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Abstract

Yeast display is a powerful technology for the isolation of monoclonal antibodies (mAbs) against 

a target antigen. Antibody libraries have been displayed on the surface of yeast as both single-

chain variable fragment (scFv) and antigen binding fragment (Fab). Here, we combine these two 

formats to display well-characterized mAbs as single-chain Fabs (scFabs) on the surface of yeast 

and construct the first scFab yeast display antibody library. When expressed on the surface of 

yeast, two out of three anti-human immunodeficiency virus (HIV)-1 mAbs bound with higher 

affinity as scFabs than scFvs. Also, the soluble scFab preparations exhibited binding and 

neutralization profiles comparable to that of the corresponding Fab fragments. Display of an 

immune HIV-1 scFab library on the surface of yeast, followed by rounds of sorting against HIV-1 

gp120, allowed for the selection of 13 antigen-specific clones. When the same cDNA was used to 

construct the library in an scFv format, a similar number but a lower affinity set of clones were 

selected. Based on these results, yeast-displayed scFab libraries can be constructed and selected 

with high efficiency, characterized without the need for a reformatting step, and used to isolate 

higher-affinity antibodies than scFv libraries.
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Introduction

Over the past decade, yeast display has emerged as a leading technology for the selection 

and characterization of monoclonal antibodies (mAbs) from both immune and nonimmune 

libraries.1–5 The majority of yeast display antibody libraries that have been constructed to 

date utilize the single-chain variable fragment (scFv) format,1–3 and there are only three 

examples in the literature of combinatorial antigen binding fragment (Fab) yeast display 

libraries.6–8 Because both scFv and Fab libraries have unique advantages and disadvantages, 

there is controversy over which format is better suited for antibody display. ScFvs are 

generally less stable and more prone to aggregation than Fab fragments,9,10 and due to their 

decreased stability, scFvs generally bind with lower affinity than Fabs.11 Furthermore, it has 
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been shown that certain scFvs lose antigen binding and/or neutralization activity after 

conversion into Fabs or immunoglobulin Gs (IgGs).7,12,13 However, because Fab fragments 

are larger in size and require the assembly of two separate polypeptide chains with a 

disulfide bond, they generally fold less efficiently than scFvs, which leads to decreased 

solubility and lower levels of expression in Escherichia coli.14 The most commonly used 

method to display Fab libraries on the surface of yeast, which employs yeast mating, allows 

for the display of unpaired heavy chains.7 As a result, nonspecific binding of heavy-chain-

only clones could dominate library selection and result in the loss of specific binders.

Recently, a single-chain Fab (scFab) was constructed and shown to be compatible with 

phage display technology and suitable for soluble expression in E. coli.15,16 By combining 

the high levels of expression of the scFv with the stability of the Fab fragment, the scFab 

might represent a useful anti-body display format for yeast display technology. Here, we 

have displayed three well-characterized anti-human immunodeficiency virus (HIV)-1 

antibodies as scFabs on the surface of yeast and constructed the first scFab yeast display 

library. In order to evaluate the scFab as a selection platform, we used the same cDNA as 

starting material for the construction of libraries in the scFv and scFab formats, and the 

libraries were subsequently selected against the same antigens. Our results suggest that 

scFab libraries displayed on the surface of yeast can be constructed and selected with higher 

efficiency than Fab libraries and yield higher-affinity antibodies than scFv libraries.

Results

Generation of scFab and scFv yeast display vectors

The scFab yeast display vector was generated from the vector pPNL200.7 Using overlap 

PCR, a 34-amino-acid linker containing the sequence (SGGG)2(SEGGG)4(SGGG)SG was 

inserted between the heavy and light chains. Primers were designed to remove the two 

cysteines involved in the disulfide bond connecting the two chains (Fig. 1a). Removal of this 

disulfide bond has been shown to increase the solubility of scFabs when expressed in E. 

coli.15 Next, BssHII and SalI restriction sites were inserted for light-chain gene cloning and 

NheI and NcoI sites were introduced for heavy-chain gene cloning. These restriction enzyme 

sites were chosen because they are rarely found in germ line antibody genes. Stuffer 

sequences containing only the light-chain or heavy-chain constant region were inserted 

between restriction sites to aid in cloning.

