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Directed Evolution of Brain-Derived Neurotrophic Factor for
Improved Folding and Expression in Saccharomyces cerevisiae

Michael L. Burns,® Thomas M. Malott, Kevin J. Metcalf,® Benjamin J. Hackel,” Jonah R. Chan,® Eric V. Shusta®

Department of Chemical and Biological Engineering, University of Wisconsin—Madison, Madison, Wisconsin, USA?; Department of Chemical Engineering and Materials
Science, University of Minnesota, Minneapolis, Minnesota, USA®; Department of Neurology, Program in Neuroscience, University of California, San Francisco, San

Francisco, California, USA®

Brain-derived neurotrophic factor (BDNF) plays an important role in nervous system function and has therapeutic potential.
Microbial production of BDNF has resulted in a low-fidelity protein product, often in the form of large, insoluble aggregates
incapable of binding to cognate TrkB or p75 receptors. In this study, employing Saccharomyces cerevisiae display and secretion
systems, it was found that BDNF was poorly expressed and partially inactive on the yeast surface and that BDNF was secreted at
low levels in the form of disulfide-bonded aggregates. Thus, for the purpose of increasing the compatibility of yeast as an expres-
sion host for BDNF, directed-evolution approaches were employed to improve BDNF folding and expression levels. Yeast sur-
face display was combined with two rounds of directed evolution employing random mutagenesis and shuffling to identify
BDNF mutants that had 5-fold improvements in expression, 4-fold increases in specific TrkB binding activity, and restored p75
binding activity, both as displayed proteins and as secreted proteins. Secreted BDNF mutants were found largely in the form of
soluble homodimers that could stimulate TrkB phosphorylation in transfected PC12 cells. Site-directed mutagenesis studies in-
dicated that a particularly important mutational class involved the introduction of cysteines proximal to the native cysteines that
participate in the BDNF cysteine knot architecture. Taken together, these findings show that yeast is now a viable alternative for

both the production and the engineering of BDNF.

Brain—derived neurotrophic factor (BDNF) is a member of the
neurotrophin family that substantially influences mammalian
neuronal function from development through adulthood (1).
BDNF has also been posited to play a role in brain trauma and
several neurodegenerative disorders, including Alzheimer’s and
Parkinson’s diseases (2). As demonstrations of its potential as a
therapeutic, BDNF has been shown to be neuroprotective in
stroke (3), Alzheimer’s disease (4), Parkinson’s disease (5), Hun-
tington’s disease (6), and peripheral nerve injury (7). BDNF elicits
its biological functions through specific interactions with the tro-
pomyosin receptor kinase B (TrkB) and p75 neurotrophin recep-
tors (8, 9), and it is biologically active as a homodimeric protein
formed through hydrophobic interactions between the cores of
the monomers (10-12). Moreover, each 122-amino-acid mono-
mer of BDNF possesses three intramolecular disulfide bonds in a
cysteine knot configuration. These complex folding and assembly
requirements governing the production of BDNF and other
highly homologous neurotrophin family members, such as nerve
growth factor (NGF), have resulted in low heterologous produc-
tivity (13), likely as a by-product of the aggregation-prone nature
of these proteins (14).

Platforms for neurotrophin production include immortalized
mammalian cell lines (13), bacteria (15), insect cell lines (16), and
Saccharomyces cerevisiae (17). In particular, microbial hosts such
as bacteria and yeast have the advantages of facile genetic modifi-
cation, robust scaling, and comparatively low cost. However, pre-
vious attempts to produce BDNF in Escherichia coli have yielded
mainly insoluble proteins with mismatched disulfide bonds that
required isolation and refolding, and even after refolding, the bi-
ological activity was attenuated (15, 18). As a partial resolution,
bacterial host engineering in the form of co-overexpression of Dsb
disulfide-bonding machinery in bacteria could raise the level of
soluble BDNF production to 35% (15). Similarly, despite the eu-
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karyotic protein-folding and -processing machinery of yeast, NGF
production in yeast yielded a low-fidelity product (17). Here we
report that yeast also produces BDNF primarily in an inactive and
misfolded form. Yeast surface display has been used to identify
better-folded and -secreted variants of single-chain T-cell recep-
tors (19), antibody Fc regions (20), and epidermal growth factor
receptor (21), among others (22). Thus, yeast surface display ap-
proaches were employed to improve the protein-folding and
-processing properties of BDNF. Two rounds of directed evolu-
tion (DE) were used to identify mutations that resulted in better
specific binding activity of BDNF toward both TrkB and p75,
along with higher expression levels on the yeast surface. Subse-
quently, the mutants led to substantially improved secretion titers
and specific receptor binding activity compared to wild-type
BDNF, and the top-performing BDNF mutants were demon-
strated to be capable of triggering TrkB receptor phosphorylation.

MATERIALS AND METHODS

Strains, plasmids, materials, and media. An open reading frame encod-
ing residues 1 to 119 of mature human BDNF was subcloned into the
pCT-ESO vyeast display vector (23) to drive yeast display of BDNF as a
fusion to the yeast mating protein agglutinin, Aga2p. The resultant pCT-
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FIG 1 Production of BDNF using yeast. (A) Schematics of BDNF constructs
displayed on the yeast surface as a dimer of two surface display proteins (i) and
asa dimer of one surface display protein and one secreted and captured protein
(ii). (B) Expression and receptor-binding properties of wild-type BDNF dis-
played on the yeast surface using scheme i. Shown are sample flow cytometric
dot plots of surface-displayed wild-type BDNF either colabeled with its natural
receptor TrkB and an anti-c-myc antibody to monitor full-length expression or
labeled with p75 alone. The negative sample is yeast displaying an irrelevant
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ESO-BDNF construct encoded Aga2p-HA-BDNF-c-myc (Fig. 1A). Simi-
larly, the mature human BDNF open reading frame was subcloned into
pRS316-GFP (24) for yeast secretion, yielding pRS316-BDNF, encoding
BDNF-c-myc-Hisg. The anti-fluorescein single-chain antibody 4-4-20
was used as a control for some experiments (25). Control strains were
created using empty plasmids containing nutritional markers alone (pRS-
314, pRS-316). Vectors were transformed into the yeast secretion strain
BJ5464 (Yeast Genetic Stock Center, Berkeley, CA, USA), the yeast display
strain EBY100 (26), and the yeast display strain AWY100 (25), as appro-
priate. All transformations were performed using the lithium acetate
method (27) and yeast grown in minimal medium (2% dextrose, 0.67%
yeast nitrogen base) buffered at pH 6.0 with 50 mM sodium phosphate
and containing either 1% Casamino Acids (CAA [Becton Dickinson,
Franklin Lakes, NJ, USA]; lacking tryptophan and uracil) to yield SD-
CAA or 2X synthetic amino acid supplement (SCAA; containing 190
mg/liter Arg, 108 mg/liter Met, 52 mg/liter Tyr, 290 mg/liter Ile, 440 mg/
liter Lys, 200 mg/liter Phe, 1,260 mg/liter Glu, 400 mg/liter Asp, 480 mg/
liter Val, 220 mg/liter Thr, and 130 mg/liter Gly and lacking leucine, tryp-
tophan, and uracil) to yield SD-SCAA. Leucine (200 mg/liter), tryptophan
(20 mg/liter), and uracil (20 mg/liter) were added when necessary for
proper auxotrophic selection. Protein display and secretion were induced
in the same media, with the dextrose replaced by 2% galactose (yielding
SG-CAA or SG-SCAA). Fresh transformants were used in all experiments.

