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Abstract

Current methods for engineering enzymes modify enzymes themselves and require a detailed
mechanistic understanding or a high-throughput assay. Here, we describe a new approach where
catalytic properties are modulated with synthetic binding proteins, termed monobodies, directed to
an unmodified enzyme. Using the example of a B-galactosidase from Bacillus circulans, we
efficiently identified monobodies that restricted its substrates for its transgalactosylation reaction
and selectively enhanced the production of small oligosaccharide prebiotics.

Engineering enzymes with desirable catalytic properties remains a major goal of
biotechnology. Essentially all standard enzyme-engineering approaches, such as structure-
guided design and directed evolutionl=>, modify the enzyme itself. However, rational and
directed evolution efforts can be hampered if the structure and catalytic mechanism of the
target enzyme or a close homolog are unknown, or if the protein is poorly suited to
expression in heterologous hosts or high-throughput screening. De novo enzyme design, still
in its early stages, also requires detailed understanding of the reaction mechanismé. We
wondered whether an alternative approach might be possible in which the target enzyme is
unchanged; we hypothesized that, instead, synthetic binding proteins that bind to the target
enzyme and modify its activity could be found through high-throughput protein design
technologies. Among various classes of binding proteins defined in terms of their effect on
enzyme and their respective utilities (Fig. 1a), we focused the present study on altering the
substrate specificity, a generally challenging task in protein engineering.

We tested our approach on a B-galactosidase from B. circulans ATCC 31382. This enzyme
catalyzes lactose hydrolysis and transgalactosylation reactions (Fig. 1b,c, respectively)’.
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Because its transgalactosylation reactions yield galacto-oligosaccharides (GOSs) that are
recognized as beneficial prebiotics®, the enzyme is used for industrial production of GOSs
under the trademark Biolacta. However, because GOSs of any length can be the substrate of
the transgalactosylation reaction (Fig. 1c), the enzyme produces a wide range of these
compounds, leading to low yields of GOSs of a specific size. Such broad substrate
specificity is observed for many enzyme families that form and/or break biopolymers,
including proteases, glycosidases and lipases. Tailoring the substrate specificity of these
classes of enzymes is often desired but challenging.

We envisioned enhancing the production of short GOSs by engineering the p-galactosidase
in a way that prevented the enzyme from using large GOS species as acceptor substrates.
Cloning and functional expression of this enzyme in Escherichia coli have recently been
reported’, and four residues that constitute the putative active site have been identified on the
basis of inactivating mutations®. It is a large protein, and its shortest active fragment used in
this work was ~100 kDa (termed BgaD-D; see Online Methods)20. Its three-dimensional
structure in the apo form has very recently been reported!! after the completion of the
experiments described here. It has low homology, even at positions surrounding the active
site, to well-characterized members—such as £. coli LacZ (25% sequence identity)—of the
GH2 glycosidase family to which BgaD belongs’. Moreover, unlike LacZ, BgaD does not
require Mg or Na ions for catalysis’. Although BgaD probably utilizes the same catalytic
mechanism as other members of the GH2 family, the molecular details of its substrate
recognition remain to be elucidated. Furthermore, no high-throughput assays for profiling
GOSs are available. Thus, it has been challenging to alter catalytic properties of BgaD-D
using conventional approaches. In fact, we have generated more than 1,000 point mutations
at positions surrounding the putative active site predicted from homology modeling of the
BgaD-D structure (saturation mutagenesis at a total of 54 positions and additional
combinations; see Supplementary Results, Supplementary Fig. 1), but we have identified
only mutations that affect the catalytic efficiency and none that alter the profile of oligo-
saccharide products.

