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of the galactese meiety of the lactese(®alp1,4®lc)/Laakt A<(®alp1,-
4®laW Ac), fer example, use of 02,3-sialyltransferase (12) and B1,3-
galactesyltransferase (14). Fucesylatien enzymes <an indeed medify
bRy (Euiesd sabstsbdes it smsces fhesi®@eons. Feor example, an
3- H pesitien of the

‘Rl @) cagabupséhelivdisatdnsfddd k@< (15 17) an al,2-FucT
»- Hpesitien ef galactese

(18, 19), vhile an o-L-Fucesidase (Fu<» ) <can add the fucese te the
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Fig. 1. Fucosylation reactions catalyzed by fucosylation enzymes. (A) Structures of various disease-associated and human milk oligosaccharides. (B) Schematic depiction
of fucosylation reactions catalyzed by FucTs and fucosidases. Typically, an FutA catalyzes the L-fucose transfer from a GDP-Fuc donor substrate to a LacNAc acceptor
substrate via an a1,3-linkage, forming the Le*. a-L-Fucosidases can also transfer a fucose moiety from the para-nitrophenyl a-.-fucopyranoside (Fuc-a-pNP) to lactose,

forming a 3-fucosyllactose.

in cemplex with the dene: substrate”®» P-Fuc previded valuable
insights inte the mechanism threugh which fucesyl-transferring
enzymes recegnize their substrates.

RESULTS
LacY substrate specificity for various fucosylated products
Te test whether the fucesylatien medificatien <an entrap eneugh
fluerescent signal in the <ell by affecting LacY substrate specificity,
we chese FutA frem Helicobacter pylori strain\ €T @€1163, (®enBank
accessien number AAB81031.1) (15) fer glycesyl medificatien. Since
Laa\ A< is a natural substrate of FutA, we designed and synthesized
fluerescently labeled detivatives of Laa\ A< @@mpeund 1 is the Laak{ A<
cenjugated with a bedipy fluerephere- compeund 2 is the Laa\ A<
cenjugated with a ceumatin fluerephere (Fig. 2A). These Laa\ A< de-
rivatives with twe chemically distinct fluerepheres enable sczeening
stzategies that minimize the prebability ef selectien fer an altered
dye-binding site rathet than altered activity fer an enzyme vatiant.
AnE. coli strain Jas107%, which has galactesidase (Lacz) knecked eut
(te aveid lactese hydrelysis) (12) but expresses a &P P-fucese syn-
thetase (F I!), a bifunctienal enzyme that has beth fucekinase and
fucese-1-phesphate guanylyltransferase activities, was used te test
the ability ef <ells te retain the fucesylated preducts. Theezetically,
accepter substrates are capable of entering and exiting a <ell freely
via the plasma membrane lecalized LacY transpetter, and ence
inside the <ell, they sheuld be subjected te fucesylatien by <erte-
spending enzymes te generate trisaccharide preducts.’®iven that
these newly fermed trisaccharide preducts are net substzates for the
LacY transpetter, which primatily transperts disaccharides (20, 21),
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the new trisacchatides will be, in effect, entzapped inside of <ells,
thereby allewing unteacted substiates te be washed away witheut
significant less of fluerescence intensity (Fig. 2B).

Puzsuing this strategy, we incubated FutA- exptessmg cells FutA®
and empty vecter pU @18 <entrel <ells FutA ) with fucese and flu-
erescently labeled 1 and 2. After several :eunds of washing with LB
medium and phesphate-buffered saline (PBS) buffez, we ebserved
relatively streng fluerescence signals for the FutA® samples under
ultravielet light but net fer the FutA' ) centrel (Fig. 2 @). Furthet-
mete, FA @8 analysis demenstrated that the <ell expressing the
recembinant enzyme FutA had strenger green (bedipy cenjugates)
and blue fluerescence (ceumatin <enjugates) signals than the centrel
<ell (Fig. 29 ).

In additien, te explere whether this trisaccharide preduct entrap-
ment strategy <an be mete breadly applicd te ethe: fucesylatien en-
zymes, including Fut @ frem H. pylori (19) and Fu<® frem Anaerolinea
thermophila (22), ve alse synthesized divetse fluerescently labeled
lactese derivatives as transfer acceptezs (fig. 81A) and tested the flu-
erescence retaining <apacity of <ells expressing these tve enzymes.
As with FutA, these cells expressing the tecembinant Fut @ ez Fuc®
enzyme had meze intense fluerescence signals than did the empty
vecter centrel <ells (fig. 81, @ and ¥ ). These assays indicate that
fluerescently labeled disacchatide accepter substrates can be taken
up inte cells via the lactese permease Lacy, but the fucesylatien
enzymes preduct, fluerescent trisaccharides, are transperted much
less efficiently, leading te preduct accumulatien inside <ells.