It has been demonstrated that linear plasmid vectors that circularize by homologous 

recombination transform yeast with higher efficiency than supercoiled plasmids.17 The 

traditional method for yeast homologous recombination, which involves electroporation of 

PCR products with 5′ and 3′ homology to a linearized vector,18 was not used because it 

requires ~100 μg of PCR product to generate large (109) libraries. This quantity of PCR 

product was not produced from the limited amount of starting material; therefore, we 

inserted a 51-base-pair linker with homology to the adjacent vector sequence directly after 

the heavy chain to be used for homologous recombination (Fig. 1a). By digesting the library 

at a site located between the two homologous sequences, we found that the yeast 

transformation efficiency was increased by at least 10-fold.
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Validation of the new display format using mAbs

The new display system was validated using three well-characterized anti-HIV-1 antibodies: 

4E10, b12, and b6. 4E10 targets the membrane proximal external region on HIV-1 gp41 and 

both b12 and b6 bind to epitopes overlapping the CD4 binding site on HIV-1 gp120.19 Both 

4E10 and b12 exhibit broad neutralization of HIV-1, whereas b6 only neutralizes a few very 

sensitive viral isolates.19 The mAbs were expressed as both scFabs and scFvs on the surface 

of yeast, and the binding affinities were calculated by titrating the amount of antigen (gp120 

or gp41) and measuring the mean fluorescence intensity (MFI) of antigen binding (Fig. 2a 

and b). Antibodies b6 and 4E10 bound antigen with 12-fold and 4-fold higher affinity, 

respectively, in the scFab format. Antibody b12 bound to monomeric gp120 with 

approximately 15 nM affinity in both formats, although the MFI plateau was higher in the 

scFv format. This is likely a result of increased levels of b12 surface expression in the scFv 

format. All three scFab clones were expressed on 50–80% of yeast cells (data not shown), 

which is comparable to published observations regarding scFv and Fab expression of single 

clones.

Because it has been shown previously that soluble scFabs have a tendency to dimerize and 

multimerize,15 we sought to determine whether the soluble scFabs would exhibit enhanced 

levels of binding and neutralization due to avidity effects. b12, b6, and 4E10 were cloned 

into the vector pComb3X and expressed in E. coli in order to obtain soluble scFabs. Crude 

scFab supernatants were assayed for binding and neutralization activity and compared to the 

corresponding crude Fab fragments (Fig. 3a). All three scFabs exhibited similar binding 

profiles as the corresponding Fab fragments in an enzyme-linked immunosorbent assay 

(ELISA), although we cannot exclude the possibility that multimerization increases the 

apparent affinity of soluble scFabs. It should also be noted that b12 and 4E10 scFabs 

saturate at a higher signal than their Fab counterpart, which also may be due to scFab 

multimerization. The three scFabs exhibited similar neutralization profiles as the 

corresponding Fab fragments (Fig. 3b), indicating that soluble scFabs can reliably be used 

for this functional assay. It is possible that the slight decrease in neutralization for the scFab 

could be caused by multimerization, but this decrease is not statistically significant and does 

not interfere with the general trend of neutralizing versus non-neutralizing antibodies.

Construction and selection of scFv and scFab immune HIV-1 libraries

ScFv and scFab immune libraries were cloned from the bone marrow RNA of an HIV-1-

infected donor who exhibits broad serum neutralization. Both the scFv and the scFab 

libraries were cloned from the same pool of cDNA, and the number of independent 

transformants after electroporation into E. coli was on the order of 5×109 for both libraries. 

The scFab and scFv library DNA were propagated in E. coli, linearized with NotI, and used 

to transform EBY100 yeast cells using homologous recombination and the lithium acetate 

method.20 Dilution plates indicated that the size of both libraries in yeast were ~109. Based 

on restriction enzyme digestion and sequencing of unselected library clones, 90% of clones 

from both libraries contained full-length and in-frame inserts.

