfortunately, as with all other HIV therapies,
resistance to such inhibitors is inevitable, and can occur one to
three months from the beginning of treatment.4,32 Resistance to
inhibitors can result from several mutations within the integrase
core domain.33 Other small molecule integrase inhibitors have
been synthesized, but these inhibitors also directly compete with
the substrate for binding to the active site of the enzyme.28,34
Therefore, mutations conferring resistance to one class of inhibitors have been observed to grant resistance to other classes of
molecules.35
Allosteric small molecule inhibitors of integrase have been explored, and can provide micromolar levels of integrase inhibition.
However, single residue mutations are sufﬁcient to render these
inhibitors ineffective.36 Thus, non-small molecule inhibitors and
binding to integrase outside the core domain could provide new
approaches to antiretroviral therapy. Proteins, for example, offer
larger binding sites with a more diffuse hotspot of binding energy,
which could prove more resilient to mutagenesis and the evolution
of drug resistance.
Protein-based inhibitors of integrase include plant extract isolates such as MAP30 and GAP31,37 monoclonal antibodies,38 and
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peptides isolated from phage display.39 One integrase-inhibitory
peptide (amino acid sequence HCKFWW) can inhibit the ST reaction with a ﬁfty percent inhibitory concentration (IC50) value of
2 lM.40 Other inhibitory peptides possess anti-integrase activity,
though generally with higher IC50 values.28 In addition to their
micromolar potency, these peptides bind to the integrase active
site, which could limit their usefulness against drug-resistant variants of integrase.28 The monoclonal antibody mAb33 recognizes
the C-terminal domain of integrase;38 however, the antibody
inhibits only the apoenzyme, and proved ineffective for integrase
already bound to divalent metals, which are required by physiological integrase.41 A peptide (amino acid sequence FHNHGKQ) identiﬁed from phage display inhibited the enzyme through binding to
the catalytic core and C-terminal domains with a 70 lM IC50 value,
though this peptide prevented only the ST reaction of the
enzyme.39
In this report, we develop a new type of protein library for the
discovery of inhibitors to integrase. Crystallin libraries were designed with peptides inserted into surface-exposed loops (Fig. 1)
before selections for integrase afﬁnity reagents. This strategy re-

sulted in the identiﬁcation of 12 ligands to integrase (Fig. 2A). In
particular, IBP-10 could inhibit the three reactions catalyzed by
integrase with nanomolar IC50 values (Fig. 3). The approach demonstrates the effectiveness of protein loop insertion into crystallin
for the inhibition of integrase and potentially other proteins.
Library design focused on obtaining a small binding motif with
ﬂexibility for adapting its molecular recognition. Though not explored here, previous work has demonstrated the stability of the
C-terminal domain of crystallin.42 The phage-displayed library of
crystallin variants was generated using site-directed mutagenesis
as described previously with degenerate oligonucleotides designed
to encode the libraries shown in Fig. 2.43 Six independent crystallin
libraries were constructed. Three libraries, programmed by the oligonucleotides C’CryLoop1C-CLib and C’CryLoop2C-CLib, encoded
the peptide sequence X2CX6CX2 (X = any amino acid) introduced
into loop 1, loop 2, or both loops. Theoretical diversities of the
resultant libraries were 4  1015, 4  1015, and 1.7  1031, respectively. Two libraries, programmed by the oligonucleotides C’CryLoop1Lib and C’CryLoop2Lib, encoded either X13 or X14 peptide
sequences in loops 1 or 2, respectively. Their theoretical diversities

Figure 2. ELISAs of selectants from the crystallin library binding to integrase. (A) Following selections, phage-based ELISAs identiﬁed crystallin variants with afﬁnity for HIV-1
integrase. (B) Upon over-expression and puriﬁcation of non-phage-fused protein, IBP-10 exhibits high afﬁnity for integrase. In both ELISAs, wild-type (wt) crystallin provides
a negative control. In addition, the protein-free blocking agent negative control demonstrates lack of afﬁnity for the anti-integrase antibody for binding to wild-type crystallin
and IBP-10. The negative controls demonstrate that the depicted selectants fail to bind to BSA, used as a blocking agent. In B, the error bars (standard error, n = 2) are quite
small, but present.
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Figure 3. Inhibition of HIV integrase-mediated catalysis by IBP-10. (A) In this urea-PAGE representative experiment, the addition of the crystallin mutant, IBP-10, inhibits
formation of integrase-mediated 30 -end processing products (P) and strand transfer products (STP) from radiolabelled oligonucleotide substrates (S). See Supplementary
Fig. S2 for analogous gels of controls. Lane 1 provides a negative control for the reaction in the absence of integrase. The positive control, in triplicate, lanes 2–4, demonstrates
the efﬁciency of the reaction in the absence of inhibitor. Lanes 5 and 6, respectively, provide negative and positive controls for integrase inhibition by L-tartaric acid (T), an
inactive analog of the known inhibitor L-chicoric acid (C). Lanes 7–24 demonstrate inhibition by IBP-10 at the indicated concentrations of both 30 -end processing and strand
transfer catalysis by integrase. (B) Quantitative analysis of the inhibitory activities of IBP-10, its wild-type variant, and the negative control (BSA). Results were analyzed via
urea page and quantiﬁed via phosphorimager analysis. Results of reactions used to generate (B): IBP-10 (Panel A), wild-type, and BSA (Supplementary Fig. S2).

