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Abstract 

Carbonic anhydrase IX (CAIX) is a transmembrane enzyme that plays an important role in pH 

regulation and cellular homeostasis. Overexpression of CAIX is commonly observed in various 

solid tumors, making it an attractive target for cancer therapy. Affibody molecules have 

previously been developed for CAIX and demonstrated potential as tracers for molecular 

imaging in murine xenografted tumor models. Here, we further develop such affibody 

molecules by displaying a designed affibody library on the surface of Escherichia coli, 

followed by isolation of CAIX-binding variants by a combination of magnetic-assisted cell 

sorting and fluorescence-activated cell sorting. The sortings were successful and screening of 

candidates after selection revealed several variants with improved properties, most notably an 

increase in affinity and CAIX cell binding at 37°C and 42°C.  

Keywords 

Affibody molecule, carbonic anhydrase IX, Escherichia coli surface display, MACS, FACS, 

directed evolution 

Introduction 

Carbonic anhydrase IX (CAIX) is a member of the carbonic anhydrase family of enzymes, 

which catalyze the conversion of carbon dioxide to bicarbonate and protons [1]. Unlike other 

isoforms of carbonic anhydrase, CAIX is predominantly expressed in hypoxic conditions, 

making it an important protein in the adaptation of cancer cells to low oxygen environments 

[1]. CAIX is upregulated by hypoxia-inducible factor 1 (HIF-1) activation, which occurs in 

response to reduced oxygen availability in the tumor microenvironment [1,2]. The 

overexpression of CAIX in a wide range of solid tumors has been associated with poor 
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prognosis and resistance to conventional therapies [3]. CAIX expression has also been 

correlated with increased tumor aggressiveness, metastasis, and immune evasion [3]. Targeting 

CAIX thus presents a promising strategy for inhibiting tumor growth and metastasis [3]. 

Monoclonal antibodies (mAbs) such as girentuximab have been tested in clinical trials, 

showing some promise in renal cell carcinoma and other cancers [3]. However, the clinical 

development of mAbs targeting CAIX has also faced challenges, including limited efficacy as 

single agents and the development of resistance mechanisms. Combination strategies with 

other cancer therapies, such as chemotherapy, radiation therapy, or immune checkpoint 

inhibitors, are being explored to enhance the therapeutic efficacy of CAIX-targeted mAbs [3]. 

CAIX-specific affibody molecules have previously been selected using phage display 

technology and explored both in vitro and in murine cancer models [4–7]. Variant ZCAIX:2 has 

shown promising results in both in vitro cell binding assays, and as tracer in in vivo molecular 

imaging in murine models. In a study using nude mice bearing CAIX-expressing renal cell 

carcinoma (RCC) xenografts, 111In-labeled ZCAIX:2 outperformed 111In-labeled bivalent Fab of 

girentuximab, G250(Fab’)2, in terms of tumor-to-organ ratios [6]. In another study using 

xenograft head and neck cancer murine models, in which CAIX expression is induced by 

hypoxia and considerably lower compared to the RCC model, the tumor uptake of ZCAIX:2 was 

dramatically lower [7]. It was speculated that the relatively low CAIX expression level in the 

hypoxia-induced model might require an even higher affinity for successful tumor targeting 

[7].  

Here, we describe an affinity maturation effort with the aim of identifying new CAIX-specific 

affibody molecules with potentially improved properties. For the affinity maturation, we 

explored a new in-house developed Escherichia coli  (E. coli) display method [8]. The new 

method is based on expression of combinatorial protein libraries in E. coli, and surface 

anchoring of the recombinant proteins on the outer membrane via genetic fusion to a beta-

barrel from an autotransporter protein [9]. In this study, the method was used to display a 

designed affibody library on E. coli, followed by selection of CAIX-binding variants by a 

combination of magnetic-assisted cell sorting (MACS) and fluorescence-activated cell sorting 

(FACS). Next generation sequencing (NGS) was used to assess the quality of the library as 

well as to monitor enrichment of sequences after respective sorting round. The selection 

campaign yielded a panel of new binders with improved properties in terms of affinity, thermal 

stability, and cell binding.  
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Materials and Methods 

Subcloning ZCAIX:2 for surface display on Escherichia coli 

The gene encoding affibody ZCAIX:2 [5–7] was amplified by PCR using primers with 

complementary overhangs for restriction free cloning to the previously described expression 

vector pPALU1 [8], containing a gene encoding Adhesin Involved in Diffuse Adherence I 

(AIDA-I) for surface display on Escherichia coli. Insert and linearized vector DNA were mixed 

at a 5:1 ratio and incubated with InFusion Enzyme Mix (Takara Bio, Kusatsu, Japan) at 50°C 

for 20 min. DNA was transformed by heat shock into BL21(DE3) E. coli cells and spread on 

petri dishes with blood agar base (BAB; Merck, Darmstadt, Germany) supplemented with 

100 μg/mL carbenicillin (carb).  