The scFab and scFv libraries were both subject to one round of magnetic bead selection21 

followed by two to three rounds of sorting by flow cytometry against monomeric 
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gp120JR-FL and gp120JR-CSF (Fig. 4). No-antigen controls were used to determine sort gates 

that would only allow for selection of antigen binding clones. Pooled IgG derived from 

HIV-1-infected donors (HIVIG) was biotinylated and used for gp120 visualization (Fig. 1b). 

A polyclonal secondary reagent was chosen because it is unlikely to compete with library 

clones for gp120 binding. Using an anti-c-myc antibody and goat anti-mouse Alexa 647 dye, 

we monitored antibody expression using a C-terminal c-myc epitope tag (Fig. 1b). After the 

third round of sorting, 70 clones from each library were selected for sequence analysis and 

initial antibody characterization.

Comparison of selected scFab and scFv clones

Selected scFab and scFv clones were grouped based on examination of the amino acid 

sequences of the third complementary determining region of the heavy chain (CDRH3) 

(Table 1). Clones that appeared to represent somatic variants of the same B-cell were 

grouped together. Based on this analysis, 13 unique clones were selected from the scFab 

library and 11 unique clones were selected from the scFv library, with only 1 clone 

represented in both libraries. Of the selected scFv and scFab clones, 80% and 100% 

contained full-length inserts, respectively. Because the constant regions of the heavy and 

light chains were used as stuffer sequences, all of the truncated scFvs contained one full-

length chain and only the constant region of the other chain. Selected clones from both 

libraries exhibited a bias for the VH1–69 family, but it has been previously demonstrated 

that anti-HIV-1 antibodies commonly use this germ line gene family.23,24

The affinities of single clones were calculated by incubating each yeast-displayed scFv or 

scFab with varying amounts of monomeric gp120 (Table 2). The binding constants for the 

scFab clones ranged from 0.5 to 36 nM, with an average affinity of 10 nM. In contrast, the 

affinities of selected scFv clones ranged from 0.3 to 100 nM, with an average affinity of 43 

nM.

Three antibodies from each library were cloned in the alternate display format and assayed 

for surface expression and antigen binding in order to determine whether the display format 

had an intrinsic effect on the types of clones selected. We found that the three selected scFab 

clones exhibited high levels of surface expression as scFvs but bound antigen with lower 

affinity. Similarly, the three selected scFvs could be displayed on the surface of yeast in the 

scFab format and bound antigen with 2- to 4-fold higher affinity as scFabs (Table 2). Based 

on this analysis, the difference in selection of clones is probably not a direct result of the 

display format, as discussed below.

Discussion

Here, we have constructed the first scFab yeast display library and shown that this format 

offers distinct advantages over the existing scFv and Fab formats. We found that the 

majority of antibodies we tested bound with higher affinity as scFabs than as scFvs. This 

was demonstrated for well-characterized anti-HIV-1 mAbs as well as for selected clones 

from an immune HIV-1 library. It has been shown that the folding and stability of the Fab 

fragment are dependent on cooperation between the VH/VL and CH1/CL interfaces25 and 

stabilization of these domain interactions improves antigen binding.26 The lack of a 
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stabilizing CH1/CL interface in scFv fragments likely increases the flexibility of the binding 

pocket, which results in an increased entropic cost to binding.27

Surprisingly, when the same cDNA was used to construct an immune library in both the 

scFab and scFv format and selected against the same antigens, two almost completely 

different sets of clones were selected. We reasoned that this observation might be a result of 

the display format and that certain clones only display or bind antigen in one of the formats 

tested. Six antibodies were cloned in the alternate library format, displayed on the surface of 

yeast, and assayed for antigen binding in order to evaluate this possibility. We found that all 

of the antibodies tested could be displayed on the surface of yeast and bind antigen in both 

formats. Consistent with our previous results, all six antibodies bound antigen with higher 

affinity in the scFab format. Because sort gates were drawn to select all c-myc-positive 

antigen binding clones, neither differences in antibody display nor those in antigen binding 

appear to account for differences in selected antibodies. Remaining explanations for the 

differences include sampling size and library construction. An explanation based on 

sampling size would require that the libraries contain an unusually large number of gp120-

specific clones for only one clone to be shared among 70 from each library. We therefore 

favor an explanation based on differences in library construction (PCR priming, chain 

shuffling, internal restriction sites, etc.).