We designed our strategy according to the general active site architecture of glycoside
hydrolases and transferases2-15, We hypothesized that BgaD-D has subsites (-1, +1, +2, +3
and so on) that each recognize a glycosyl residue, with hydrolysis and transgalactosylation
occurring using the same catalytic site located between -1 and +1 (Fig. 1b,c). We further
hypothesized that blocking subsite +3 diminishes the production of tetrasaccharides and
larger oligosaccharides (DP4, DP5 and so on) while minimally affecting lactose hydrolysis
and trisaccharide (DP3) production (Fig. 1d). Structure-guided mutagenesis directed to
subsites distant from the catalytic residues has been used successfully to alter the substrate
specificities of other glycosyltransferases and other enzyme types!®-18, supporting our
strategy. However, we emphasize that we have no knowledge of the presence and precise
locations of such subsites in BgaD-D. These hypotheses, in turn, posit that binding proteins
with desired specificity-enhancing characteristics should bind to the close vicinity of the
catalytic center but should not inhibit lactose hydrolysis.

We generated a series of monobodies, synthetic binding proteins based on the tenth human
fibronectin type 111 (FN3) domain (Supplementary Fig. 2a), directed to BgaD-D by
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performing combinatorial library selection using phage and yeast display technologies as
previously established%20. The monobody system has generated numerous potent and
specific binding proteins?L. Monobodies have a strong tendency to bind to a functional site
in the target protein21-23, and we envisioned that their small size might be beneficial in
precisely targeting a specific subsite. The initial unbiased selection yielded a total of 68
monobodies (Supplementary Table 1). On the basis of phylogenetic analysis of these
monobodies (Supplementary Fig. 3a), we produced 11 clones representing each ‘family’ of
these monobodies as purified proteins. We identified monobodies, represented by
Mb(BgaD_L02), Mb(BgaD_S09) and Mb(BgaD_S10), that bound strongly to three distinct
epitopes of BgaD-D in the absence of substrates, as determined in competitive binding
experiments using purified monobody samples (Supplementary Fig. 4). (For brevity,
hereafter we use abbreviated names for monobodies from which “BgaD_" is omitted.)
However, none showed significant effects on BgaD-D catalytic activity (Supplementary Fig.
4), suggesting that they are inert binders binding to locations distant from the active site
(Fig. 1a and Supplementary Fig. 2b). The absence of inhibitors in the initial pool of
monobodies was surprising given our previous experience, but this result could be
rationalized by the fact that BgaD-D is a large protein containing sugar-binding domains in
addition to the catalytic domain. In parallel, we attempted to select for monobodies whose
binding was displaced by oligosaccharides, but were unsuccessful, probably because of the
low affinity and hence incomplete blockage of the active site by oligosaccharides.

To obtain monobodies that bind in the close vicinity of the active site, we performed a
second selection campaign in which we used the three monobodies to mask the dominant,
nonfunctional epitopes (Supplementary Fig. 2b). This selection yielded six different
monobodies (Supplementary Table 1), and by characterizing three of them we identified
Mb(L14), which bound tightly to BgaD-D (K= 31 £ 2.3 nM; Supplementary Fig. 4b) and
potently inhibited BgaD-D as assayed by o-nitrophenyl-p-p-galactopyranoside (ONPG)
hydrolysis, a proxy assay for the disaccharide hydrolysis activity (Supplementary Fig. 4d).
These results suggest that Mb(L14) may bind to regions critical to catalysis, such a subsites
-1 and/or +1 (Fig. 1b).