Flow cytometry of ZCAIX:2 

A single colony of E. coli containing pPALU-ZCAIX:2 was inoculated into Luria-Bertani (LB) 

media (Becton Dickinson, Franklin Lakes, NJ, USA) with 100 μg/mL carb and cultivated 

overnight (ON) in a 96 deep well plate at 37°C at 300 rpm. Fresh LB with carb was inoculated 

with an aliquot of the ON culture, then cultured at 37°C at 300 rpm until OD600 reached 0.6, 

followed by induction with 0.6% arabinose and grown ON at 25°C at 300 rpm. A 6-µL aliquot 

of cells was transferred into 100 µL 1 × phosphate-buffered saline with 0.1% Pluronic F108 

NF surfactant (BASF Corporation, Ludwigshafen, Germany) (1 × PBSP) in a 96 well plate and 

washed by centrifugation (2000 xg, 1 min, 4°C) and resuspension with 1 × PBSP. Cells were 

centrifuged (2000 xg, 1 min, 4°C) and resuspended with 10 nM of the extracellular domain of 

human carbonic anhydrase IX (CAIX; CA9-H5226 ACRO Biosystems) labeled with biotin in 

1 × PBSP, and incubated at room temperature (RT) for 1 hr at 300 rpm. Cells were washed 3x 

with ice-cold 1 × PBSP. Cells were then resuspended with ice-cold 2 µg/mL Streptavidin R-

Phycoerythrin (SAPE) (Thermo Fisher Scientific, Waltham, MA, USA) and 150 nM human 

serum albumin Alexa Fluor 647 (HSA-647)-conjugate (Thermo Fisher Scientific, Waltham, 

MA, USA) in 1 × PBSP and incubated on ice in darkness for 45 min. Cells were washed and 

resuspended with cold 1 × PBSP, and analyzed on a CytoFLEX flow cytometer (Beckman 

Coulter, Brea, CA, USA). 

Affibody library design and vector cloning 

Gene fragment encoding affibody helix 3 from pSCZ was amplified by PCR with primers 

containing XhoI and NcoI restriction sites in overhangs [10]. Insert and vector pPALU1 were 
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digested by XhoI and NcoI (New England Biolabs (NEB), Ipswich, MA, USA), and thereafter 

ligated by T4 ligase (NEB, Ipswich, MA, USA), and subsequently transformed by heat shock 

into TOP10 E. coli cells. A colony was cultivated, miniprepped (Qiagen, Hilden, Germany), 

sequence confirmed, and denoted as pPALU1-helix3. 

Two oligomers encoding affibody helix 1 and 2 with randomized positions and a 15 bp 

complementary overlap were synthesized (Ella Biotech, Fürstenfeldbruck, Germany). The two 

oligos were annealed and extended using Phusion High-Fidelity DNA polymerase (New 

England Biolabs, Ipswich, MA, USA) for 20 cycles. PCR amplification of the resulting library 

insert and surface display vector pPALU1-helix3 was performed with primers containing XhoI 

and SacI restriction sites in overhangs. Amplified library insert and vector were digested by 

XhoI and SacI (NEB, Ipswich, MA, USA). T4 ligase was used to ligate vector and insert at a 

1:5 molar ratio. DNA was ethanol precipitated and resuspended at 640 ng/µL. EXPRESS 

BL21(DE3) electrocompetent cells (Lucigen, Middleton, WI, USA) were transformed using 

electroporation with ligated DNA according to the manufacturer’s recommendations. Total 

number of transformants was estimated by spreading dilutions of the transformation mix on 

agar plates with carb after 1 h incubation in Expression Recovery Medium (LGC Biosearch 

Technologies, Teddington, UK). The transformed E. coli library was stored at -80°C. 

