










up to 95% of the dry mass after chromatographic separation of
glucose, fructose, and sucrose (13). Figure 5 shows HPLC data for
the FOS. It was evident that V1 has a higher catalytic activity than
the parent, as the levels of nystose and GF4 were higher. Higher
1-kestose levels for the parent highlighted the difference in activ-
ities, as this is the initial FOS species produced from sucrose. It in
turn serves as the substrate for the formation of nystose and GF4.
The fructose data for both enzymes were similar, which indicated
that the hydrolytic activity was unchanged in the variant. V1 con-
sumed marginally more sucrose than the parent, but this was not
reflected in the amount of total FOS produced. Similarly for glu-
cose, which is an indicator of global enzyme activity, clear differ-
ences at all time points were not evident (data not shown). Al-
though the reaction was monitored for 12 h, the endpoint for a
typical industrial reaction was regarded as the time when total
FOS composition comprised 10% GF4. V1 reached 10% GF4 in

5.5 h while it took the parent 7.0 h to produce FOS of similar
composition. This difference represented a 22% reduction in the
time required to complete the reaction.

Loop substitutions in�uence protein folding and substrate
contacts.Homology model quality assessment, based on four sep-
arate criteria, is discussed in detail in the supplemental material. It
was concluded that the quality was sufficient for the following
analyses. Positions for the amino acid substitutions are shown in
Fig. 6. Differences between the folded and mean unfolded ensem-
bles were determined for the FopA parent and the variants. To
examine the influence of the amino acid substitutions on SASAs,
differences between the parent and variants were further calcu-
lated. Results for these differences are shown in Fig. 7 with variants
shown in order of decreasing activities. SASAs of residues were
altered in the regions surrounding the substitutions, with the re-
mainder of the protein exhibiting minor changes (data not
shown). Upon protein folding, the majority of residues became
less exposed. A larger SASA value (i.e., more positive) for the dif-
ference between the parent and variant indicated that residues
were less exposed upon folding in the variant. Smaller SASA values
(i.e., more negative) indicated that the residue was more exposed
in the folded variant than the parent. Data for the combination
variants were similar to those for the single-amino-acid-substitu-
tion variants at the relevant positions, and only the results for the
single-substitution variants are shown. Altered SASAs (above
baseline noise) gave a qualitative indication of altered loop flexi-
bility and protein folding in the absence of crystal structure data
for the variants. Further support for both altered protein folding
and substrate interactions was provided by LPC data. Table 2
shows two new first-shell residues, G81 and W145, in V1 relative
to the parent. CSU data also showed the loss of contacts between
Y140 and R151 as well as new contacts between N321 and V325 in
the homology model of V1 with a 1-kestose ligand (data not
shown).

DISCUSSION

The library design to engineer the A. japonicus �-fructofuranosi-
dase for improved activity in this study was analogous to the con-
sensus method (58) in that the identities of the amino acid substi-
tutions were derived from the most frequently occurring residues

FIG 4 �Tm values for the parent FopA and 5 most improved combination
variants in the presence of substrates 1-kestose (A), nystose (B), and glucose
(C). Differences between the Tm at a given sugar concentration and the zero
substrate Tm are shown (n 
 3). Variants marked with asterisks showed sig-
nificant differences (P � 0.05) from the parent.

FIG 5 Time course FOS synthesis by the purified parent (black) and most
improved variant (V1) enzymes (gray). Concentrations of 1-kestose (�), nys-
tose (Œ), and GF4 (�) are shown. The enzyme dosage was 10 U per g sucrose
for the parent and equal amounts of V1 protein, with a starting concentration
of 600 g/liter sucrose. The reaction was conducted at 62°C, pH 5.5, with shak-
ing at 120 rpm. Error bars denote standard errors (n 
 3).
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at a given position in an MSA. This evolutionary-guided approach
assumed that amino acids residing in highly conserved regions of
an MSA were critical to protein function; hence, substitutions in
these regions were avoided with a view to increasing functional
library content (59). By selecting substitutions from extant se-
quences, we aimed to avoid deleterious mutations eliminated by
natural selection. To boost the enzyme’s industrial performance,
improvements to parameters such as specific activity, thermosta-
bility, or relief from product inhibition were sought. As functional

FIG 6 Three-dimensional structure of superimposed models of the 3LDR
(beige) and V1 (blue). Active-site residues are colored red, and 1-kestose li-
gands are yellow. Positions for amino acid substitutions are colored green and
are located in loops in the �-propeller and �-sandwich domains.

FIG 7 Solvent-accessible surface area (SASA) data (calculated as the difference between folded and unfolded states) for variants at positions 140 (A), 178 (B), 321
(C), and 490 (D). Differences between the parent SASAs and the variant SASAs are shown. Variants are arranged in order of decreasing enzyme activity. Variants
whose enzyme activities were either abolished or severely compromised or for whom protein production was absent are denoted by pattern-filled bars.