One observation worth noting concerns the nature of the antibodies selected from each 

library. We found that the scFab library yielded a much higher proportion of antigen-

specific clones over background binders than the scFv library. About 20% of selected scFv 

clones contained the vector stuffer sequence, and 18% of the full-length clones bound 

nonspecifically to fluorescence reagents. In contrast, all of the selected scFab clones were 

full length and only 4% bound to secondary reagents. Because both of the unselected 

libraries contained 90% full-length clones with similar germ line gene representation, this 

discrepancy is probably due to the unstable nature of scFvs and not to differences in library 

construction.

ScFab yeast display libraries also provide advantages over current formats for display of 

yeast Fab libraries. The most commonly used method requires yeast mating and a two-

vector system. This system allows for the display of heavy-chain-only clones, which could 

potentially interfere with library selection. It has previously been reported that 15% of 

antigen-specific yeast express only a heavy chain.7 Therefore, although yeast mating allows 

for the construction of large libraries, heavy-chain-only display results in some loss of 

selection efficiency. In contrast, we found that our scFab library could be constructed and 

selected with very high efficiency. Using our homologous recombination system, we were 

easily able to generate a yeast display library with ~109 members, which is comparable to 

the size of existing Fab libraries. Also, the scFab linker prevents the display of unpaired 

heavy or light chains. When expressed in E. coli, we found that the soluble scFabs exhibited 

similar binding and neutralization profiles as the corresponding Fab fragments, although one 

caveat in the binding and neutralization assays is the possibility of soluble scFab 

multimerization. This result suggests that the scFab selection format can also be used for 

subsequent antibody characterization. Based on these observations, yeast display of scFab 

libraries is likely a more robust system than Fab display.
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In conclusion, we have generated a new yeast display format that offers clear advantages 

over the existing platforms. Yeast-displayed scFab libraries may allow for the increased 

recovery of novel antibodies with diagnostic or therapeutic applications.

Materials and Methods

Yeast cell lines and media

Yeast strain EBY100 (GAL1-AGA1::URA3 ura3–52 trp1 leu21 his3200 pep4::HIS2 

prb11.6R can1 GAL) was maintained in YPD broth (Difco). Transformation of EBY100 

with the vector pYDscFab and pYDscFV was completed using the lithium acetate method20 

and maintained in SD-CAA medium, pH 4.5 (6.7 g/L yeast nitrogen base, 5 g/L casamino 

acids, 20 g/L dextrose, 4.29 g/l citric acid, and 14.7 g/L citric acid monohydrate), and on 

SD-CAA plates (SD-CAA+17 g/L agar). Yeast surface expression of scFv was induced by 

transferring to SG/R-CAA medium (6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 20 

g/L each galactose and raffinose, 1 g/L dextrose, 9.67 g/L NaH2PO4·2H2O and 10.19 g/L 

Na2-HPO4·7H2O). After yeast sorting, 0.25 μg/mL ketoconazole (Sigma-Aldrich) was added 

to the SD-CAA media in order to inhibit growth of Candida parapsilosis.28

Antigens and antibodies

Monomeric gp120JR-FL and soluble CD4 were purchased from Progenics (Tarrytown, NY), 

and gp120JR-CSF was procured under contract from Advanced Products Enterprises (MD). 

The human anti-gp120 mAbs used in this study are IgGs b12,29 b6,29 and 4E10.30 

Polyclonal human IgG against HIV-1 (HIVIG) was obtained from the AIDS Research 

Reference Reagent Program, provided by John Mascola. Antibodies were biotinylated using 

the EZ-Link Sulfo-NHS-Biotinylation Kit from Pierce. Mouse mAb antic-myc (9E10) was 

obtained from AbD Serotec. Fluorescent reagents goat anti-mouse-Alexa 647 and 

streptavidin–phycoerythrin (SA–PE) were obtained from Molecular Probes.

