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teractions with ligands and monoclonal anti-
bodies (mAbs), and engineered variants with 
desired properties.

Shotgun Mutagenesis  

Integral Molecular (integralmolecular.com)  
has developed a platform technology, Shotgun
Mutagenesis, for comprehensive alanine scan-
ning mutagenesis and high-throughput analy-
sis, enabling epitope mapping and protein en-
gineering even for structurally complex targets
that require human cell processing. 

Using automated mutagenesis protocols, 
every residue in a target protein is changed 
to alanine (or any other user-defined amino 
acid) (Figure 1A). 

The entire sequence-verified mutation li-
brary is arrayed in replicate 384-well micro-
plates for repeated high-throughput expression 
in live human cells. Each mutation can then 
be assayed in parallel for its contribution to 
binding (e.g., mAbs, drugs, or ligands) or for 
desired protein characteristics (e.g., increased 
surface expression or solubility) (Figure 1B). 

As part of Shotgun Mutagenesis library 
construction, each mutant clone is validated 
for conformational integrity (e.g., for func-
tion, reactivity with conformational ligands, 
and/or surface trafficking) to ensure that 
substitutions do not affect global protein 
structure. Because the entire process is auto-
mated and optimized, Shotgun Mutagenesis 
enables hundreds to thousands of mutations 

to be constructed and analyzed in the same 
amount of time that it would typically re-
quire to manually create and analyze several 
dozen point mutants.

Epitope and Functional Mapping

Integral Molecular has used Shotgun Mu-
tagenesis to identify epitope maps and func-
tional maps for the GPCR CXCR4, a che-
mokine receptor that activates cell migration 
pathways, serves as an HIV co-receptor, and 
is upregulated in a variety of human cancers. 
A mutation library of CXCR4 was construct-
ed, individually mutating all 352 residues, 
and each clone of the CXCR4 library was ex-
pressed in live human HEK-293 cells and as-
sayed for binding to a panel of conformation-
dependent monoclonal antibodies. 

Critical residues that comprise each epit-
ope were mapped onto the recently solved 
CXCR4 crystal structure to visualize and 
compare distinct antibody binding sites (Fig-
ure 2A). The CXCR4 mutation library was 
also used to map residues that participate 
in SDF-dependent signaling by monitoring 
CXCR4 function (calcium flux) in response 
to its cognate ligand SDF-1α (Figure 2B). Mu-
tations that mitigate calcium flux help define 
the structural motifs that make up the SDF-1α 
binding site and mediate CXCR4 signaling.

Protein Engineering 

Integral Molecular is now using its Shotgun 

Mutagenesis technology to engineer protein 
variants that demonstrate desired properties 
such as enhanced expression or solubility. As 
a proof-of-concept, we screened a comprehen-
sive mutation library of the GPCR TAS2R16, 
a prototype bitter taste receptor. The TAS2R16 
library, comprising mutations at all 291 resi-
dues, was expressed in human HEK-293 cells 
and assayed for both surface expression and 
total expression by immunoassays. 

Comparison of expression measurements 
enabled the identification of residues in 
TAS2R16 that affect its surface trafficking, 
including variants that show significantly en-
hanced surface expression (Figure 2C, green 
clones) or decreased surface expression (Fig-
ure 2C, red clones).

Protein engineering applications for Shot-
gun Mutagenesis include identification of 
stabilized variants. As an example, CXCR4 
variants with enhanced stability in solution 
were identified using an ELISA-based bind-

ing assay where human HEK-293 cells ex-
pressing the CXCR4 mutation library were 
solubilized in detergent and tested for anti-
body binding using a conformation depen-
dent antibody (12G5) (Figure 2D). Stabi-
lized CXCR4 variants allow mapping of the 
key positions in the receptor that contribute 
to its detergent stability.

The Shotgun Mutagenesis platform for 
comprehensive mutagenesis and high-through-
put analysis of proteins in human cells facili-
tates protein mapping and engineering appli-
cations previously considered excessively time-
consuming or prohibitively expensive, opening 
discovery pathways for many untapped targets 
in the human proteome.    
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Figure 2. High-throughput mapping and protein engineering: (A) Critical residues 
comprising distinct epitope maps for two CXCR4 mAbs are visualized on the crystal 

response to treatment with SDF-1α (HEK-293 cells in 384-well format are expressing each 

lower right) and variants with enhanced surface expression (green clones in upper right) 

in the TAS2R16 mutation library. (D) To identify variants with increased detergent solubility 
(highlighted), CXCR4 variants were expressed in HEK-293 cells, solubilized, and probed with 
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