We then hypothesized that desired specificity enhancers should bind to the close vicinity of
the active site pocket and that their epitopes may overlap with the epitope of the inhibitory
monobody, Mb(L14). Accordingly, we performed the third selection campaign, in which we
recovered 11 monobodies that are competed with by Mb(L14) (Supplementary Table 1 and
Supplementary Fig. 2b). By characterizing seven of these in the ONPG hydrolysis assay, we
obtained Mb(L19), which was competitively inhibited by Mb(L14) (Supplementary Fig. 4c)
but minimally affected ONPG hydrolysis (Supplementary Fig. 4d). Because it bound weakly
to BgaD-D (K = 600 = 170 nM as assayed using yeast surface display; Supplementary Fig.
4a), we then improved the affinity of Mb(L19) by error-prone PCR and directed evolution. A
new monobody, Mb(L23), had higher affinity (Ky = 12 £ 3 nM as assayed using yeast
surface display) and maintained the desired binding profile of Mb(L19) (Supplementary Fig.
4). Neither Mb(L19) nor Mb(L23) competed with the three inert monobodies, as expected
(Supplementary Fig. 4c).
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Next, we characterized these monobodies to determine whether they alter the substrate
specificity of the enzyme as we hypothesized (Fig. 1d). Their effects are shown in plots of
the amount of each oligosaccharide versus reaction time and also the amount of consumed
lactose (Fig. 2a; Supplementary Figs. 5 and 6). The latter is a common presentation format
for comparing oligosaccharide productivity that compensates for different catalytic rates
(Fig. 2a, right column)10:24. Mb(L23) showed little effect on lactose hydrolysis and the
production of mono-, di- and trisaccharides (Fig. 2a and Supplementary Fig. 6). By contrast,
it greatly diminished the production of tetraoligosaccharides and larger species (DP4+) (Fig.
2a). Figure 2b compares the product profiles at the time point when the total amount of
oligosaccharides reaches the maximum, a comparison that reflects the actual use of the
enzyme (because of the galactosidase activity of the enzyme, longer reaction times beyond
this point lead to GOS hydrolysis). Notably, the BgaD-D-Mb(L23) complex produced the
highest amount of trisaccharide (DP3) and produced DP4 and DP5+ species in amounts 4.5-
and 30-fold lower, respectively, than were seen with BgaD-D alone or with the other
monobodies (Fig. 2b). This pattern of restricted GOS production is consistent with our
model (Fig. 1d).

In contrast to Mb(L23), although Mb(L14) potently inhibited the hydrolysis activity of
BgaD-D toward lactose and similarly reduced the rates of transgalactosylation reactions, it
did not affect the oligosaccharide production profile. These results are consistent with a
model in which the inhibitor monobody occupies the enzyme active site (for example, -1
and/or +1 in Fig. 1b), and only the free enzyme is catalytically active for either lactose
hydrolysis or transgalactosylation. The inert monobody, Mb(L02), likewise showed no
effects, as expected (Fig. 2a).

To characterize the monobodies' mechanisms of action, we tested the effects of mutations at
a putative active site residue, E447 (ref. 9). Mutating this residue to GIn, Arg or Lys did not
affect binding of the inert monobodies, as expected (Supplementary Fig. 7a). By contrast,
these mutations all abolished binding of Mb(L14). The sensitivity of Mb(L14) to the subtle
perturbation by the E447Q mutation suggests that it binds directly to the active site. The
specificity-enhancing monobodies, Mb(L19) and Mb(L23), were moderately affected by the
mutations, more strongly so by E447K and E447R than E447Q (Supplementary Fig. 7a),
suggesting that they bind to a region near E447. Together with the binding competition
results (Supplementary Fig. 4c), these results further support our model (Supplementary Fig.
2b) whereby Mb(L14) binds directly to the active site and Mb(L19) and Mb(L23) bind near
the active site.

To clarify whether the specificity-modifying monobodies achieve their function by limiting
access of larger substrates to the enzyme, we then tested the effects of oligosaccharides on
the monobody—BgaD-D interactions. These oligosaccharides should bind to the enzyme in
the mode for the products of transglycosylation by spanning from the -1 site to the positively
numbered sites (Fig. 1c). Whereas oligosaccharides of different sizes all blocked the binding
of the inhibitor monobody, Mb(L14), only the longer oligosaccharides, DP4 and DP5—but
not DP3—inhibited the specificity-enhancing monobodies (Fig. 2c and Supplementary Fig.
7b). DP4 and DP5 are precisely the oligosaccharides whose production was reduced by the
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specificity-enhancing monobodies (Fig. 2b). The results strongly support the proposed
mechanism of the specificity-enhancing monobodies (Fig. 1d).