Yeast display vector construction

The scFab yeast display vector was generated from the vector pPNL200 (M. Feldhaus, 

Pacific Northwest National Laboratory). A BssHII cloning site was inserted at the 5′ end of 

the light chain and a NheI site was inserted at the 3′ end of the heavy chain using the 

QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene). Overlap PCR was used to 

insert a 34-amino-acid linker between the heavy and light chains, add an NcoI site at the 5′ 

end of the heavy chain and a SalI site at the 3′ end of the light chain, and remove the two 

cysteines involved in the disulfide bond connecting the two chains. Two stuffer sequences, 

composed of either the constant heavy genes or the constant light genes, were inserted on 

both sides of the linker. A homologous recombination linker containing the phosphorylated 

sequence 5′-CTAGTCAGGAACTGACA-

ACTATATGCGAGCAAATCCCCTCACCAACTCGC-3′ was ligated in after the heavy 

chain using the restriction enzyme sites NotI and SpeI. The sequence of the modified vector, 

pYDscFab, was verified by DNA sequencing.

The yeast display scFv vector, pYDscFv, was generated by modification of pYDscFab. The 

34-amino-acid scFab linker was digested out of pYDscFab using the restriction enzymes 
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NcoI and NheI and the digested vector was gel purified using the QIAquick Gel Purification 

Kit (Qiagen). A 15-amino-acid 5′ phosphorylated oligo containing the scFv linker sequence 

5′-TCGA-CAGGGGAGAATTCGGTGGTGGTGGTTCTGGTGGTG-

GTGGTTCTGGTGGTGGTGGTTCTCTC-3′ was ligated into the digested vector. The 

sequence of pYDscFv was verified by DNA sequencing.

scFab and scFv library construction

Total RNA was isolated from the bone marrow mono-nuclear cell RNA from an HIV-

infected donor who exhibits broad serum neutralization of HIV-1. Bone marrow was 

collected, homogenized, and stored in TRI reagent (received from the International AIDS 

Vaccine Initiative) and placed at −80 °C for long-term storage. Homogenized bone marrow 

(5 mL) was centrifuged at 5000g for 10 min at 4 °C, supernatant was removed, and the pellet 

was resuspended in a 10× volume of TRI reagent to isolate total RNA. 1-Bromo-3-

chloropropane (3 mL; Sigma) was added to each supernatant, vortexed for 15 s, and 

incubated for 15 min at room temperature. After centrifugation at 17,000g for 15 min at 4 

°C, the upper phase was transferred to a fresh, 50-mL tube. Isopropanol (15 mL) was added 

to the tube, vortexed for 15 s, and incubated for 10 min at room temperature. Centrifugation 

was again performed at 17,000g at 4 °C and the supernatant was discarded. The pellet was 

washed with 30 mL of 75% ethanol, air-dried at room temperature for 5–10 min, and 

resuspended in 500 μL of RNase-free water. Total RNA was reverse transcribed into cDNA 

using transcriptor first-strand cDNA synthesis kit (Roche) and an oligo(dT) primer. Heavy- 

and light-chain antibody genes were PCR amplified from cDNA using a primer set based on 

that of Sblattero and Bradbury.31 The following oligonucleotides were used as heavy- and 

light-chain scFab reverse primers to remove the cysteines that form the interchain disulfide 

bond: scFabHrev: 5′-GACTTGGC-TAGCAGATTTGGGCTCAACTTTC-3′, 

scFablamdarev: 5′-GCATGT GTCGACTTCYGYAGGGGCMACTGTC-3′, and 

scFabKaprev: 5′-GCATGTGTCGACCTCTCCCCT-GTTGAAGCTC-3′. Kappa and lambda 

light-chain genes were gel purified with the QIAquick Gel Extraction Kit (Qiagen), pooled 

in an equal ratio, digested with the restriction enzymes BssHII and SalI, and ligated into the 

vector pYDscFab or pYDscFv. After ethanol precipitation, the ligation mixture was used to 

transform E. coli strain Electro-Ten Blue (Strategene). pYDscFab plasmid DNA containing 

the light-chain genes was isolated using a Maxiprep kit (Qiagen) and digested with the 

restriction enzymes NheI and NcoI for ligation of the heavy-chain genes (performed the 

same as light-chain ligation). The final libraries contained approximately 5×109 independent 

transformants. The libraries were then linearized with NotI, ethanol precipitated, and used to 

transform the yeast strain EBY100 using the high-efficiency lithium acetate method,20 and 

grown in SD-CAA until saturation (about 24 h). The size of both the scFab and the scFv 

libraries were estimated at 1×109 members.