were 8.2  1016, and 1.6  1018, respectively. The sixth library had
X13 and X14 peptide sequences introduced into loops 1 and 2,
respectively, for a theoretical diversity of 1.3  1035. The template
for the oligonucleotide-directed mutagenesis was the gene encoding the C-terminal domain of crystallin (loop 1: residues 33–39;
loop 2: residues 74–82) subcloned into the previously described
phagemid vector pM1165a.44 Initial tests conﬁrmed effective display on the phage surface by this truncated crystallin variant.
The low MW crystallin scaffold proved advantageous for selections,
and its small size likely facilitated its effective display.
Twelve selectants from selection rounds 3 and 4 bound with
high afﬁnity to integrase (Fig. 2A). Two crystallin variants, IBP-1
and -2, were isolated from the X2CX6CX2 library substituted in both
loops 1 and 2. The remaining ten binders, IBP-3 through -12, were
isolated from either the X2CX6CX2 or the X13 library substituted in
only loop 1. The relative binding afﬁnities of the phage-displayed

Table 1
IC50 values (lM) of HIV-1 integrase inhibition by crystallin variants

IBP-10
Wild-type
BSA
a
b

30 -EP

ST

Disintegration

DNA afﬁnity

0.40 (0.08)a
3.81 (0.43)
—b

0.17 (0.01)
1.76 (0.82)
—b

0.57 (0.01)
4.45 (0.19)
—b

0.27 (0.01)
8.23 (1.39)
—b

Standard error is indicated in parentheses (n = 3).
No inhibition observed at the experimental concentrations.

selectants varied >10-fold. Expression of the IBP variants not fused
to the phage surface quickly identiﬁed IBP-10 as a sequence with
good yields from protein over-expression. For example, IBP-10 routinely yielded >20 mg/L of puriﬁed protein from bacterial expression, though further refolding and puriﬁcation was required,
which decreased overall yields. Therefore, subsequent experiments
focused on the IBP-10 variant of crystallin.
First, the afﬁnity to integrase by the over-expressed IBP-10 was
examined by ELISA (Fig. 2B). IBP-10 binds to integrase with an
apparent EC50 of 0.18 lM. Wild-type crystallin has weak afﬁnity
for integrase (EC50 = 4.5 lM), and provides a control for binding
and inhibition studies. The protein-free, blocking solution (Thermoﬁsher Scientiﬁc, Rockford, IL), negative control demonstrates
the lack of afﬁnity for the anti-integrase antibody to wild-type
crystallin and IBP-10.
IBP-10 inhibited the 30 -EP, ST, and disintegration reactions catalyzed by integrase with nanomolar IC50 values, (Fig. 3, Table 1,
and Supplementary Figs. S2–S4). Analogous to small moleculebased inhibition, the IC50 value for inhibition of the ST reaction catalyzed by integrase was 58% and 71% lower than the IC50 values for
the 30 -EP and disintegration reactions, respectively. Notably, these
IC50 values are only three-fold higher than the IC50 values obtained
for the FDA-approved ST-inhibitor, RGV (Supplementary Table S2).
The control, wild-type crystallin, exhibited approximately 10-fold
higher IC50 values for the three reactions. As expected for the negative control, BSA failed to inhibit the three reactions catalyzed by
integrase.
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Table 2
IC50 values (lM) of mutanta HIV-1 integrase disintegration activity inhibition by IBP10
IC50
Reference
G140A+Q148H
G140S+Q148H
N155H
R224Q
R262K
K264R
T66I+R263K+K266R