Surface display binding and affinity measurements. For surface dis-
play, yeast clones were first grown in SD-CAA at 30°C to an optical density
at 600 nm (ODy,) of 1.0 and then induced for display in an equal volume
of SG-CAA for 18 h at 20°C. Ice cold phosphate-buffered saline (PBS)
with 1 mg/ml bovine serum albumin (BSA) at pH 7.4 (PBS-BSA) was used
in all washes and was included in primary and secondary antibody label-
ing solutions. Yeast cells (2 X 10°) were collected, washed in PBS-BSA,
and immunolabeled for flow cytometric analysis. Immunolabeling was
conducted for 30 min at 4°C using the following primary labels: anti-c-
myc epitope antibody 9¢10 (30 to 50 wg/ml; Covance, CA, USA), anti-
hemagglutinin (anti-HA) epitope antibody 12Ca5 (25 wg/ml; Roche, IN,
USA), an anti-His, antibody (2 pg/ml; Qiagen, CA, USA), a recombinant
human TrkB—-Fc chimera (TrkB) (5 pg/ml; R&D Systems, MN, USA), and
a recombinant human NGF receptor—tumor necrosis factor receptor su-
perfamily 16 (TNFRSF16)-Fc chimera (p75) (5 pg/ml; R&D Systems).
After three washes with PBS-BSA, the following secondary labels were
applied for 30 min at 4°C: anti-human immunoglobulin G (IgG) conju-
gated to phycoerythrin (PE) (1:45; Sigma, St. Louis, MO, USA) for TrkB
and p75 detection and anti-mouse IgG conjugated to Alexa Fluor 488
(1:500; Invitrogen, CA, USA) for c-myc, HA, and His, detection. Follow-
ing three washes with PBS-BSA, cells were analyzed on a Becton Dickin-
son FACSCalibur benchtop flow cytometer. Geometric means for the pos-
itive populations were corrected by subtracting the geometric means for
the nondisplaying yeast population. When there was peak overlap be-
tween the displaying and nondisplaying populations, peak deconvolution
methods were employed as described previously (28). In many cases, the
TrkB and p75 binding signals were subsequently divided by the anti-c-myc
signal to represent the data as the level of binding per molecule.

Dimer determination using flow cytometry was performed using
cotransformation of selected plasmids pRS316-BDNF (secreted BDNF
with a His, tag) and pCT-ESO-BDNF (display without a His, tag) into the
AWY100 yeast surface display strain. His, labeling, and hence surface
capture by dimerization, was determined using the anti-His, antibody (2
pg/ml; Qiagen).

Apparent affinity measurements were determined in surface display

single-chain antibody labeled in the exact same manner as the BDNF sample. Note
the presence of a full-length single-chain antibody on the yeast surface but the
absence of TrkB and p75 labeling. Quantified data are reported in Table 2. (C)
Western blots of secreted wild-type BDNF with (+) or without (—) reduction by
DTT. Supernatants from triplicate independent transformants were analyzed.
Molecular sizes (in kDa) are indicated on the left.
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FIG 2 Directed evolution of BDNF. (A) Flow chart of the directed-evolution process showing outcomes and screening criteria. (B) Flow cytometric data
illustrating the directed-evolution improvement in BDNF activity (TrkB and p75) and full-length expression (anti-c-myc antibody) as a surface-displayed
protein. Mutant T5 is shown as an example of DE Rd1 mutants and mutant K8 as an example of DE Rd2 mutants. Quantified data for all DE Rd1 and Rd2 mutants

assessed are displayed in Table 2.

format using the serially diluted TrkB receptor diluted in PBS-BSA. Flow
cytometric geometric mean fluorescent signals were adjusted for back-
ground fluorescence. Apparent binding affinity (K,) calculations were
then made using a nonlinear least-squares estimation for single-receptor—
single-ligand binding using Athena Visual as described previously (29).
All statistical comparisons throughout this study were performed using an
unpaired, two-tailed Student ¢ test.

BDNEF library construction and screening. Mutagenic libraries were
constructed as described previously (21, 30, 31). Briefly, in both directed
evolution (DE) round 1 (Rd1) and Rd2, a BDNF mutant library was
generated by error-prone PCR using the triphosphate derivatives of nu-
cleotide analogs 2'-deoxy-p-nucleoside-5'-triphosphate and 8-oxo-2'-
deoxyguanosine-5'-triphosphate (TriLink BioTechnologies, San Diego,
CA, USA) (32). Mutated BDNF open reading frames derived from several
error-prone PCRs with varying analog concentrations and PCR cycles
were combined and were introduced into a digested pCT-ESO acceptor
vector by homologous recombination. A library of 4 X 10° transformants
resulted for DE Rd1. Sequencing of 20 randomly selected clones prior to
sorting indicated a total mutation rate of approximately 0.2 to 3.8%, or
between 1 and 14 base pair changes per BDNF mutant. For DE Rd2, a 1:1
mixture of individual clones isolated from DE Rdl and wild-type BDNF
was digested with DNase I to yield fragments of 10 to 100 bp, which were
shuffled as described previously (33) and were simultaneously subjected
to a low rate of additional mutagenesis using nucleotide analogs. This
second-round library comprised 1.1 X 107 transformants.