Library characterization  

The resulting library was cultured and prepared for flow cytometry as described above with 30 

nM CAIX. 52 single clones were sent for Sanger sequencing (Eurofins Genomics, Ebersberg, 

Germany). Library DNA was prepared for deep sequencing by Miniprep, PCR amplification, 

and gel extraction. Samples were sequenced by MiSeq (National Genomics Infrastructure 

(NGI), Solna, Sweden). Data was aligned against the designed template and processed with 

PipeBio (Horsens, Denmark). 

MACS and FACS 

Magnetic-assisted cell sorting (MACS) was performed using the protocol described in Parks et 

al. [8]. In short, MACS was performed at 1:50 bead to E. coli cells ratio with Dynabeads™ 

MyOne™ Streptavidin C1 (Thermo Fisher Scientific, Waltham, MA, USA) at a 5×109 cells/mL 

cell density. Selections were performed as highlighted in Table 1. A 10x coverage glycerol 

stock of the library was inoculated into a flask with LB with carb, grown at 37°C at 150 rpm 

until OD600 was 0.6, then induced with 0.6% arabinose and grown overnight at 25°C at 150 

rpm. Cells were centrifuged (1000 xg, 6 min, 4°C), and washed with 1 × PBSP. In the first 
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round the bead to cell ratio was adjusted to achieve a 50 nM biotinylated CAIX concentration. 

In rounds 2 and 3, 1 hr negative selections with biotinylated IgG labeled beads was performed 

prior to positive selection. In all positive selection MACS rounds, cells were incubated with 

pre-labeled beads for 2 hrs on rotamixer at RT, followed by 3 washes. Output was cultivated 

overnight in LB with carb at 37°C at 150 rpm. Serial dilutions of output and washes were plated 

onto agar plates with carb.  

Fluorescence-activated cell sorting (FACS) was performed in two tracks, stringent and non-

stringent, with the concentrations and volumes as shown in Table 1. Cells were incubated with 

biotinylated CAIX for 1 hr on rotamixer at RT. Cells were washed 3x with 1 × PBSP. An off-

rate step was included, wherein samples were incubated on a rotamixer at 25°C or 37°C. 

Periodically, cells were centrifuged (1000 xg, 6 min, RT) and resuspended in 1 × PBSP. 

Incubation with secondary reagents was performed with ice cold 2 µg/mL SAPE and 150 nM 

HSA-647 in 1 × PBSP and incubated on ice in darkness for 45 min. Cells were washed and 

resuspended with ice cold 1 × PBSP. Samples were sorted on a CytoFLEX SRT cell sorter 

(Beckman Coulter, Brea, CA, USA). Sorted cells were collected and cultured overnight in LB 

with carb at 37°C at 150 rpm. For the final round, single cells were sorted into 96 deep well 

plates. 

Evaluation of enrichment and single clones by flow cytometry and MiSeq 

A 96 well plate with single colonies from the final FACS output were cultivated and stained 

for flow cytometry as described above with 10 nM CAIX and off-rate at 37°C for 3 hr with 3 

washes during was added. The 48 single clones with the highest mean fluorescence intensity 

(MFI) were selected for Sanger sequencing (Eurofins Genomics, Ebersberg, Germany).  

Sort outputs from the selections were prepared for deep sequencing by Miniprep, PCR 

amplification, and gel extraction. Samples were sequenced by MiSeq (NGI, Solna, Sweden). 

Data was aligned against the designed template and processed with PipeBio (Horsens, 

Denmark). 

Subcloning for soluble production 

Single clones selected for further evaluation and ZCAIX:2 as comparator were cloned into two 

different expression vectors. For production of affibody-His6 format, pET45b+ vector (Merck, 

Darmstadt, Germany) was utilized. Variants were also produced in a His6-affibody-ABD 

format [11]. The genes for the affibody molecules and respective vector were amplified by 
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PCR with complementary overhangs. After purification, amplified insert and vector DNA was 

mixed at a 5:1 insert to vector ratio with InFusion Enzyme Mix (Takara Bio, Kusatsu, Japan) 

at 50°C for 20 min. DNA was transformed by heat shock into BL21(DE3) cells.  