Our success in altering enzyme specificity using monobodies illustrates that synthetic
binding proteins can precisely modulate enzyme properties without modifying the enzyme
itself. We accomplish this goal with limited knowledge of the structure-function relationship
of the enzyme, in particular the recognition of large substrates, and without a high-
throughput enzyme assay. Instead, we started this project with a general reaction mechanism
for this class of enzymes (Fig. 1) and a back-of-the-envelope design for monobody action
(Fig. 1d). The ability to define a desired profile for monobodies in terms of target binding
was effective in identifying candidate monobodies and in minimizing the number of
monobodies requiring detailed characterization, an important factor with our GOS profiling
assay, which takes a week to complete. We successfully identified a desired specificity
enhancer by performing detailed enzyme assays with only 20 monobodies. These
monobodies will be powerful tools for investigating the substrate-recognition mechanism,
which will help recapitulate the specificity modifying effect of the monobody with
mutations within the enzyme. Although we focused this study on modulating the substrate
specificity, the other two classes of monobodies (inhibitors and inert binders; Fig. 1a) will be
useful tools for different types of applications. Many enzymes, including esterases and
proteases, recognize substrates in an extended conformation using subsites in a manner
conceptually similar to glycosyltransferases, and these types represents the majority of
industrial enzymes currently in use25. We anticipate that our strategy would be applicable to
restricting the substrates of these enzymes to shorter species. Therefore, this work
substantially expands enzyme-engineering technologies as well as the utility of synthetic
binding proteins.

Online Methods

Protein expression and purification

The commercially available Biolacta preparation (Amano Enzyme) contains four isozymes,
termed BgaD-A (residues 36-1737), BgaD-B (residues 36-1422), BgaD-C (36—1249) and
BgaD-D (residues 36-847), and GOSs are produced mostly by the three isozymes other than
BgaD-AI0. We used the smallest, BgaD-D, for all experiments in this study. BgaD-D and its
active site mutants (E447Q, E447K and E447R) were prepared as a fusion protein C-
terminal to a biotin-acceptor tag (Avi-tag) and Hisg tag using pCold 11 vector (Takara). The
proteins were produced as previously described’, except that the protein was produced in
BL21(DE3) containing the pBirAcm plasmid (Avidity) in the presence of 50 uM b-biotin for
in vivo biotinylation. Monobodies were prepared as Hisqg-tagged proteins using the pHFT2
vector or as Hisg-tagged and biotinylated proteins using the pHBT vector as previously
described?2:26, All proteins were purified using Ni-Sepharose columns (GE Healthcare) and
further purified with a Superdex size-exclusion column (Superdex200 for BgaD-D and
Superdex75 for monobodies, GE Healthcare). Representative SDS-PAGE of purified
samples is shown in Supplementary Figure 8. For enzyme assay experiments, we used
BgaD-D without Avi-tag’ and monobodies from which the affinity tag had been removed.
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Phage display and yeast-surface display

The monobody libraries used and general selection methods have been described
previously20-21, The buffers used for binding reaction and washing were BSS (50 mM Tris-
HCI, pH 7.4, containing 150 mM NaCl and 1 mg/mL bovine serum albumin) and BSST
(BSS and 0.1% Tween 20), respectively, for both phage display and yeast surface display
selection experiments. In the initial selection campaign, apo BgaD-D was used as a target
and the selection was performed in an unbiased manner (Supplementary Fig. 2b). The
BgaD-D concentrations used for rounds 1, 2 and 3 of phage display selection were 300 nM,
200 nM and 100 nM, respectively. Monobody-displayed phages were captured onto
biotinylated target enzyme immobilized to streptavidin-coated magnetic beads (25481/2,
Promega) and then eluted in 0.1 M Gly-HCI, pH 2.1. After gene shuffling among phage
clones within each enriched population and transfer of the resulting gene pool to a yeast
surface display vector, we performed library sorting using the target enzyme concentration
of 100 nM, as described previously20. Phylogenetic tree analysis was performed using the
program Phylogeny (EMBL-EBI)27:28 |n the second selection campaign, library sorting
experiments were performed as described above except that 2 uM of Mb(L02), 40 uM of
Mb(S09) and 3 uM of Mb(S10) were added to the biotinylated target enzyme before mixing
the target and a monobody library (Supplementary Fig. 2b). We alternated library sorting
with the enzyme-monobody complex and sorting with the enzyme only to ensure that
selected monobodies bound to the enzyme, not to the competitor monobodies. In the third
campaign, we performed library sorting in an unbiased manner as described above and then
subjected the recovered population to negative selection using 2 pM of Mb(L14) as a
competitor.