Libraries were grown in selective media at 30°C to an ODy, of 1.0 and
were induced for 18 h at 20°C. Surface display labeling was conducted as
described above using a number of induced cells that was 10 times the
library size. The overall directed-evolution screening strategy is depicted
in Fig. 2A. For DE Rdl, the library was screened using both folding/
activity (with the TrkB receptor) and expression (sorting rounds 1 and 3
used an anti-c-myc antibody, and sorting round 2 used an anti-HA anti-
body). Saturating concentrations of the TrkB receptor were employed to
bias the screen toward folding fidelity rather than affinity improvements.
TrkB concentrations of 5 ug/ml (35 nM) were validated as saturating by
using wild-type BDNF-displaying yeast. Cells were sorted using a Becton
Dickinson FACSVantage SE flow cytometric sorter at the University of
Wisconsin Comprehensive Cancer Center. Sort gates were set to collect
dual-positive high-fluorescence events, and stringency was increased be-
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tween sorting rounds (from 2.0 to 0.5% of the total population). Sorted
yeast cells were maintained for 1 passage in SD-CAA medium with 50 mM
citrate replacing phosphate and with 25 mg/liter kanamycin (Sigma). The
recovered pools were subsequently passaged into standard SD-CAA me-
dium and were induced for the next round of sorting as described above
for the initial library. Individual clones were isolated from a population
and analyzed by plating on nutritionally selective plates; they were desig-
nated “T” or “B” simply because they came from different stringency sort
gates in the final round of sorting. Plasmid DNA was recovered from yeast
colonies using the Zymoprep II yeast plasmid miniprep kit (Zymo Re-
search, CA, USA), amplified in DH5a cells (Invitrogen), and sequenced at
the University of Wisconsin Biotechnology Center in order to determine
mutagenic alterations. Retransformation into the parental display strain
EBY100 confirmed that the improvements in folding, activity, and expres-
sion were due to the mutated BDNF genes harbored.

DE Rd2 consisted of four sorting rounds, again using increasing strin-
gency (2.0t0 0.5%). In the first sort of DE Rd2, the library was labeled with
TrkB in combination with an anti-c-myc antibody. After this sort, the pool
was further sorted along parallel paths, either continuing with TrkB plus
the anti-c-myc antibody or employing p75 labeling alone, for three addi-
tional rounds. The individual clones isolated from sorting for all four
rounds using TrkB and anti-c-myc were designated “K” mutants, while
those recovered from sorting in the last three rounds using p75 were
designated “P” mutants.

Protein secretion and purification. Yeast cultures harboring the pRS-
316-BDNF plasmids were grown 1 to 2 days in minimal medium at 30°C,
diluted to a uniform ODyg, 0f 0.1, and grown for 2 additional days at 30°C.
Protein expression was induced by switching to SG-CAA (with 1 mg/ml
BSA as a nonspecific carrier) at 20°C for 3 days. Cell-free supernatants
were then collected for Western blot analysis, ELISA analysis, or purifica-
tion.

For protein purification, 50-ml yeast cultures were grown and induced
for protein secretion. The K8, P10, or pRS-316 mock-transfected super-
natants were dialyzed twice overnight at 4°C against 2 liters PBS, pH 8.0.
The dialyzed His4-tagged protein material was then batch purified using
250 pl Superflow Ni-nitrilotriacetic acid (NTA) beads (Qiagen). The
BDNF-loaded beads were washed three times in 750 pl of a wash buffer
containing 20 mM imidazole (6.9 g/liter NaH,PO,-H,0, 17.5 g/liter
NaCl, 1.36 g/liter imidazole [pH 8.0]), and BDNF was recovered using an
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elution buffer containing 250 mM imidazole (6.9 g/liter NaH,PO,-H,0,
17.5 g/liter NaCl, 17 g/liter imidazole [pH 8.0]). The purified material was
stored for as long as 2 weeks at 4°C prior to use in activity experiments
with no noticeable loss of activity in a TrkB binding ELISA.

Western blotting. Western blotting was performed as described
previously (24). Briefly, secreted BDNF in the form of supernatants and
purified proteins was resolved by reducing SDS-polyacrylamide gel elec-
trophoresis (PAGE) using either 12.5% or 10-to-20% Tris-glycine mini-
gradient gels (Invitrogen). Nonreducing Western blotting was performed
as described above, but in the absence of dithiothreitol (DTT). Resolved
proteins were transferred to nitrocellulose membranes, which were
probed with primary antibody 9e10 (dilution, 1:3,000; Covance) and a
horseradish peroxidase (HRP)-conjugated anti-mouse secondary anti-
body (1:2,000; Sigma), followed by enhanced chemiluminescence detec-
tion with the Amersham ECL system and exposure to Amersham Hyper-
film ECL. Films at various exposure times were analyzed with Image]J
software to determine band intensities, and the slope of the intensity-
versus-exposure time curve in the unsaturated, linear region was then
utilized to determine relative protein concentrations in the supernatants.
The values were then normalized to the culture density (ODy,,) and hence
represent relative per-cell secretion levels.

Absolute protein concentrations for secreted BDNF mutants K8 and
P10 were determined to be 1 mg/liter as measured by Western blotting
with an anti-BDNF primary antibody (1:750; Promega) and an HRP-
conjugated anti-chicken secondary antibody (1:4,000; Promega) with
comparison to the BDNF standard (50 ng/ml; PeproTech).

TrkB and p75 ELISA. Enzyme-linked immunosorbent assays (ELISA)
were used to determine the binding activity of the secreted BDNF protein.
Nunc-Immuno 96-well MaxiSorp plates (Nunc, NY, USA) were coated
with the TrkB-Fc or p75-Fc receptor (10 pg/ml; R&D Systems) overnight
at 4°C and were blocked for 2 h with 250 wl PBS-BT (PBS at pH 7.4 with
1 mg/ml BSA and 0.1% Tween 20). One hundred microliters of the BDNF
supernatant dilution series was added at 4°C for 1 h. The BDNF protein
standard (PeproTech, NJ, USA) was used as a positive control. Wells were
washed four times with 250 pl PBS-BT between all labeling steps. Cap-
tured BDNF was detected by labeling with the primary anti-c-myc anti-
body 9¢10 (10 pg/ml; Covance) for 30 min at 4°C and subsequent labeling
with the HRP-conjugated secondary anti-mouse antibody (1:2,000;
Sigma) for 30 min at 4°C. Samples were incubated with 100 wl of the
tetramethylbenzidine two-component microwell peroxidase substrate kit
(Kirkegaard & Perry Laboratories, MD, USA). The reaction was stopped
with 100 wl of 2 M H;PO,, and absorbance at 450 nm was measured. Data
in the linear range of supernatant dilution were used to determine the
slope of the absorbance-versus-concentration curve. The slope was then
normalized by the amount of total BDNF protein in the ELISA sample as
determined by quantitative Western blotting with the c-myc epitope to
yield the specific activity to the TrkB or p75 receptor (i.e., TrkB ELISA
activity/c-myc Western blot signal or p75 ELISA activity/c-myc Western
blot signal).