TABLE 2 List of residues forming new contacts with the ligand in the
top-performing variant homology model relative to that of the parent
enzyme

Template
structure Ligand

Ligand
atoma

Protein
residue

Protein
atoma

No. of
contacts

Distance
(Å)

3LDK Sucrose 23 O6= G81 CA 1 6.1
3LDR 1-Kestose 29 O40 W145 N 1 4.9
3LEM Nystose 34 O42 W145 N 1 4.9
3LFI Glucose 10 O4 W145 N 1 4.7
a Protein Data Bank (PDB) notations.
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diversity was not a target, the well-documented ancestral ap-
proaches to library design were not considered (23). The evolu-
tionary-based design was overlaid with crystal secondary structure
and SASA data to further increase the likelihood of obtaining
functional variants. The approach proved highly effective, as this
strategic combination resulted in the enriched functionality of the
first-round library with a total of 58% active variants. Previously
reported semirationally designed libraries ranged from 10 to 54%
active variants (60). Supplementary to identifying optimal amino
acid substitutions, the information obtained from the enriched
functionality allows the design of future mutations in regions that
demonstrate tolerance to mutation under the selected criteria,
e.g., the �-sandwich domain. In a similar strategy focused on
engineering loops, however, employing site saturation mu-
tagenesis at 90 loop residues in a lipase, Yedavalli and Rao (61)
obtained 10% of active mutants that were improved relative to
the parent from a library of 18,000 clones. In this study, 71%
of active mutants (15 variants) were improved over the parent,
highlighting the value of our strategy to improve the probabil-
ity of identifying beneficial substitutions and in limiting the
screening burden. The semirational approach has provided
new knowledge that engineering loops is an effective way to
increase the elusive specific activity of a �-fructofuranosidase.
Simultaneously, enzyme thermostability was improved by sta-
bilizing flexible loops.

We used a stepwise combination of beneficial mutations to
obtain a four-amino-acid substitution variant with a specific ac-
tivity that was 2-fold higher than that of the parent. The stepwise
combination of substitutions ensured the exploitation of the full
potential of the superior amino acids identified in the first round
of screening. Data showed that the effect of combining the top
four first-round substitutions was cumulative and delivered the
best variant. Considering that the most thermostable variant did
not display the highest specific activity, it was concluded that the
improved activity of the best variant was a result of a combination
of increased stability, altered folding, and sugar binding. The ITD
and DSF data indicated that subtle changes to the range of sub-
strate and product affinities as well as improved thermostability
most likely were responsible for the improved enzyme activities as
quantified by HPLC. The contribution of the hydrophobic effect
to the free energy of folding can be determined from the change in
SASA upon folding (62, 63). Findings by Zhang et al. (64) related
local solvent accessibility to residue flexibility and showed that
solvent exposure of adjacent residues promotes flexibility of a cen-
tral residue, while burial of adjacent residues inhibits the flexibility
of a central residue, irrespective of the exposure state of the central
residue. The SASA, LPC, CSU, and POOL data provided support
for the idea that altered residue flexibility and enzyme folding
resulted in architectural modifications of the active site. In turn,
sugar binding was altered and the best variant was relieved, to an
extent, from product inhibition, a condition that is well docu-
mented in the literature for �-fructofuranosidases (13). The DSF
data supported this notion.

At position 140, four amino acid substitutions were made,
namely, F140Y, F140S, F140R, and F140T. Screening data indi-
cated that only F140Y remained active (see Fig. S1 in the supple-
mental material). In addition to F140, surrounding residue SASAs
affected by substitution were V138, S139, L141, P142, T150, and
R151 (Fig. 7A). Besides V138, which formed part of a �-strand, all
of the other residues were loop residues. Altering the SASA of

V138 proved to be detrimental to activity; it was unchanged in the
active variant F140Y, while for the inactive F140 variants V138
became less exposed. The altered flexibility of this loop harboring
first-shell residues, I143 and W145, very likely affected its interac-
tion with substrates and measured enzyme activity. In terms of
amino acid properties, an F-to-Y substitution renders the residue
at position 140 less hydrophobic, which may have been beneficial
considering the exposed surface position the residue occupied.

Substitutions at position 178 altered the SASAs of V176, I177,
A178, and D179. The active variants showed only minor changes
(Fig. 7B). P substitutions restrict the number of available main-
chain conformations due to the constraints on their allowed psi
and phi angles. This reduces the entropy of the unfolded state (65)
and was confirmed by the ProtSA analyses. The SASA of A178 was
equal to the SASA of the average unfolded A in a set of 19 proteins
used in the analyses of Estrada et al. (53), while for P178 it was 25
to 40% lower than the average unfolded A. Entropy is strongly
correlated to SASA (62, 63), and a reduction in the entropy of the
unfolded state contributes to thermodynamic stability (66). These
findings are in agreement with previous studies where P substitu-
tions in loops increased both loop rigidity and protein stability
(67, 68).