0.140
0.190
0.090
0.400
0.080
0.240
0.180
0.350

(0.01)b
(0.03)
(0.01)
(0.11)
(0.02)
(0.02)
(0.02)
(0.07)

Fold change

Mutant integrase
selected by

—
1.35
0.5
2.85
0.57
1.7
1.3
2.5

—
RGV
RGV
RGV
—c
—c
RGVc, EVGc
EVGc

a
Where appropriate, ‘+’ refers to two or more mutations present within the same
integrase variant.
b
Standard error is indicated in parentheses (n = 3).
c
Robinson lab unpublished results; mutations observed within integrase genes
of inhibitor-resistant virus isolated from RGV-, EVG-, or other inhibitor-treated cell
cultures.
Denotes signiﬁcantly altered values with p <0.05.

Next, integrase variants resistant to inhibition by RGV, EVG, or
other integrase inhibitors were assayed for catalysis of the disintegration reaction in the presence of IBP-10 (Table 2). Though RGV
and EVG do not inhibit disintegration catalysis, the active site location of most RGV- and EVG-resistant integrase mutations can
nearly eliminate catalytic activity;26,32 thus, only the robust disintegration reaction was examined for inhibition by IBP-10. IBP-10
inhibited RGV-resistant integrase and reference integrase with
similar IC50 values. In contrast, the RGV-resistant G140S+Q148H
variant of integrase can necessitate a >200-fold increase in RGV
concentration for inhibition.33 C-terminal domain mutants, many
of which were identiﬁed through previous RGV- or EVG-mediated
selection of HIV within the Robinson lab (data not shown), were
also susceptible to disruption by IBP-10.
Integrase binding to DNA in the presence of IBP-10 was next
examined using a substrate afﬁnity assay (Table 1 and Supplementary Fig. S5). IBP-10 blocked integrase binding to the DNA substrate. Wild-type crystallin also inhibited integrase binding to
DNA with IC50 values >30-fold higher than required by IBP-10.
The negative control, BSA, failed to inhibit integrase binding to
DNA.
To identify the region of integrase required for binding to IBP10, truncation constructs of integrase were assayed for the catalysis of the disintegration reaction (Table 3). These N- or C-terminal
domains of integrase fused to the catalytic core domain constructs
are severely attenuated for the 30 -EP or ST reactions (Supplementary Table S3) due to reduced dimerization and tetramerization.21
Additionally, the truncation constructs of integrase were tested
for binding to DNA in the presence of IBP-10. IBP-10 was unable
to inhibit disintegration catalysis by the integrase core fused to
the N-terminal domain, although IBP-10 could inhibit catalysis of
the disintegration reaction by the integrase core fused to the C-terminal domain. Furthermore, the IC50 value for the inhibition of

Table 3
DNA afﬁnity and IC50 values (lM) for IBP-10 inhibition of integrase activity by fulllength reference integrase and N- and C-terminal integrase domains fused to the
integrase core catalytic domain (core)

Reference
N-term+Core
Core+C-term
a
b
c

DNA afﬁnity

Disintegration

0.27 (0.01)c
—a
1.83 (0.18)

0.57 (0.01)
—b
0.17 (0.05)

Substrate afﬁnity below detectable limits.
No inhibition observed at the experimental concentrations.
Standard error is indicated in parentheses (n = 3).