SEC. A Superdex 75 10/300 GL (GE Healthcare, Sweden) size exclusion
column and a BioCAD 700E chromatography workstation (PerSeptive Bio-
systems, MN, USA) were used for size exclusion chromatography (SEC).
Samples were run at 0.5 ml/min using either 250 .l gel filtration standard
(Bio-Rad, CA, USA) or 300 .l purified K8. Samples were collected from
the column at 1-min intervals, and eluates were subjected to chemical
cross-linking by the addition of 0.1% glutaraldehyde (Fisher Scientific,
GA, USA) for 1 h at room temperature. Cross-linking was quenched using
a2 M Tris—0.1 M NaOH solution. Eluates with and without cross-linking
were then evaluated by Western blotting under reducing conditions with
anti-c-myc detection as described above.

PC12 phosphorylation. BDNF-dependent tyrosine phosphorylation
of TrkB receptors was performed as described previously (13, 34, 35).
Briefly, PC12 cells stably transfected with rat TrkB (36) were grown to
confluence in poly-1-lysine (0.1 mg/ml; Sigma)-coated T75 flasks in a
culture medium (Dulbecco’s modified Eagle medium [DMEM]; Sigma)
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supplemented with 10% horse serum (Sigma), 5% fetal bovine serum
(Sigma), 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine
(Sigma), and 200 pg/ml G418 (Sigma) at 37°C. Two confluent T75 flasks
per sample were prepared by starvation in a serum-free medium for 30
min. The BDNF standard (100 ng/ml; PeproTech) or purified K8 or P10
was added at 450 ng/ml. To each T75 flask, 2 ml of BDNF-containing
samples was added, and the mixture was incubated for 5 min at 37°C. The
flasks were then washed with ice-cold PBS, pH 7.4, and the contents were
lysed at 4°C in 1 ml radioimmunoprecipitation buffer (50 mM Tris [pH
7.4], 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, 2 mM EDTA, 2.5 mM NaF) containing 1 mM phenylmethylsulfonyl
fluoride (PMSF; Roche), 1 mM sodium orthovanadate (Sigma), and com-
plete protease inhibitors (Calbiochem-Novabiochem Corp., CA, USA).
The lysates were subsequently immunoprecipitated with 1 g rabbit anti-
pan-Trk IgG (C-14; Santa Cruz Biotechnology, CA, USA) at 4°C for 2 h.
To this mixture, 25 pl of cross-linked 6% protein A beaded agarose sup-
plied as a 50% slurry (Pierce, IL, USA) was added, and the mixture was
incubated at 4°C for 1 to 2 h. Samples were washed 3 times with 1 ml
ice-cold lysis buffer and once with 1 ml ice-cold sterile double-distilled
water (ddH,O). Immunoprecipitated complexes were eluted using 1X
Laemmli loading buffer and boiling for 5 min, separated on 8% SDS-
PAGE gels (Invitrogen), and transferred to nitrocellulose membranes
with overnight blocking in 5% milk. Blots were probed either overnight
with anti-phospho-Trk (1:1,000; Cell Signaling Technology, MA, USA) or
for 1.5 h with anti-pan-Trk IgG (C-14; Santa Cruz) and an HRP-conju-
gated anti-rabbit secondary antibody (1:10,000; Sigma). While these ex-
periments were employed to test the abilities of K8 and P10 to drive TrkB
phosphorylation, investigation of a single BDNF concentration did not
allow a quantitative comparison of specific TrkB phosphorylation activi-
ties for K8 and P10.

RESULTS

Creation of a BDNF scaffold capable of binding its natural re-
ceptors. BDNF was displayed on the yeast cell surface by standard
fusion to the C terminus of the a-agglutinin subunit Aga2p (Fig.
1Ai), and full-length BDNF was detected on the yeast surface via
the c-myc tag, albeit at relatively low levels (Fig. 1B). The binding
of the surface-displayed protein to its natural receptors, TrkB and
p75, was assessed as a measure of proper folding and homodimer
assembly. While TrkB binding was detected, binding to p75 was
not detected (Fig. 1B). Moreover, BDNF secreted into the culture
medium was in the form of disulfide-bonded aggregates, as evi-
denced by its inability to enter a nonreducing SDS-PAGE gel and
by its lack of substantial activity in a TrkB ELISA (Fig. 1C). Com-
bined, these data suggested that secreted BDNF, and to some ex-
tent displayed BDNF, was produced in a largely inactive, mis-
folded form that was in some way capable of evading the yeast
quality control machinery.

Therefore, to facilitate BDNF folding and processing in yeast,
we engineered BDNF through two successive rounds of directed
evolution (Fig. 2A). For directed evolution round 1 (DE Rdl), a
randomly mutagenized 4 X 10°-member BDNF library was
screened using the dual criteria of increased TrkB binding activity
and increased cell surface expression (Fig. 2A; see Materials and
Methods for details). After three rounds of fluorescence-activated
cell sorter (FACS)-based sorting, the enriched pools showed sub-
stantial improvements in TrkB binding and full-length expres-
sion. Individual BDNF mutants were isolated, sequenced (Table
1), and evaluated for their receptor binding and expression prop-
erties (Table 2). On average, the DE Rd1 mutants showed a 4-fold
increase in TrkB labeling and a 1.6-fold average increase in full-
length expression over wild-type BDNF, indicating an average
2.5-fold increase in receptor binding per molecule (Fig. 2B). Since
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TABLE 1 Amino acid alterations in BDNF mutants

Amino acid? in:

Amino acid wild DERdI DERd2

position type T4 T5 B2 B5 P1 P3 P5 P10 K3 K6 K8
11 Ser — — — Cys Cys Cys Cys Cys Cys Cys —
34 Gly — Glu — — Glu Glu — — Glu — Glu
40 Glu — — Asp — — — — Asp — — Asp
41 Lys — — Glu — — — Glu Glu — Glu Glu
48 Gln — — Arg — — — Arg Arg — Arg Arg
50 Lys — — — — — — — — Ala — —
61 Met — — — Thr — — — — — — —
66 Glu Gly — — — Gly — Gly Gly Gly — —
67 Gly — Cys — — — — — — — — Cys
73 Lys — — Glu — — — — — — — —
83 Thr — — — — — — — — Ala — —
95 Lys — — Glu — — — — — — — —
108 Ser Ala — — — Ala Ala Ala Ala — Ala Ala
115 Ile — — — — — — Ser Ser — — —

@ —, same residue as in the wild type.

the screen and clonal evaluation were performed at a saturating
TrkB concentration, these binding-per-molecule values represent
“specific activity” for surface-displayed BDNF. Interestingly,
while p75 binding was not detected for displayed wild-type BDNF,
it became evident in many of the mutants in the DE Rd1 enriched
pool. Accordingly, individual DE Rd1 mutants exhibited clear
binding to p75 (Fig. 2B; Table 2). Given that p75 was not included
in the DE round 1 screening process, and since the p75 and Trk
receptors have distinct binding epitopes on neurotrophins (10,
37), these results suggest that the improvements in specific activity
resulted from a general improvement in the folding fidelity of the
BDNF mutants rather than from an isolated improvement in the
vicinity of the TrkB binding site.

Since sequencing revealed nonoverlapping mutations in the
unique clones derived from DERd 1 (Table 1), it was hypothesized
that additional improvements could be achieved by combining
these alterations through molecular shuffling. Thus, a second
round of directed evolution (DE Rd2) was conducted in which the
unique clones isolated from DE Rd1 were shuffled and subjected
to a low level of additional mutagenesis. Since folding fidelity ap-
peared to be linked to p75 binding for mutants isolated in DERd1,

TABLE 2 Binding and expression of BDNF mutants

we introduced p75 as a further conformational screening criterion
for DE Rd2 in parallel to the use of TrkB alone during the sorting
process (Fig. 2A; see Materials and Methods for details). Enriched
DE Rd2 pools exhibited additional increases in TrkB binding and
full-length expression along with a notable increase in p75 bind-
ing. On a clonal mutant BDNF basis, TrkB binding and full-length
expression increased together such that the specific activity to-
ward TrkB was not further increased over that for DE Rd1 mu-
tants (Table 2; Fig. 2B). However, regardless of whether p75 was
included as a screening criterion in DE Rd2 (e.g., “P” mutants
[p75] or “K” mutants [TrkB]), specific activity toward p75 was
found to increase an average of 4.1-fold over that for the DE Rd1
clone T5. Sequence analysis revealed that the BDNF mutants se-
lected in DE Rd2 were primarily a result of shuffled combinations
of the mutations from DE Rd1 (Table 1). As mentioned above,
screens in both DE Rd1 and DE Rd2 were biased toward improve-
ments in folding fidelity rather than toward improvements in af-
finity by screening using saturating TrkB and p75 concentrations.
For confirmation, apparent TrkB binding affinities for several DE
Rd1 and Rd2 BDNF mutants were measured, and as expected,
apparent TrkB binding affinities were not improved. Instead,

Value* for:
DE Rd1 DE Rd2
Wwild
Characteristic type T4 T5 B2 B5 P3 P5 P10 K3 K6 K8
Expressionb 1.0*x01 14*01 14*01 14*01 24*01 50*07 42*04 41%£02 52*04 51*01 31*£03 34%x0.1
Specific binding
activity for:
TrkB© 1.0*+01 31*01 39*03 20*+03 15*01 27*03 26*03 27*01 24*+01 3.0*01 29*02 40*03
p75d None 1.6 £0.1 1.0+ 0.1 None 06*01 50x09 34*03 59*x02 47*x05 29*01 34*03 34x03

“ Fold change, expressed as means = standard deviations for triplicate independent transformants. Statistically significant differences were found (P, <0.05) for full-length
expression and TrkB binding activity between all mutants and wild-type BDNF. Statistically significant differences were also found (P, <0.05) for p75 binding activity between T5
and all other mutants. Statistical evaluation was performed using an unpaired, two-tailed Student  test.

b Full-length expression on the yeast surface as determined by c-myc epitope labeling and flow cytometry and normalized to that of wild-type BDNF.

¢ As determined by flow cytometry and normalized to the TrkB binding activity of wild-type BDNEF.

@ As determined by flow cytometry and normalized to the p75 binding activity of mutant T5.
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FIG 3 Comparison of the binding and expression properties of displayed and secreted BDNF proteins. (A) Specific binding activity toward the TrkB receptor as
measured on the yeast surface by flow cytometry (Display) or for the secreted protein by ELISA (Secretion). TrkB binding activity is expressed per full-length
molecule as assessed by the c-myc epitope and normalized to wild-type BDNF activity. (B) Specific binding activity toward the p75 receptor, determined as
described for the TrkB receptor, and normalized to the activity of the T5 BDNF mutant. (C) Relative expression levels determined by flow cytometry (Display)
or Western blotting (Secretion) and normalized to wild-type BDNF expression. In panels A to C, data are expressed as means * standard deviations for triplicate
independent transformants. Statistical evaluation was performed using an unpaired, two-tailed Student ¢ test. (D) Sample Western blot data used to generate the

relative secretion values reported in panel C.

while the apparent affinities of BDNF mutants remained in the
low nanomolar range, they were marginally lower than that of
wild-type BDNF (see Fig. S1 in the supplemental material). In
summary, each BDNF clone isolated after DE Rd2 demonstrated
improved specific activity for both natural receptors, TrkB and
p75, likely as a result of improved folding and processing in yeast.