Library selection, flow cytometric analysis, and single clone characterization

Libraries were grown as described previously.2 Briefly, yeast were grown in SD-CAA 

media for 12–18 h at 30 °C, pelleted at 3000g for 10 min, and resuspended in SG/R-CAA 

for 16–18 h at 20 °C in volumes appropriate for the size of the library. For the first round of 

selection, a magnetic bead sorting technique utilizing the Miltenyi Macs system was used as 

described previously.32 Yeast cells (1×1010) were incubated with 10 μg/mL gp120 for 1 h at 
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room temperature in FACS wash buffer [phosphate-buffered saline (PBS)/0.5% bovine 

serum albumin (BSA)/2 mM ethylenediaminetetraacetic acid] followed by 10 min on ice 

and then washed 3 times with wash buffer. Yeast cells were pelleted and incubated with 15 

μg/mL biotinylated HIVIG for 30 min at 4 °C. After washing 3 times with ice-cold wash 

buffer, the cell pellet was resuspended in 4 mL wash buffer. SA micro-beads (200 μL) were 

added to the yeast and incubated for 10 min, followed by two 50-mL washes. The yeast 

were resuspended in 50 mL and loaded onto a Miltenyi LS column at 4 °C in 7-mL aliquots. 

After each 7 mL, the column was removed from the magnetic field and immediately 

replaced. The column was then washed with 1 mL of wash buffer before another 7 mL was 

loaded onto the column. After the entire 50 mL was loaded, the column was washed 3 times 

with 2 mL of wash buffer with removal and replacement in between. The column was then 

removed from the magnetic field, and the yeast were eluted with 12 mL of SD-CAA media 

and grown overnight. The yeast recovered from the magnetic bead sort were induced in 100 

mL SG/R-CAA for 20 h at 20 °C. The following two to three rounds of sorting were done 

using flow cytometry. Approximately 1×108 yeast were pelleted, washed once with wash 

buffer, and resuspended in 1 mL wash buffer with 10 μg/mL gp120 and a 1:200 dilution of 

anti-c-myc antibody. After a 1-h incubation at room temperature, yeast were washed 3 times 

and then resuspended in 1 mL wash buffer. Biotinylated HIVIG (15 μg/mL) was added to 

the yeast, incubated at 4 °C for 30 min, and washed 3 times with wash buffer. Five 

micrograms per milliliter of both SA–PE and GaM-647 was added to the cells and incubated 

for 30 min on ice in the dark, washed 3 times again, and then resuspended in 6 mL wash 

buffer for flow cytometric sorting. Sorting was performed using a FACS ARIA sorter and 

sort gates were determined to select only antigen binding clones. Collected cells were grown 

overnight in SD-CAA media at 30 °C and induced in SG/R-CAA for the next round of 

sorting. After the final round, yeast were plated on SD-CAA plates and individual colonies 

were picked for characterization.

Plasmid DNA was isolated from individual yeast clones using the Zymoprep Yeast Plasmid 

Miniprep Kit (Zymo Research). The recovered plasmids were electroporated in the XL-1 

Blue E. coli for amplification of plasmid DNA and miniprepped using the QIAprep Spin 

Miniprep Kit (Qiagen). After sequencing, clones were grouped based on analysis of the 

CDRH3 region and a representative clone was chosen from each group for subsequent 

characterization. To determine approximate binding constants, we incubated ~106 induced 

yeast cells with a dilution series of gp120 (0–200 nM) and anti-c-myc antibody for 1 h at 

room temperature. Cells were then washed 3 times and incubated with biotinylated HIVIG 

at 4 °C for 30 min. After washing, yeast were incubated with fluorescent reagents for 30 min 

at 4 °C. Cells were pelleted, washed, and resuspended in approximately 100 μL FACS wash 

buffer. A BD Bioscience FACSArray plate reader was used for flow cytometric analysis, 

and FlowJo software was used for analysis. Quantitative equilibrium binding constants (Kd 

values) were calculated by plotting the c-myc-normalized MFI against antigen concentration 

and fitting the curve using nonlinear regression analysis.