Wete that there are alse other sugar transmembrane transperters
in E. coli <ells (23), i.e., sugar efflux pumps such as SetA, which is
capable of trtansperting a range of sugars and sugar analegs (24). Te
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Fig. 2. Scheme for the product entrapment strategy and the established cell-based fucosylation assay for FACS screening. (A) Two kinds of fluorescently labeled
LacNAc derivatives (1 and 2) were designed and synthesized for cell entrapment analysis. (B) Fluorescently labeled acceptor substrates are transported into the cell via
LacY; fucose enters into the cell via a fucosyl transporter (FucP) and was converted into GDP-fucose donor substrate by GDP-fucose synthase (FKP). After incubation and
washing, E. g | cells expressing fucosylation enzymes accumulate fluorescent trisaccharide enzyme products, as the LacY transport rate for such products is significantly
reduced compared to their disaccharide substrate form. Thus, the fluorescence intensity accumulation inside cells carries information about the catalytic activity of the
fucosylation enzymes being assayed/screened. These cells with FutA activity can be further isolated using FACS. (C) Visualization of fluorescence entrapment within
FutA®™ and FutA™ cells under an ultraviolet light. (D) Flow cytometry profiles of FutA™ and FutA®™ cell fluorescence after 30-min incubation with 1.5 mM fucose, 0.5 mM
bodipy-LacNAc, and coumarin-LacNAc, followed by a washing step. Green and blue signals represent cells retaining bodipy and coumarin fluorescently labeled oligo-

saccharides, respectively.

address whether ether transpezters intetfere with fluerescent fuce-
sylatien preduct entrapment, E. coli <ells with empty vecte: centzel
o: the cells with plasmids fe: FutA, Fut @ e: Fucb , wete reacted with
substzates, fellewed by washing with PBS buffer and with freshisig
minimal medium.”®iven that we did net cenduct LB medium wash,
enly the fluerescence eutside the <ell vas washed away. These <ells,
which refained mest of the fluerescently labeled di- and trisaccharide
cempeunds (in seme <ases), wete incubated in freshiig medium at
37° @ fer 30 min, and the fluerescence leakage in the <ultuze supe:-
natants was analyzed. We did ebsetve seme fluerescence leakage in
the supernatants fer all ef the <ell types- hewevet, the intensity of
the fluerescence leakage in the supernatant fex the FutA, Fut @ and
Fuc® cells vas enly 15, 8.6, and 20.3%, respectively, as streng as the
intensity fer the cent:el <ells, indicating that the eligesaccharide
preducts can indeed be entrapped efficiently inside <ells (fig. $2A).
Theze might be ether transpertets, which recegnize and transpert
sugar preducts, but their efficiency is apparently much slewer than
that ef LacY permease. ur results thereby established that cells
expressing the fucesylatien enzymes <euld retain their fluerescent
trisaccharide preducts fer a sufficiently leng time te enable FA @8-
based screening fellewing ditected evelutien targeted at impreving
fucesylatien enzyme activity (fig. $2B).

Te beest the screening efficiency, we further eptimized a series
of parameters for the screening, including fluerescence signal sta-
bility, inductien time, reactien time, and substrate cencentratien.
The fluezescence signals of the FutA™ cells were stable for mere
than 1 heur at reem temperatute, providing a mere-than-ample
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windew fer FA @8-based screening (fig. $3A). Fet the expression of
recembinant fucesylatien enzymes, vwe feund that the <ells induced
expression at azeund 18 heurs preduced the strengest fluerescence
signals, suggesting that the pretein expressien achieved by this
peint is highly amenable te these entrapment assays (fig. $3B). The
fucesylatien reactien was essentially linear within 1 heur while
almest saturated at abeut 1.5 heuts. Te distinguish between pesitive
and negative mutants in subsequent expetiments, we therefere set the
reactien fime te 0.5 heuts (fig. 83 @). Last, we feund that the eptimal
substrate cencent:atiens fer the screening system are 1.5 mas denet
fucese and 0.5 mas accepters (fig. $39 ).