Effects of mutations on the binding activity and expression
of surface-displayed and secreted BDNF. To further explore the
individual mutants and the effects of certain mutations on expres-
sion and specific activity, we compared BDNF mutants as surface-
displayed and secreted proteins. Mutagenesis in DE Rd1 served to
improve the folding fidelity of BDNF displayed on the yeast sur-
face, as evidenced by improved specific activity toward TrkB and
p75, combined with small improvements in the display of the
full-length protein (Table 2). By use of receptor-binding ELISAs,
secreted DE Rd1 mutant T5 exhibited improved TrkB binding
activity over that of wild-type BDNF, and unlike wild-type BDNF,
secreted T5 exhibited p75 binding activity, as was observed on the
yeast surface (Table 2; Fig. 3A and B). The secreted and surface-
displayed protein expression levels correlated quite well for the
individual BDNF mutants studied, with 5-fold improvements in
the secretion yield for many Rd2 mutants (Fig. 3C and D). How-
ever, the specific TrkB binding activity of most Rd2 mutants was
not further increased over Rdl levels either on the surface or for
the soluble protein, suggesting that these mutants could be gener-
ally classified as “expression” mutants (e.g., Rd2 mutants K6, P5,
and P3 [Fig. 3A]). However, when Glu40Asp was present in addi-
tion to the “expression” mutations, the specific TrkB binding ac-
tivity of secreted BDNF protein was improved substantially (Fig.
3A, compare P10 to P5 and K8 to K6 and T5) (P, <0.05). In
addition, improved specific p75 binding activity on the yeast sur-
face correlated well with improved binding activity of the secreted
protein for those mutants tested (Fig. 3B). Taken together, P10
and K8 had the best combination of expression and binding prop-
erties as secreted proteins.
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An interesting set of mutations involved cysteine residues that
reside proximally to the native cysteines forming the intramolec-
ular cysteine knot disulfide bond architecture (Fig. 4B). The pre-
dominant cysteine mutation in DE Rd2 was the Ser11Cys muta-
tion, which is 2 amino acids removed from the native Cys13
residue. The other DE Rd2 cysteine mutation, found only in the
K8 mutant, was Gly67Cys, which is directly adjacent to the native
Cys68 residue. Cysteines 13 and 68 participate in two different
disulfide bonds within the cysteine knot structure (Fig. 4B). To
determine the extent of involvement of the cysteine modifications
in the improvements observed in BDNF expression and binding
activity on the cell surface, we created several additional BDNF
mutant constructs with alterations at positions 11, 13, 67, and 68
and analyzed them using yeast surface display (Fig. 5). Beginning
with mutant P3, which had the fewest mutations in DE Rd2, the
Cys11 mutation was reverted to the wild-type Ser residue (P3
Cys11Ser), and while the specific binding activity toward TrkB
was not affected (P, >0.05), the expression level and specific bind-
ing activity toward p75 were substantially decreased (P, <0.05).
When the Cys67 mutation found in the K8 mutant was added to
replace Cys11 in the P3 mutant (P3 Gly67Cys Cys11Ser), the pro-
tein expression level and p75 binding activity remained lower than
those of the parent, P3 (P, <0.05). There was a small increase in
specific binding activity toward TrkB, similar to the increase ob-
served by comparing K8 with the rest of the DE Rd2 mutants,
including P3 (Fig. 3A) (P, <0.05). Since Gly67Cys could not com-
plement the effects of Cys11Ser reversion, the Serl1Cys and
Gly67Cys mutations appeared to play different roles, at least in the
P3 background. Thus, to check for possible synergy of the two Cys
mutations, the Gly67Cys mutation was added to the P3 mutant
(P3 Gly67Cys), but specific binding activities toward both TrkB
and p75 were reduced (P, <0.05). Moreover, knocking out the
natural cysteine in either P3 (Cys13Ala) or K8 (Cys68Ala) had
substantial detrimental effects on the binding activities for both
receptors (P, <0.05), suggesting that neither of the cysteine mu-
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S11C

S108A G67C  E66G

FIG 4 Structural locations of identified mutations. (A) BDNF (yellow) and
neurotrophin 4 (blue) heterodimer structure (PDB code 1HCF [42]). Residues
subject to mutation in P10 and K8 are highlighted. (B) Enlarged view of cys-
teine knot protein core highlighting the native Cys13 and Cys68 residues as
well as the Ser11Cys and Gly67Cys mutations, along with the three intramo-
lecular disulfide bonds (red lines). (C) Structure of the neurotrophin 4 ho-
modimer (dark and light green) binding to the TrkB receptor (blue) (PDB
code 1B8M [10]). The homologous NT4 residues corresponding to the P10
and K8 mutations are highlighted (red and orange).

tations was simply replacing the natural cysteine in the disulfide-
bonding network. Finally, when the predominant DE Rd2
Ser11Cys mutation was added as the sole mutation to wild-type
BDNF, surface expression, along with both TrkB and p75 specific
binding activities, was increased over that of wild-type BDNF
(P, <0.05), though not to the levels observed for P3. These data
indicated that while Ser11Cys is important, other, additional mu-
tations are required for proper BDNF folding and processing to
the yeast surface. In addition to the cysteine modifications, the
Gly34Glu and Ser108Ala mutations were found in the majority of
mutant BDNF constructs isolated, often in coordination with
Ser11Cys. Mutant P3 combines these three alterations, and its
expression, TrkB binding, and P75 binding properties were all
improved, indicating that these constitute a “minimal mutant”
that has reasonable expression and binding function both on the
surface and as a soluble protein (Table 2 and Fig. 3).

Biologically active BDNF exists as a homodimer held together
by hydrophobic interactions, and the TrkB and p75 receptors en-
gage both monomers in a homodimeric pair (10, 37, 38). Thus, we
next assessed the preservation of the dimerization interface
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FIG 5 Evaluation of cysteine mutations by site-directed mutagenesis and
yeast surface display. Cysteine mutations and reversions were incorporated
into the P3, K8, and wild-type BDNF (WT) constructs. Specific binding activ-
ities toward p75 and TrkB, along with full-length expression levels (c-myc),
were measured by flow cytometry. Data are means = standard deviations for
triplicate independent transformants. Statistical evaluation was performed us-
ing an unpaired, two-tailed Student ¢ test. *, labeling not detected for this
construct.