All variants generated at position 321 remained active (see Fig.
S1 in the supplemental material), with differences between them
being minimal. Considering the altered solvent exposures of res-
idues in the vicinity of position 321 (Fig. 7C), it is likely that the
flexibility of this loop connecting the second and third strands of
blade IV of the �-propeller was affected. Crystal structure data
show that together with loops in blades I, II, and V, this loop
encompasses the entrance to the active-site pocket. Furthermore,
strands 2 and 3 in blade IV harbor residues E318 and H332, re-
spectively, which form part of the negatively charged active-site
pocket. H332 is involved in a stacking interaction with Y404,
which stabilizes the folding of the enzyme and positions Y404 and
E405 such that they stabilize the substrate at the �2 subsite. The
latter is integral to the formation of inulin-type FOS (6). Thus,
alterations to the conformation of the loop harboring position 321
may affect the positioning of residues regulating the entrance of
substrates to the active-site pocket, the geometry of the active-site
pocket, as well as substrate binding. POOL analyses confirmed the
importance of these high-ranking functional residues (see Table
S1 in the supplemental material).

The three substitutions made at position 490 yielded active
variants (see Fig. S1 in the supplemental material). Q490S was
marginally more active than Q490K (3.7 g/liter versus 3.2 g/liter
nystose) but notably improved over Q490N (2.1 g/liter nystose).
In contrast to the other three positions, which were located in the
�-propeller, position 490 was situated in the �-sandwich domain
(Fig. 6). By virtue of its distance from the active site, this is a
residue that would not have been rationally identified for substi-
tution. The �-sandwich domain is comprised of two major six-
stranded antiparallel �-sheets that are stabilized by H bonds and
hydrophobic interactions (6). The SASAs of residues on either
side of position 490 were not greatly affected by the substitutions,
but the exposure of E634 was clearly altered (Fig. 7D). In the
native state, E643 was situated opposite Q490 in close enough
proximity to allow contact between the respective residues. CSU
data showed that for V1, the number of contacts between S490 and
E634, as well as neighboring residues, was reduced. Furthermore,
POOL analyses indicated that E602 and E604, which form part of
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the same antiparallel �-sheet as S490 and E634, were highly
ranked active-site residues (11/50 and 13/50 residues, respec-
tively). Together, these data suggest that the knock-on effect of the
Q490S substitution modified the positioning of functionally im-
portant residues and improved enzyme activity. The POOL anal-
yses also, for the first time, explicitly reveal the localization of six
active-site residues in the �-sandwich domain (see Table S1). To
gain clarity on the effects of the amino acid substitutions, crystal
structures of the variants are required.

Tested under conditions approximating its industrial applica-
tion, the most improved variant displayed an improved catalytic
effectiveness (69) by reducing the time to completion of the reac-
tion by 22%, demonstrating the industrial relevance of the cata-
lyst. Thus, when applying V1 in an industrial setting, the required
enzyme dosage can be reduced to improve process economics of
an existing process that uses the parent enzyme. Together with
Eisenthal et al. (70), Fox and Clay (69) deemed kcat/Km an inap-
propriate metric to compare the activity of two enzymes acting on
the same substrate, as the metric ignores variable substrate and/or
product concentrations and enzyme inhibition. Further kinetic
characterization of the variant could identify parameters af-
fecting the enzyme’s catalytic effectiveness, which in turn may
inform further protein engineering targets. Extrapolation from
the DSF thermostability data suggest that V1 can be applied
under reaction conditions at least 5°C higher than currently
employed. Optimization of the required enzyme loading and
optimal temperature for FOS synthesis is required; however, it
is probable that time to completion can be further reduced, as
it is accepted that reaction kinetics are enhanced at elevated
temperatures. A reduction in substrate viscosity (60% sucrose)
would be coupled to this and also may influence the outcome of
the reactions catalyzed.

Although catalytic pocket residues in contact with substrate
seem clear choices for amino acid substitutions to improve en-
zyme activity, we have demonstrated that changes in distant loops
also mediate significantly improved enzyme activity. Thus, the
importance of the interconnectedness of amino acid residues in
proteins was demonstrated in this study. The unexpected finding
that modification of the �-sandwich domain, the function of
which remains largely unknown, resulted in improved enzyme
activity and implicit identification of active-site residues in this
domain gave new insights into the structure-function relationship
of the A. japonicus �-fructofuranosidase.
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