Variable region genes were amplified by PCR, digested with SalI and BssHII (light chains) 

or NheI and NcoI (heavy chains), gel purified with the Qiagen QIAquick Gel Purification 

Kit, and ligated into a similarly digested and purified pYDscFv in order to clone scFabs as 
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scFvs. The ligation mixture was heat shocked into Top10 cells and individual colonies were 

picked for plasmid isolation. Positive clones were verified by DNA sequencing.

An scFab clone that contained ApaI and AvrII restriction sites at the variable–constant 

region interface of the heavy and light chains, respectively, was used for cloning scFvs as 

scFabs. Variable region genes were amplified by PCR, digested with AvrII and BssHII (light 

chains) or ApaI and NheI (heavy chains), gel purified with the QIAquick Gel Extraction Kit 

(Qiagen), and ligated into a similarly digested vector. The ligation mixture was used to 

transform Top10 cells, and colonies were picked for plasmid isolation. Positive 

transformants were verified by DNA sequencing.

Preparation of soluble scFabs and Fabs

Individual scFab clones were digested out of pYDscFab with the restriction enzymes BssHII 

and NheI, gel extracted and purified with the QIAquick gel extraction kit, and ligated into 

the similarly digested and gel purified pComb3X vector for soluble expression in E. coli. 

The ligation reaction was used to transform Top10 cells, and individual colonies were 

picked for plasmid isolation. Positive inserts were verified by DNA sequencing. ScFab or 

Fab clones in pComb3X were then used to transform XL-1 Blue cells and grown at 37 °C in 

10 mL Superbroth medium (30 g/L bactotryptone, 20 g/L yeast extract, and 10 g/L Mops) 

supplemented with 25 μg/mL carbenicillin and 10 μg/mL tetracycline until an OD600 

(optical density at 600 nm) of 0.6–0.8 was reached. IPTG (1 mM) was then added and cells 

were grown for an additional 16–18 h at 30 °C. The cells were centrifuged at 3000 RPM for 

10 min, and the pellet was resuspended in 0.5 mL 1× PBS. After four rounds of freeze–

thawing between 37 and −80 °C, the cells were centrifuged at full speed in a tabletop 

centrifuge. Supernatants were collected and sterile-filtered for use in ELISAs and 

neutralization assays.

ELISA binding assays

Ninety-six-well ELISA plates were coated overnight at 4 °C with 50 μL PBS containing 50 

ng of goat anti-human IgG F(ab′)2 (Pierce) or 75 ng gp120JR-FL. The wells were washed 4 

times with PBS containing 0.05% Tween 20 and blocked with 3% BSA at room temperature 

for 1 h. The wells were then washed once, and 50 μL of the bacterial supernatants (2× 

diluted) containing Fab or scFab was added in a 2-fold dilution series. The plates were 

incubated at room temperature for 1 h and washed 4 times, and goat anti-human IgG F(ab′)2 

conjugated to alkaline phosphatase (Pierce), diluted 1:1000 in PBS containing 1% BSA and 

0.025% Tween 20, was added to the wells. The plate was incubated at room temperature for 

1 h and washed 4 times, and the plate was developed by adding 50 μL of alkaline 

phosphatase substrate (Sigma) to 5 mL alkaline phosphatase staining buffer (pH 9.8), 

according to the manufacturer’s instructions. The optical density at 405 nm was read on a 

microplate reader (Molecular Devices). The concentration of Fab was determined with an 

anti-Fab ELISA (2-fold dilution series) using simple nonlinear regression. Half maximal 

effective concentrations (EC50 values) were determined using fixed concentrations of 

monomeric gp120 or gp41 (20 nM) and titrating the amount of crude Fab or scFab. In 

general, 12 different scFab or Fab concentrations were used, which covered a range of 

0.002–2.0 μg/mL. The concentration of Fab or scFab corresponding to half maximal signal 
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(EC50) was determined by interpolation of the resulting binding curve using nonlinear 

regression.