Expression and purification of soluble affibody molecules 

Affibody constructs were purified by Immobilized Metal Ion Affinity Chromatography 

(IMAC) with HisPur™ Cobalt Resin (Thermo Fisher Scientific, Waltham, MA, USA) 

following protocol from manufacturer. Samples were buffer exchanged using PD-10 column 

(Cytiva, Solna, Sweden) to 5 mM NH4Ac and freeze dried overnight. The protein was 

resuspended in PBS. Purity was estimated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) with Coomassie stain. 

Surface plasmon resonance biosensor assay 

NHS amine coupling was used to immobilize recombinant CAIX on a CM5 chip (Cytiva, 

Solna, Sweden) in a Biacore™ T200 (Cytiva, Solna, Sweden), resulting in 650-750 response 

units (RUs). Affibody-His6 variants were injected over the surface at five concentrations with 

1:2 stepwise dilutions in 1 × PBS 0.1% Tween20 (PBST) at 25°C. Surface was regenerated 

after each cycle with 10 mM HCl.  

NHS amine coupling was used to immobilize HSA on a CM5 chip. His6-affibody-ABD 

proteins were injected over HSA for indirect capture, followed by injection of serial dilutions 

of CAIX in PBST. Surface was regenerated after each cycle with 10 mM HCl. The analysis 

was performed at 25°C, 37°C, and 42°C. 

Circular Dichroism spectroscopy 

Affibody-His6 variants at 0.2 mg/mL were analyzed by circular dichroism spectroscopy on a 

Chirascan™ (Applied Photophysics Ltd, Surrey, UK) at 20°C from 195-260 nm. Melting 

temperature was determined by variable temperature measurement (VTM) at 221 nm from 20-

95°C. Refolding capacity was measured by repeating analysis of 195-260 nm at 20°C after 

VTM. 

Mammalian cell binding assay 

Renal cell carcinoma cell line SK-RC-52 overexpressing CAIX was cultivated in RPMI 1640 

(Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) [5]. Cells were 
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harvested with TrypLE™ Express Enzyme (Thermo Fisher Scientific, Waltham, MA, USA), 

transferred to 96 well plate for centrifugation (300 xg, 5 min, 4°C), and washed 3x with 1 × 

PBS 1% bovine serum albumin (1 × PBSB). Cells were resuspended to 2×106 cells/mL and 

incubated with 6 nM and 30 nM of His6-affibody-ABD variants, respectively, for 1 hr on 

shaking table at 25°C, 37°C, and 42°C, respectively. Cells were pelleted by centrifugation (300 

xg, 5 min, 20°C) and washed 3x with 1 × PBSB at the corresponding incubation temperature, 

then resuspended with 100 nM HSA-647 conjugate for 30 min at 4°C with gentle shaking in 

darkness. Cells were washed and resuspended with ice cold 1 × PBSB, then immediately 

analyzed on CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA). 

Results 

Molecular cloning and surface display of CAIX-specific affibody molecule on E. coli 

An in-house developed E. coli display method [8] together with fluorescence-activated cell 

sorting (FACS) was used for selection of improved CAIX-binding affibody molecules from a 

combinatorial library. To start with, a previously reported CAIX-specific affibody molecule, 

ZCAIX:2 [5], was cloned into E. coli display vector pPALU1 [8] in order to confirm compatibility 

of the CAIX-binder with E. coli surface display. The affibody molecule was displayed as a 

genetic fusion to an engineered albumin-binding domain (ABD035 [11], hereinafter denoted 

ABD) and the beta-barrel of autotransporter adhesin involved in diffuse adherence (AIDA-I) 

[9]. Flow cytometry on recombinant E. coli transformed with pPALU:ZCAIX:2 demonstrated 

surface display of the ABD tag via binding of fluorescently labelled human serum albumin 

(HSA), as well as binding to recombinant fluorescently labelled CAIX (Figure 1A).  

Design and molecular cloning of affinity maturation library 

In an effort to improve the properties of affibody ZCAIX:2, an affinity maturation library was 

designed based on 118 CAIX-binding affibody molecules derived from previous selections. 

Thirteen surface-exposed residues on helix 1 and 2 were randomized in the library (Figure 1C). 

Mutated positions were biased towards the amino acid distribution of the 118 previous variants. 