among the most favorable mutants, K8 and P10, on the yeast
surface. First, BDNF dimerization was demonstrated by coex-
pressing a secreted BDNF construct with a traceable epitope
(His,) simultaneously with the Aga2p-fused surface-tethered con-
struct bearing the c-myc epitope tag (Fig. 1Aii). Thus, association
between a tethered BDNF monomer and a secreted BDNF mono-
mer could be detected simply by measuring the amount of the
Hisq epitope (secreted BDNF) captured on the yeast surface, along
with the maintenance of TrkB binding activity. In this way, it was
demonstrated that the K8 and P10 mutants associate via putative
dimerization, since the secreted forms could be specifically cap-
tured on the yeast surface by tethered K8 or P10 (Fig. 6). In con-
trast, K8 showed no capture of an irrelevant single-chain antibody
(4-4-20), nor did display of a highly expressed c-myc epitope lead
to any K8 capture, indicating that the capture is specific to the
pairing of BDNF monomers (Fig. 6). Furthermore, tethered K8
could capture secreted P10 and bind TrkB, indicating that
dimerization interactions occur between two distinct mutants and
suggesting conservation of the dimerization interface (Fig. 6).
Fidelity and biological activity of secreted BDNF mutants.
To further confirm that the BDNF mutants maintained their ho-
modimeric structures, we next purified K8 via the six-histidine tag
(purified yield, ~1 mg/liter) and investigated molecular isoforms
using size exclusion chromatography (SEC) combined with
chemical cross-linking. SEC eluate fractions were subjected to glu-
taraldehyde cross-linking to investigate monomer, dimer, or
higher-order multimer formation. As Fig. 7 indicates, the majority
of the secreted K8 protein is in the form of BDNF homodimers, as
confirmed by chemical cross-linking prior to Western blot analy-
sis (~70%; 21 to 24 min). A small amount of K8 BDNF is secreted
in the form of high-molecular-weight aggregates at early elution
times (~15%j 17 to 19 min), and very little is secreted in the form
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FIG 6 Surface capture of secreted BDNF mutants. Surface display and secre-
tion constructs were coexpressed as indicated in Fig. 1 Aii prior to evaluation of
TrkB binding and of c-myc (tethered display) and Hisg (secreted and captured
display) epitope tags by flow cytometry. All labeling is normalized to that for
the K8 mutant. The tethered c-myc sample is an Aga2p fusion with the c-myc
epitope (i.e., Fig. 1Aii without the BDNF insertion). The secretion sample
(4-4-20) represents an anti-fluorescein single-chain antibody. *, His, labeling
not detected for these constructs. Data are means * standard deviations for
triplicate independent transformants.

of monomers (~2%; 26 min). Finally, examination of the secre-
tion product by Western blotting in the presence or absence of a
reducing agent (DTT) and cross-linking indicates the presence of
homodimers (Fig. 7B, +G.A. —DTT) that can be disrupted by
SDS treatment (Fig. 7B, —G.A. —DTT), indicating hydrophobic
homodimerization as opposed to any newly introduced disulfide-
based dimerization via the Gly67Cys mutation. Taken together,
these experiments indicate that the secreted mutant BDNF exists
largely as noncovalent homodimers, contrasting significantly with
the large disulfide-bonded aggregates observed for secreted wild-
type BDNF (Fig. 1C).

Finally, in addition to the ELISA-based binding activity dem-
onstrated for secreted BDNF mutants, the K8 and P10 BDNF mu-
tants were tested for their abilities to elicit biological activity in the
form of intracellular phosphorylation of TrkB receptors. The K8
and P10 proteins were purified and were added to prestarved
TrkB-transfected rat adrenal pheochromocytoma cells (PC12
cells) (35). Following immunoprecipitation of TrkB receptors, re-
ceptor phosphorylation was evaluated by Western blotting. Both
K8 and P10 promoted specific phosphorylation of the full-length
TrkB receptor (Fig. 8).

DISCUSSION

In this report, the yeast display and secretion properties of BDNF
were improved substantially through directed evolution. Wild-
type BDNF was secreted in small quantities as a misfolded aggre-
gate capable in some way of evading the normally stringent yeast
quality control mechanisms (39). Similarly, wild-type BDNF was
expressed at relatively low levels on the yeast cell surface, and while
it was capable of binding TrkB, binding to p75 was not detected.
The ability of misfolded heterologous proteins to overcome yeast
quality control is not unique to BDNF and has been observed for
the display of the epidermal growth factor receptor extracellular
domain and binding loop-inserted green fluorescent proteins,
which were expressed on the yeast cell surface in a partially mis-
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FIG 7 Size exclusion chromatography analysis of the secreted and purified K8
BDNF mutant. (A) (Top) Elution chromatogram of molecular size standards.
(Bottom) Western blot of K8 sample eluates aligned by elution time with the
molecular size standards. Samples were run under reducing conditions with
(+) or without (—) glutaraldehyde (G.A.) cross-linking. (B) Western blot of
secreted and purified K8 under both reducing and nonreducing SDS-PAGE
conditions (with and without DTT) and with and without cross-linking (with
and without G.A.). A slightly overexposed blot is presented to allow viewing of
all BDNF species.

folded state (21, 23). During DE Rd1, it was discovered that the
BDNF mutants were better displayed on the yeast surface, pos-
sessed better specific binding activity toward TrkB, and, unlike
wild-type BDNF, could bind the p75 receptor. During DE Rd2,
several mutants whose increased specific binding activities to

PBS 316 Std K8

FIG 8 TrkB phosphorylation by the K8 and P10 BDNF mutants. TrkB-trans-
fected PC12 cells were exposed to commercial wild-type BDNF (Std), the
BDNF mutant K8, the BDNF mutant P10, and two negative controls: a yeast
supernatant from cells containing an empty secretion vector (designated 316)
and a saline-treated sample (PBS). Western blotting of the pan-Trk-immuno-
precipitated product with detection of either the phosphorylated TrkB recep-
tor (P-TrkB) or the total Trk receptor (Trk) was performed. Bands corre-
sponding to the full-length TrkB receptor at ~145 kDa are shown.