HIV-1 neutralization assays

HIV-1 pseudovirus, competent for a single round of replication, was generated by 

cotransfecting 293T cells with the luciferase reporter plasmid pNL4-3.Luc.R-E,33 an Env-

complementation vector, and the polyethyleneimine transfection reagent34 as described 

previously.35 Neutralization was measured using U87.CD4.CCR5 target cells. Antibodies 

were diluted in Dulbecco’s modified Eagle’s medium (Gibco) containing 10% fetal bovine 

serum and mixed 1:1 with pseudovirus (100 μL total volume). The antibody–virus mixture 

was incubated for 1 h at 37 °C and then transferred (1:1 by volume) to the target cells. After 

a 72-h incubation at 37 °C, the cells were lysed, luciferase reagent (Promega) was added, 

and the luminescence in relative light units was measured using an Orion microplate 

luminometer (Berthold Detection Systems). Virus neutralization was measured as a 

reduction in viral infectivity compared to an antibody-free control. Neutralization curves 

were generated by plotting the percentage of virus neutralization against various scFab or 

Fab concentrations. The concentration of Fab or scFab, which yielded a 50% reduction in 

viral infectivity (IC50), was determined by interpolation of the resulting neutralization curve 

using nonlinear regression.
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Fig. 1. 
scFab yeast display platform. (a) scFab expression is under control of the Gal1 promoter. A 

34-amino-acid linker connects the heavy and light chains, and the Aga2 protein is expressed 

as a C-terminal fusion to the scFab. The cysteines that form the interchain disulfide bond 

were removed. (b) Monomeric gp120 is labeled with biotinylated HIVIG and detected with 

SA–PE. Using an anti-c-myc antibody and goat anti-mouse Alexa647 (GaM A647) dye, a C-

terminal c-myc tag allows for visualization of yeast expression.
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Fig. 2. 
(a) Binding curves for yeast-displayed 4E10, b12, and b6 scFvs and scFabs are shown in 

(A)–(C). The MFI, determined by flow cytometry, is plotted against increasing 

concentrations of antigen to determine the Kd values listed in (b). Data are mean±SD from 

three independent experiments.
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Fig. 3. 
Binding and neutralization profiles of soluble scFabs. b12, b6, and 4E10 were expressed 

solubly in E. coli, and crude supernatants were assayed for binding and neutralization 

activity. (a) (A)–(C) represent ELISA binding curves, and (D)–(F) represent neutralization 

activity of soluble Fabs and scFabs. (b) EC50 and IC50 values derived from the data shown 

in (a). Data are mean±SD from two experiments.
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Fig. 4. 
scFv and scFab library sorting by flow cytometry. Yeast cells are double labeled so that 

antibody expression and antigen binding can be monitored simultaneously. (a)–(c) represent 

scFv library sorts (rounds 1–3), and (d) and (e) represent scFab library sorts (rounds 1 and 

2). The circled populations represent double-positive yeast cells that were sorted, grown, and 

induced for the next round of selection. The percentages of antigen-positive cells are 

indicated in the top right corner of each plot. (f) shows the percentage of antigen-positive 

induced cells for each round of selection.
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Table 2

Binding affinities of selected scFv and scFab clones

Clone Kd scFab (nM)a Kd scFv (nM)

1B3 1 34

3C1 6 —

1A1 14 —

1A4 3 7

1A3 8.5 —

J3 2 —

Q10 0.5 —

Q3 17 —

Q7 36 103

J5 22 —

3J17 21 —

Q16 1 —

2Q10 6 —

1R2–17 — 61

1R2–48 — 9.5

1R2–20 — 46

1R2–18 — 5

2R2–12 10 42

2R2–14 — 0.3

2R2–21 30 68

2R2–25 — 52

2R2–50 16 60

1R2–46 — 29

T13 — 100

a
Kd values were calculated by incubating single clones with varying amounts of antigen and measuring the MFI of antigen binding.
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