Library was generated as two randomized complementary DNA oligomers, which were 

assembled and cloned into surface expression vector pPALU1. Electroporation of the ligated 

DNA library into BL21(DE3) E. coli yielded a library size of about 3×109 variants. Sanger 

sequencing on a small subset of the library indicated that the DNA sequences in the library 

were mostly according to the design. Analysis of the E. coli-displayed library by flow 

cytometry showed that about 85% of the library was displayed on the surface of E. coli, based 
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on binding of fluorescently labeled HSA to ABD (Figure 1B). Moreover, about 9% of the 

library showed binding to CAIX (Figure 1B). In addition, next-generation sequencing (NGS) 

by Illumina MiSeq was performed on the library. NGS data corresponded with the library 

design with minimal discrepancies (Figure 1D).  

Selections against CAIX 

Three rounds of magnetic-activated cell sorting (MACS) were employed to pre-enrich the 

library for CAIX binders (Figure 1A). Briefly, the E. coli-displayed affibody library was 

incubated with paramagnetic beads coated with recombinant CAIX. Non-binding cells were 

washed away, and cells captured by the beads were amplified by cell growth and prepared for 

a new selection round. Each of the rounds covered the library size by more than 10-fold. MACS 

rounds 2 and 3 included a negative selection step against human IgG to remove potential non-

specific binders. Flow cytometry on the output from MACS was used to assess enrichment in 

surface display and CAIX-binding. E. coli cells after MACS were hence incubated with 

fluorescently labelled CAIX and HSA, and the analysis showed that the proportion of surface-

expressing variants increased from about 86 to 96% after the first MACS round, and showed a 

small increase in CAIX-binding cells (Figure 2A). After the third round of MACS, the library 

was clearly enriched for CAIX-binding variants (Figure 3) and FACS was thereafter used to 

select the variants with highest CAIX-binding capacity. The selection was divided into two 

tracks with different stringencies to test the effect of the application of pressure on affinity 

output (Table 1). 

In the less stringent track, here called “non-stringent” track, FACS was performed on cell 

library incubated with 30 nM CAIX in the first round and 15 nM in two following rounds. 

After incubation with CAIX for 1 hour, cells were washed and incubated in buffer for 1 hour 

with three additional washings in order to enrich for variants with slow off-rate (low 

dissociation rate constant, kd) from CAIX, hereinafter called off-rate selection.  

In the more stringent track, here called “stringent” track, FACS was performed on cell library 

incubated with 15 nM CAIX in the first round and 10 nM in three following rounds (Figure 

2A). To increase stringency, off-rate selections were performed at 37°C and up to 3 hours. The 

CAIX binding population clearly increased from FACS round 1 to FACS round 4, and in the 

last round the vast majority showed high fluorescence intensity corresponding to CAIX binding 

(Figure 2A). 
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Deep sequencing of selection outputs 

MiSeq on affibody genes after selection were clustered for those sharing 90% homology, and 

revealed a single cluster encompassing about 75% of the library (Figure 3C-D). This 

percentage correlates closely with the proportion of the upper population observed in FACS 

round 4. The cluster was characterized by the presence of isoleucine/leucine at position 10, and 

glutamic acid and arginine at position 24 and 25, respectively (Figure 3A). Top variants 

followed a similar trend across rounds (Figure 3B). According to the results from NGS on the 

output after FACS round 4, the most enriched variant (ZCAIX:m3) composed 28%, the second 

6%, the third (ZCAIX:m4) 5%, and the fourth (ZCAIX:m2) 4%, respectively (Figure 3B).  

Characterization of single clones from selection 

After the last cycle of FACS, 96 randomly picked clones from each selection track were 

analyzed individually by flow cytometry. The majority of the clones showed fluorescence 

signals higher than background, and clones from the “stringent” track showed on average the 

highest fluorescence (Figure 2B and Supplementary Figure 1). From this panel, 43 clones from 

the “stringent” track and 26 clones from the “non-stringent” track with the highest MFI were 

sequenced by Sanger sequencing. From the sequencing, 14 unique variants were identified in 

the “stringent” track, while all 26 from the “non-stringent” track were unique. None of the new 

binders were identical to the 118 variants the library was based on.  

Surface plasmon resonance biosensor assay for affinity measurements 

Surface plasmon resonance (SPR) biosensor assay was performed to determine the kinetics and 

affinity for binding of the new affibody molecules to recombinant CAIX. The original ZCAIX:2 

binder and 9 identified variants from the “stringent” off-rate selection and 6 from the “non-

stringent” were subcloned as an affibody-His6 construct, expressed as soluble proteins in E. 

coli and purified by IMAC.  