P10

P-TrkB

Trk
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TrkB and p75 translated well from the yeast surface to the secreted
protein were identified. In particular, the improved properties of
mutants K8 and P10 as secreted proteins appeared to be driven at
least in part by the Glu40Asp mutation (Fig. 4A). This fairly con-
servative mutation is localized to the solvent-exposed BDNF sur-
face outside the putative TrkB and p75 binding sites (10, 37),
suggesting that the improvements in specific TrkB and p75 bind-
ing activities may result from an important role of the Glu40Asp
mutation in locking in the folded conformation of the secreted
BDNE. Mutant K8 was secreted at 1 mg/liter, and the formation of
high-molecular-weight aggregates in the secreted product was
substantially decreased from that for wild-type BDNF (compare
Fig. 7B, —DTT lanes, with Fig. 1C); the majority of the material
was produced in dimeric form, as evidenced by chemical cross-
linking experiments. Additionally, the secreted K8 and P10 mu-
tants were both capable of triggering receptor phosphorylation in
a cellular context. Taken together, these evolved BDNF mutants
are capable of overcoming deficits in yeast secretory processing to
exhibit much better expression, folding fidelity, and activity than
wild-type BDNEF.

In addition to the key Glu40Asp mutant, all DE Rd2 mutants
possessed a cysteine mutation at amino acid position 11
(Ser11Cys) or 67 (Gly67Cys), positions that are proximal to the
native cysteine residues at positions 13 and 68, respectively (Fig.
4B). The native Cys13 and Cys68 residues are involved in two of
the three intramolecular disulfide bonds that constitute the cys-
teine knot configuration of each BDNF monomer (40). Analysis
of the receptor-binding properties of P3 in which the native Cys13
is changed to alanine or K8 in which the native Cys68 is changed to
alanine showed substantial deficits in folding and expression, in-
dicating that these native cysteine residues remain crucial for mu-
tant BDNF processing. Moreover, reversion of the Ser11Cys mu-
tation was detrimental to expression and overall folding for P3
BDNEF, indicating the specific impact of this mutation. The
Ser11Cys mutation is a conservative change in terms of physio-
chemical properties, aside from the ability to participate in disul-
fide bonds. Moreover, the aforementioned processing deficits
upon mutation of the native cysteines also suggested that the na-
tive cysteines are not likely replaced in the disulfide bond network
by the proximal Ser11Cys or Gly67Cys mutation in P3 or K8,
respectively. An additional possibility is for the new proximal cys-
teine residues to drive homodimer assembly by intermolecular
disulfide bonding. However, nonreducing Western blotting indi-
cated that the homodimeric interactions of the BDNF mutants
were hydrophobic in nature, and the mutations instead substan-
tially reduced the aberrant disulfide-bonded aggregates observed
for wild-type BDNF. Thus, it may be plausible that the new prox-
imal cysteine residues provided by Ser11Cys or Gly67Cys enable
transient nonnative disulfide formation in productive folding in-
termediates that yield more-efficient native disulfide pairing, al-
though further detailed study would be required to test this hy-
pothesis. In addition, the Glu66Gly mutation just 2 residues
removed from the native Cys68 was present in many DE Rd2
mutants, such as P10. However, the Glu66Gly mutation did not
appear in concert with the Gly67Cys mutation, perhaps indicating
that this region of the protein offered structural challenges to fold-
ing that could be addressed by either mutation. As a comparative
example, yeast display and directed evolution of the tumor necro-
sis factor receptor identified expression-enhancing proline muta-
tions that helped lock adjacent cysteine residues into correct ori-
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entations for disulfide bonding (41). Finally, when Ser11Cys was
introduced as the only mutation into wild-type BDNF, the protein
was better expressed and could bind both TrkB and p75, but not to
the level of P3, indicating that other mutations arising from the
DE process are playing important roles.

Examination of the mutations in K8 and P10 indicates that
they are all located in BDNF regions that are not predicted to make
contact with TrkB, based on BDNF and neurotrophin 4 (NT4)
structural homology in combination with the solved NT4-TrkB
structure (Fig. 4C) (10, 42). The identification of mutations that
all lie outside of the putative BDNF-TrkB interface (10) suggested
that screening at saturating receptor concentrations was effective
in identifying better-folded mutants while avoiding the selection
of mutants with improved receptor-binding affinity. Indeed,
while BDNF mutation improved the specific activity toward TrkB
(binding per molecule), affinity measurements indicated some
decrease in the apparent TrkB binding affinities (K,) for the mu-
tant BDNF constructs, although they still remained in the low
nanomolar range, as previously reported (43, 44). If critical, the
BDNF binding affinity to its receptors could always be improved
as desired in further protein engineering efforts (30, 45).

Residues Glu40, Lys41, and GIn48 were previously shown to be
part of a BDNF loop region that, when swapped into a BDNF-
NGF chimera, could help improve the TrkB binding and activity
of the chimeric molecule, indicating an ability to affect the folded
conformation (46, 47). Moreover, during loop-swapping experi-
ments, expression levels were also diminished, suggesting that this
loop region can affect expression as well (46). Comparing our
findings with these observations, we found that mutations in the
same loop region were capable of improving the protein expres-
sion and specific activity of BDNF toward the TrkB receptor, likely
through improved folding fidelity. Each of the Glu40Asp,
Lys41Glu, and GIn48Arg mutations incorporates an amino acid
with side-chain properties that lead to an addition or change of
charge in these solvent-exposed residues. Mutational change to
charged residues at solvent-exposed protein interfaces has been
shown previously to elicit improvements in the expression, stabil-
ity, activity, and solubility of engineered proteins (19, 48).

Finally, Ser108 is located within the highly conserved hydro-
phobic interface that leads to neurotrophin homodimer forma-
tion (49), and most of the DE Rd2 mutants, including K8 and P10,
contain the Ser108Ala mutation (Fig. 4A). The addition of an-
other nonpolar hydrophobic residue could possibly help promote
proper neurotrophin assembly by influencing the hydrophobic
dimerization interface. Interestingly, while BDNF and NT3 have a
serine at position 108, NGF and NT4 possess an alanine at this
position, and it is known that BDNF can heterodimerize with both
NT3 and NT4 (42, 49), indicating that the Ser108Ala change is
tolerated at the interface. Indeed, the homodimeric (K8—-K8 and
P10-P10) and heterodimeric (K8—P10) pairing of the BDNF mu-
tants by surface capture indicated maintenance of the hydropho-
bic dimerization interface in the presence of the Ser108Ala muta-
tion, as well as the other mutations present in the K8 and P10
versions of BDNF. In conclusion, this work demonstrates that
yeast surface display combined with directed evolution can be
used to improve the expression and folding properties of BDNF.
Moreover, the successful surface display of well-folded BDNF will
enable the use of the yeast display protein engineering toolkit for
applications such as neurotrophin affinity maturation, stability
engineering, and epitope mapping.
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