disintegration by this C-terminal domain construct remained similar to the inhibition of full-length integrase. IBP-10 also inhibited
DNA binding to the integrase core fused to the C-terminal domain,
and again this inhibition had IC50 values similar to those of the fulllength protein. The integrase core fused to the N-terminal domain
was unable to bind DNA; therefore the effect of IBP-10 upon integrase binding could not be quantiﬁed for this construct.
To estimate the dissociation constant of the integrase-IBP-10
complex, the inhibition constant, Ki, was calculated using the
Cheng-Prusoff method.45 IC50 values derived from the 30 -EP, ST,
and disintegration reactions were used to obtain Ki values of
0.40, 0.17, and 0.56 lM, respectively. The Ki values for inhibition
match the IC50 values, which is consistent with competitive inhibition of DNA binding to integrase by IBP-10. The reported nanomolar Ki values (<Ki> = 0.38 lM) result from the high afﬁnity
interaction between IBP-10 and integrase.
The reported experiments demonstrate binding to HIV integrase by a selectant from a highly diverse library of phage-displayed
crystallin variants. The approach complements small molecule
inhibition of integrase, which includes several compounds in clinical trials and one FDA-approved drug. Unfortunately, HIV has acquired drug resistance to all approved antiretroviral therapies to
date.46 Thus, new therapeutic options could improve treatment
strategies for HIV-infected individuals.
Principles from previously reported afﬁnity reagents guided the
choice of scaffold library for targeting integrase, and also suggested
a new approach to library construction. Successful scaffolds must
balance the requirements for altered sequence to provide new
molecular recognition against the desirable characteristics of the
wild-type protein, including stability, solubility, small size, and
low production costs. Thus, our approach keeps the vast majority
of the protein unaltered, and merely extends loops on the surface
of the protein. This method seeks to conserve the key contacts required for successful scaffold folding and solubility. Unlike other
elements of secondary structure, loops predominantly lack backbone hydrogen bonding. This property endows loops with greater
mobility to accommodate a range of potential binding partners.
The strategy is validated by loops used for antigen recognition by
the Fab domains of antibodies47 and also to engineer Fn3 binding
activities by Koide and coworkers.48 Furthermore, the successful
acquisition of new binding afﬁnity in a crystallin variant, without
drastically altering the desirable properties, conﬁrms the efﬁcacy
of our approach.
From the full-length, wild-type crystallin (20.8 kD), speciﬁc
loops for mutagenic substitution were identiﬁed. First, the minimal
folding domain could dramatically reduce the protein’s MW, which
offers the advantages of smaller size for protein expression and
downstream applications. Thus, the C-terminal domain, previously
described as a discrete, stable domain of crystallin, became the focus of our efforts.42,49 The smaller size of the C-terminal domain of
crystallin (10.5 kD) offers few obvious loops for mutagenesis and
peptide insertion. Loops 1 and 2, which cover the top half of the
protein, were identiﬁed as prime locations for mutagenesis
(Fig. 1). The two loops extend in the same direction, which could
promote an avidity effect for the identiﬁcation of high afﬁnity
binding partners and potential inhibitors. Parallel loops are also a
notable feature of antibodies. Loops 1 and 2 included seven and
nine residues, respectively, and were substituted with largely randomized sequences of 12–14 amino acids, to provide a wider range
of structural and functional diversity. The peptide inserts included
both randomized 13-mers and also X2CX6CX2, a sequence often selected in phage display experiments with peptide libraries. The
two sequences could thus explore both disulﬁde-constrained and
potentially less rigid structures.
Of the twelve selectants identiﬁed from biopanning, only two
possessed the non-wild-type sequence in both loops 1 and 2.
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Interestingly, no selectants encoded a mutagenically altered sequence in only loop 2. Though the loops appear to be in close proximity to one another in the wild-type crystallin structure, loop 1
could have better accessibility to potential binding partners, and
therefore provide an advantage for binding to integrase. With loops
1 and 2 mutated, IBP-1 and -2 could beneﬁt from an avidity effect
to increase the binding afﬁnity.
IBP-10 inhibits the three reactions catalyzed by integrase with
nanomolar IC50 values, and also inhibits drug-resistant variants
of integrase. Furthermore, the inhibitor exhibits selectivity for
the physiologically relevant 30 -EP and ST reactions. At 121 residues,
IBP-10 can provide the steric bulk required to simply block access
to the active site. Experiments performed with integrase truncation constructs, however, demonstrate that IBP-10 does not bind
to the active site of the enzyme. IBP-10 instead allosterically prohibits substrate binding and catalysis through binding directly to
a composite surface consisting of the core and the C-terminal domains of integrase. Unlike mAb33, which also bound to the integrase C-terminal domain, IBP-10 inhibits the physiologically relevant
metal-bound enzyme. The previously reported peptide ligands
from phage display possess the limitations described above; in
contrast, IBP-10 inhibits all reactions catalyzed by integrase. Such
multi-pronged inhibition further suggests that IBP-10 interacts
with multiple residues, which could reduce the potential for the
development of inhibitor resistance from mutations to a single
residue.
Due to the development of drug resistance, HIV has persisted as
a pandemic for over three decades. Most treatments available for
HIV-infected individuals target the essential viral enzymes: reverse
transcriptase, protease, or integrase. New approaches to the inhibition of these proteins could counter drug resistance to antiretroviral therapy. The reported integrase inhibitor, IBP-10, has
nanomolar IC50 values and selectivity for the integrase-catalyzed
30 -EP and ST reactions. Binding to the C-terminal domain of integrase targets a largely unexplored, but potentially quite important,
binding site for allosteric inhibition of integrase catalysis. In addition, the approach could be applied to a wide-range of HIV proteins
and other pathogenic viruses.
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