In this format, ZCAIX:2 demonstrated a KD similar to what has been reported previously in 

Garousi et al. [6]. Several of the candidates from the “non-stringent” selection showed similar 

affinities and kinetics to that of ZCAIX:2 in the range of 2-6 nM (Supplementary Figure 2). 

Overall, candidates from the “stringent” selection had improved affinities compared to ZCAIX:2. 

The three best performing variants from the “stringent” track were ZCAIX:m2, ZCAIX:m3, and 

ZCAIX:m4, with ZCAIX:m1 showing the highest affinity from the “non-stringent” track. The 
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affinities were approximately 2-4x higher than ZCAIX:2, and the four variants very selected for 

affinity determination using a SPR capture assay. 

Selected variants were cloned and purified as His6-affibody-ABD fusions. HSA was 

immobilized on the SPR chip and for each cycle the His6-affibody-ABD was captured followed 

by injection of 1:2 stepwise dilution of soluble CAIX as analyte. The measurements were 

performed at 25°C, 37°C, and 42°C. At 25°C, all variants showed 10-fold lower affinity 

compared to the affibody-His6 construct, perhaps due to the modification by the addition of 

ABD (Figure 4A). When the temperature was increased to 37°C there was a noticeable shift in 

kinetics. ZCAIX:2 showed a slight reduction in on-rate and a rather dramatic increase in off-rate 

(Figure 4B-C). Overall, at both 37°C and 42°C the new candidates showed substantially better 

binding to CAIX compared to ZCAIX:2 (Table 2).  

Stability determination 

In the affibody-His6 format, eight variants from the “stringent” and eight from the “non-

stringent” tracks were analyzed by circular dichroism (CD) spectroscopy to determine 

secondary structure content and thermostability. Variable temperature measurements (VTM) 

were conducted at 221 nm from 20-90°C to analyze thermal stability. Analysis of the data 

indicated that ZCAIX:2 had a melting temperature (Tm) of 40.3°C (Figure 5A).  

Of the eight evaluated from each selection, the average Tm was 42.8°C and 45.6°C from the 

“stringent” and “non-stringent” selections respectively. The highest observed Tm among the 

clones from each selection was 45°C in “stringent” and 51.4°C in “non-stringent”. Figure 5 

shows the VTM curves of select variants. Variant ZCAIX:m2 had an improvement in Tm of 

approximately 5°C compared to ZCAIX:2, while ZCAIX:m1 had an improvement of about 8°C. 

ZCAIX:m1, ZCAIX:m2, ZCAIX:m3, and ZCAIX:m4 are presented as examples in Figure 5B, all of which 

demonstrated typical α-helical structures and the ability to refold after denaturation.  

Cell binding assays  

Next, the four most promising variants were analyzed in terms of binding to CAIX-expressing 

human renal carcinoma cell line, SK-RC-52. The affibodies were assessed in the format His6-

affibody-ABD, and with fluorescently labeled HSA as secondary reagent to detect cell binding 

in the flow cytometer. Human renal cell carcinoma SK-RC-52 cells were incubated with 6 nM 

and 30 nM of affibody variants at 25°C, 37°C, and 42°C, respectively. Fluorophore conjugated 

HSA was then used to label affibody-fused ABD. Samples were analyzed by flow cytometry, 
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and histograms of each variant were overlaid for each (Figure 6). The original affibody ZCAIX:2 

showed a clear shift in fluorescence over the negative control at both 6 nM and 30 nM samples, 

confirming expression of CAIX on SK-RC-52. Analysis of the four new variants at both 

concentrations and all temperatures demonstrated higher signals compared with ZCAIX:2. The 

differences were more pronounced at higher temperature, which might be due to the somewhat 

higher thermal stabilities of the new variants compared to ZCAIX:2. Fold change in fluorescence 

intensity compared to ZCAIX:2 was calculated for each of the new variant (Table 3). The fold 

difference was highest at 6 nM in all cases.  