Affinity of monobodies to BgaD-D was initially determined using yeast surface display, as
described previously!8. Yeast cells displaying a monobody were incubated with varying
concentrations of BgaD-D, washed with the buffer and stained with appropriate
fluorescently labeled secondary detection reagents, before analysis on a flow cytometer
(Guava EasyCyte 6/L, Millipore). Ky values were determined from plots of the mean
fluorescent intensity against BgaD-D concentration by fitting the 1:1 binding model using
SigmaPlot software (Systat Software).

Affinity maturation using error prone mutagenesis

To generate an error prone PCR library from the Mb(L19) parent sequence, we performed
PCR in the presence of 0.3 mM MnCl,, 7 mM MgCl,, 0.2 mM each of dATP, dGTP, dCTP
and dTTP, and 2.5 units of Tag DNA polymerase, and constructed the library using yeast
homologous recombination, as described previously29:2°, The resultant yeast surface display
library was subjected to selections using yeast surface display as described above.

Affinity measurements using purified proteins

Affinity of purified monobodies were determined using a bead-based assay30. Streptavidin-
coated Dynabeads M280 (Invitrogen) at 20 ug/mL were incubated with an appropriate
concentration of biotinylated monobody (10-30 nM) at 4 °C for 30 min with rotation, and
then blocked with 10 pM p-biotin for 15 min. The monobody-immobilized beads were
washed and resuspended in BSS. 10 pL of the beads solution was then transferred to a well
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of a 96-well filter plate (MultiScreenHTS HV, 0.45 um pore size, Millipore) and drained by
vacuum. 20 uL of biotinylated BgaD-D or its active site mutant at various concentrations (0-
5,000 nM) in BSS was added to the wells of the filter plate containing the monobody-
immobilized beads, and the plate was incubated at 25 °C with shaking for 20 min. The wells
were drained and washed twice with BSST. After draining, 20 pL of 10 pg/mL of

DyL ight650-conjugated to streptavidin (Thermo) in BSS was added to each of the wells.
After incubation at 4 °C with shaking for 30 min, the wells were drained and washed twice
with BSST. The beads were resuspended in 180 L of BSS, and the fluorescence emission in
the far-red channel was analyzed on Guava EasyCyte 6/L. Kj values were determined from
plots of the median fluorescent intensity against BgaD-D concentration by fitting the 1:1
binding model using SigmaPlot software (Systat Software). Ky values obtained using
purified monobodies generally agreed with those determined using yeast surface display
(Supplementary Fig. 2a and b), consistent with our previous observations2.

Preparation of purified GOS

Ten percent (wt/vol) Vivinal GOS solution (FrieslandCampina) was separated using a Bio-
gel P-2 extra fine size-exclusion column (26 mm x 100 cm; Bio-Rad Laboratories) in H,O at
a flow rate of 0.4 mL/min, and fractions were analyzed with MALDI-TOF mass
spectroscopy as described previouslyl9. The fractions containing disaccharides (DP2),
trisaccharides (DP3), tetrasaccharides (DP4), pentasaccharides (DP5) and larger
oligosaccharides were respectively pooled, lyophilized and kept at —20 °C until use.

Competition binding assay

Competition binding assay was performed using the bead-based assay with purified proteins
as described above. The monobody-competition binding assay for testing the specificity of
monobodies was carried out as described above except that 20 uL of an appropriate
concentration of biotinylated BgaD-D pre-incubated with or without a competitor monobody
was added at 200 times the Ky value for the monobody-BgaD-D interaction in BSS. The
concentration of biotinylated BgaD-D used was 10 nM for Mb(L02) and Mb(S10), 30 nM
for Mb(L14) and Mb(L23), 40 nM for Mb(L19) or 180 nM for Mb(S09) to account for
different affinity. For the oligosaccharide-competition binding assay, the biotinylated BgaD-
D was pre-incubated with or without 20% (wt/vol) of oligosaccharide (lactose, DP3, DP4 or
DP5) in BSS for 5 min on ice, and then 20 pL of the mixture was transferred to the wells
where monobody binding took place. Experiments were performed in triplicate.