Discussion 

In previous studies, we reported on a new autotransporter-based expression vector designed for 

displaying protein and peptide libraries on E. coli for directed evolution. Here, we further 

explored this E. coli display method to evolve an affibody molecule targeting carbonic 

anhydrase IX (CAIX). CAIX is notable in oncology, as its expression correlates with the 

aggressive behavior and poor prognosis of many different solid tumors. Prior reported efforts 

had identified promising affibody candidates for CAIX, such as ZCAIX:2, which sequences were 

used in the design of our maturation library [5]. Our selection process, which employed both 

magnetic-assisted cell sorting (MACS) and fluorescence-activated cell sorting (FACS), 

succeeded in isolating several affibody variants with improved affinity toward CAIX. The 

potential therapeutic and diagnostic applications of these high-affinity affibodies are 

substantial. Affinity maturation selections necessitate a platform that can distinguish between 

variants of high affinity. The approach presented here utilized harsh selection pressures, 

including off-rate selections that involved long buffer incubations, washes, and elevated 

temperatures, to favor variants with slower dissociation rates. The harsher conditions led to the 

isolation of variants with the highest affinities. 

Single clones, characterized by the highest fluorescence-associated binding and enrichment 

confirmed by MiSeq, were subcloned and purified for detailed characterization. Compared to 

ZCAIX:2, many of these new variants demonstrated improved thermostability and superior 

performance at physiologically relevant temperatures. Notably, variant ZCAIX:m2 exhibited the 

strongest binding to CAIX-expressing cancer cell lines across various temperatures and 

concentrations. 

These results not only highlight the potential of these new affibodies for targeting CAIX in 

various applications, but also demonstrate the effectiveness of E. coli surface display as a tool 
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for protein engineering. Future research should focus on in vivo studies to evaluate the 

therapeutic efficacy, biodistribution, and safety profile of these affibody variants. 
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Figures 

Table 1: Selection conditions applied per round. Campaign split into two tracks following 

MACS 3. S signifies “stringent” selections. N signifies “non-stringent” selections. 

Round Cell 

number 

Volume 

(mL) 

Concentration 

CAIX (nM) 

Negative 

selection 

Off-Rate 

MACS 1 5 × 1010 10 50 N/A N/A 

MACS 2 2 × 109 0.4 25 25 nM IgG  N/A 

MACS 3 1 × 109 0.2 50 25 nM IgG  N/A 

   FACS 1S 1 × 109 0.2 15 N/A 1.5 hr, 37°C, 3 washes 

   FACS 2S 1 × 109 0.2 10 N/A 2 hr, 37°C, 6 washes 

   FACS 3S 5 × 108 0.1 10 N/A 3 hr, 37°C, 6 washes 

   FACS 4S 5 × 108 0.1 10 N/A 3 hr, 37°C, 6 washes 

   FACS 1N 3 × 109 0.6 30 N/A 1 hr, 25°C, 3 washes 

   FACS 2N 1 × 109 0.2 15 N/A 1 hr, 25°C, 3 washes 

   FACS 3N 1 × 109 0.2 15 N/A 1 hr, 37°C, 3 washes 
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Figure 1: E. coli surface display of ZCAIX:2 and library design and display expression. (A) Flow 

cytometry dot plot of E. coli surfaced expressed ZCAIX:2 CAIX (y-axis) and ABD associated 

fluorescence (x-axis). (B) Flow cytometry dot plot of E. coli surfaced displayed ZCAIX 

maturation library CAIX (y-axis) and ABD associated fluorescence (x-axis). Upper right 

quadrant % represents change from negative controls. (C) Depiction of library design; red 

>50% single AA, blue 30-50% single AA. (D) MiSeq AA distribution of transformed library. 
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Figure 2: Selection campaign and single clone outputs. (A) Flow cytometry dot plots of sort 

outputs from harsh campaign without off-rate washes with 30 nM CAIX. CAIX binding (y-

axis) and ABD binding (x-axis). (B) Flow cytometry dot plots of representative single clones 

(ZCAIX:m1, ZCAIX:m2, ZCAIX:m3, and ZCAIX:m4) without off-rate washes with 10 nM CAIX. CAIX 

binding (y-axis) and ABD binding (x-axis). 
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Figure 3: MiSeq across rounds from “stringent” campaign. (A). AA distribution of relevant 

positions from “stringent” track FACS 4 output. (B) Top 10 sequences from “stringent” track 

FACS 4 output as a % of total sequences. (C) FACS 4 “Stringent” track composition by clusters 

by PipeBio clustering pipeline of sequences sharing 90% similarity. (D) Cluster count of top 

“stringent” track clusters of sequences sharing 90% similarity. 
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Figure 4: Affinity measurements by SPR of His6-affibody-ABD constructs. (A) HSA captured 

variants ZCAIX:2, ZCAIX:m1, ZCAIX:m2, ZCAIX:m3, and ZCAIX:m4 by fused ABD, curves of binding 

towards human CAIX with 48, 24, 12, 6, 3, 1.5 nM for 300 s followed by 420 s dissociation at 

(A) 25°C, (B) 37°C, and (C) 42°C. 
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Table 2: Relevant characteristics of select variants. CD VTM derived Tm of variants in 

affibody-His6 construct. SPR derived kinetics of select variants at 25°C, 37°C, and 42°C in 

His6-affibody-ABD construct. n.d. indicates kinetics values not able to be determined. 

Variant 
Tm 

(°C) 

ka (1/Ms) kd (1/s) KD (M) 

25°C 37°C 42°C 25°C 37°C 42°C 25°C 37°C 42°C 

ZCAIX:2 40.3 2.67 × 104 2.53 × 104  n.d. 7.17 × 10-4 3.62 × 10-3  n.d. 2.69 × 10-8 1.42 × 10-7 n.d. 

ZCAIX:m1 48.6 2.10 × 104 3.42 × 104 3.23 × 104 3.17 × 10-4 8.90 × 10-4 1.50 × 10-3 1.51 × 10-8 2.60 × 10-8 4.65 × 10-8 

ZCAIX:m2 45 3.32 × 104 4.77 × 104 3.40 × 104 2.25 × 10-4 6.42 × 10-4 1.11 × 10-3 6.77 × 10-9 1.35 × 10-8 3.26 × 10-8 

ZCAIX:m3 45 2.71 × 104 5.39 × 104 4.17 × 104 2.02 × 10-4 6.37 × 10-4 1.08 × 10-3 7.44 × 10-9 1.18 × 10-8 2.59 × 10-8 

ZCAIX:m4 42.1 3.51 × 104 5.01 × 104 5.24 × 104 2.08 × 10-4 6.46 × 10-4 1.04 × 10-3 5.93 × 10-9 1.29 × 10-8 1.98 × 10-8 
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Figure 5: Secondary structure and thermostability evaluation. (A) VTM of relative elipticity at 

221 nm from 20-90°C and curve calculated Tm of variants ZCAIX:2, ZCAIX:m1, ZCAIX:m2, ZCAIX:m3, 

and ZCAIX:m4. (B) Elipticity of 195-260 nm before and after VTM of variants ZCAIX:2, ZCAIX:m1, 

ZCAIX:m2, ZCAIX:m3, and ZCAIX:m4. 
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Figure 6: Flow cytometry of mammalian cell binding assay. Representative flow cytometry 

histograms from incubation of human SK-RC-52 cells with ZCAIX:2, ZCAIX:m1, ZCAIX:m2, 

ZCAIX:m3, and ZCAIX:m4 with 6 nM and 30 nM at (A) 25°C, (B) 37°C, and (C) 42°C followed by 

HSA-647 labeling. Negative control is temperature incubated without affibody, then incubated 

with HSA-647. (D) Compilation of ZCAIX:2 and ZCAIX:m2 6 nM representative histograms at 

25°C, 37°C, and 42°C. 

Table 3: Comparison of newly selected variants against ZCAIX:2 in the binding of SK-RC-52 

cells. Fold change of SK-RC-52 MFI with select variants compared to ZCAIX:2 at 6 nM and 30 

nM at 25°C, 37°C, and 42°C.	
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ZCAIX:m2 25.77 39.31 49.72 17.25 20.73 28.83 

ZCAIX:m3 19.87 26.95 28.70 14.16 17.09 21.99 
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Supplementary	figures 

 

Supplementary figure 1: Compiled final sort output single clone screening. (A) Flow cytometry 

target CAIX relative MFI (with CAIX negative control as baseline) of “Stringent” final sort 

output single clones. (B) Flow cytometry target CAIX relative MFI (with CAIX negative 

control as baseline) of “Non-stringent” final sort output single clones. 
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Supplementary figure 2: Affinity measurements by SPR of affibody-His6 constructs. (A) On-

rate (left y-axis) and off-rate (x-axis) measurements of ZCAIX:2 (red), non-stringent (blue), and 

stringent (green) variants at 25°C. Affinity (right y-axis) lines plotted across graph in black. 
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