Hydrolysis activity assay

Hydrolysis activity was assayed using 4 mM o-nitrophenyl p-p-galactopyranoside (ONPG)
as a substrate in the assay buffer (50 mM sodium phosphate buffer, pH 7.4, containing 150
mM NaCl and 0.01% Triton X-100) at 25 °C. All reagents were pre-incubated at 25 °C for
10 min, and the reaction was initiated by mixing 50 uL of substrate solution containing 8
mM ONPG and 50 uL of protein solution containing 62 nM BgaD-D and/or 10 uM
monobody. After 10 min incubation at 25 °C, the reactions were terminated by the addition
of 250 pL of 2% (wt/vol) Na,COg3, and then the absorbance at 405 nm was measured using a
SpectraMax 340PC plate reader (Molecular Devices). The absorbance for the assay solution
containing the substrate but no proteins was subtracted as the background from the other
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reaction solutions to determine the catalytic activity. Experiments were performed in
triplicate.

Quantification of GOS production

The production of GOSs was measured using 5% (wt/vol) lactose as a substrate in the assay
buffer (20 mM sodium phosphate buffer, pH 7.0, containing 150 mM NaCl) at 25 °C. The
reactions were initiated by mixing 125 uL of substrate solution containing 20% (wt/vol)
lactose and 375 pL of protein solution containing 0.4 uM BgaD-D and/or an appropriate
concentration of monobody (133-266 uM). Samples were withdrawn periodically and boiled
for 10 min to terminate the reaction. The amounts of monosaccharides, disaccharides and
GOSs were determined using a CK04S column (Mitsubishi Chemical) on an HPLC
(LC-30AD, Shimadzu) equipped with an evaporative light scattering detector (ELSD-LTII,
Shimadzu). The assay samples were eluted from the column using H,O at a flow rate of 0.4
mL/min at 80 °C. For separation and determination of lactose and other disaccharides (DP2),
an Asahipak NH2P-40 3E column (Shodex) was used with a gradient of H,O (solvent A)
and acetonitrile (solvent B) at a flow rate of 0.3 mL/min at 30 °C. Sugar concentrations were
determined from peak areas. Glucose, galactose, lactose and 4’ -galactosyllactose purchased
from Wako Chemicals, and tetrasaccharides and larger oligosaccharides prepared as
described above, were used as reference compounds for producing standard curves for these
assays. Experiments were performed in triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Modulation of enzyme catalytic properties with synthetic binding proteins
(a) Schematic drawing of different classes of binding proteins. (b—d) Schematic

representations of the hydrolysis reaction (b) and of the transgalactosylation reaction of
BgaD-D in the absence (c) or the presence (d) of a specificity modifier (yellow).
Hypothesized subsites are labeled -1, +1, +2 and +3. The catalytic site where hydrolysis and
transgalactosylation reactions occur is shown as a red triangle. In c and d, the initial step of
lactose cleavage is omitted, and the reactions from the covalent intermediate are shown for
brevity. A sugar linkage newly formed by the transgalactosylation reaction is marked in red.
DP2, DP3, DP4 and DP5 denote di-, tri-, tetra- and pentasaccharides, respectively. The
specificity modifier restricts the access of larger oligosaccharides to the subsites (d). The
inhibition of DP4 production naturally leads to the inhibition of the production of DP5 and
larger oligosaccharides (not shown).
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Figure 2. Monobodies modulate catalytic properties of BgaD-D

L02

L14 L23
Monobody

(a) Effects of monobodies on GOS production by BgaD-D (see Supplementary Figs. 5 and 6
for the complete data sets). The amounts of indicated sugars relative to the total amount of
sugar (wt/wt) are plotted as a function of reaction time at left; the degree of lactose
consumption is shown at right. (b) Relative amounts of oligosaccharides in each of the
reactions shown in a, measured at the time point when the total GOS amount reaches the
maximum. The degree of lactose consumption is also shown. (c) Effects of oligosaccharides
on monobody-BgaD-D interaction (see also Supplementary Fig. 7b). In ¢, monobody names
are abbreviated for brevity. In all panels, error bars indicate s.d. (7= 3), and where none are

visible, the errors are within the size of the markers.
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