Evaluation of the FACS-based fucosylation activity
screening system

We next determined whether the cells expressing the recembinant
fucesylatien enzymes <euld be used with FA @. The fitst and mest
ebvieus test was te see whether FutA™ cells ceuld be sezted frem
FutA') centrel <ells via the FA @ system. Thezefere, we analyzed
FA @S efficiency by prepating <ell mixtutes with 1-10, 1100, 1-1000,
and 110,000 FutA"/FutA‘ ) cell raties. After a substrate incubatien,
the cells were harvested, washed, and analyzed via FA @S- the tep
0.5% ef <ells with the strengest fluerescence intensities were serted
te minimize pessible false pesitives. Te examine FA @8 enrichment
efficiency, we plated the serted <ells and verified the presence of the
FutA gene by celeny P @R.W etably, a single reund of high-stringency
FA @S serting atchived a pepulatien with 100% FutA ) cells, even
fer the 1-10,000 mixtuze (table $1). @ensidering that previeus direct
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evelutien studies repe:ted fold increases between 40 and 330 fer a
single reund of FA @8 (25 27), this system shewingz 10,000-feld
entichment ability highlights its extzemely excellent perfermance.
As this nevel screening system is se efficient in identifying FutA®
cells that it rapidly saturated the cenventienal entichment test, we
further develeped a meze stringent and quantitative appreach te
evaluating its enrichment perfermance. Instead of using cempletely
inactive FutA' ’ centrel cells, we adepted E. coli <ells with markedly
reduced FutA pretein expressien than nermal FutA™) cells te test
FA @8 efficiency (Fig. 3A). We created the cells expressing FutA ata
relatively low level with the rebust ribesemal binding site (RBS)
AT® spacing technique. Briefly, the 13th base (cytesine) of the pU @18
plasmid pely<lenal atea, which is pesitiened at the back ef the ribe-
seme binding site, was deleted te generate the FutA")-RBS cells.
High-petfermance liquid chzemategraphy (HPL @) analysis ef <ell
extracts shewed that the catalytic activity of enzyme in the FutA®)-
RBS <ells decieased areund thiee times in cemparisen with the nermal
FutA®) cells. @ompared with distinguishing between FutA™) and
cempletely inactive FutA‘ ), this high/lev activity screening is ebvi-
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Fig. 3. Analysis of FACS-based screening efficiency by competitive allele-specific TagMan PCR. (A) The RBS-ATG spacing technique was used to create two popula-
tions of cells: (i) normal FutA® cells and (ii) FutA™ cells with a weakened FutA activity resulting from reduced FutA expression [FutA(”—RBS cells]. Cell mixtures of FutA®
and FutA"-RBS were prepared and applied to one round of FACS sorting. The unsorted and sorted variant pools were quantified using competitive allele-specific TagMan
PCR, and then, enrichment factors were calculated according to FutA™ cell ratios before and after sorting. (B) Flow cytometric screening of FutA™ and FutA®-RBS cells.

(C) Percentage of FutA™ cells increased after sorting.

and Laa\tAc, HPL @ clectrespray ienizatien mass spectremetty anal-
ysis revealed a single preduct peak of mass/chatge :atie of 522.1,
wia-HI eluting at 3.6 min, identical te the Le* reference standard.
isercever, HPL @ electrespray ienizatien tandem mass spectzemetry
analysis tevealed that the Le* standard and theiis32 preduct had
identical fragmentatien patterns (fig. $6), demenstrating thatias32
catalyzes the same reaction as dees wild-type FutA.
Te cemp:chend the specific activity imprevement for the ebtained
beneficial FutA mutants, the kinetic parameters for LaaN A< and
‘& P-Fuc substrates wete first determined with the wild type,ns26
andias32 mutants. S$ince FutA has a premiscueus activity te lactese,
we alse examined kinetic patameters fo: lactese as the accepter sub-
strate. [t shewed that a 4.1-feld imp:evement in the k.y/ Ky, value of
the mutantiig26 atese frem inc<reases in the k., values, with little
effect on the K, values. Further mutatiens (» 1278 /R128E/H1311)
led te pregressive increases of catalytic activities, with the kea/Kin
value of the best mutantiag32 being sixfeld highet than that ef the
wild type for LaaN'Ac. The inctease in keor/ Ky, foning32 was derived
frem a 10.8-feld dectease in the K, value for lactese compated with
the vild-type enzyme, thus substantially incteased binding affinity,
while the k., value for the’®» P-Fuc dene: incteased 6.2-feld vith
little effect en the K, value (Table 1).
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Structural analysis of the best mutant M32
Te gain a better structural understanding of mechanisms undetlying
the activity imprevements ef the best mutantiig32, we selved ifs
crystal sttuctute in complex with’®» P-Fuc at a teselution of 3.12'A
(PP B cede 5z 1) using a hanging-d:ep vape: diffusien methed.
@:ystallizatien ef the mutant was alse dependent en deletion of the
@-terminal 115 residues as reperted for the wild type (31). Theze
were ne gress structural changes in theyis32 mutant cempated te
the wild-type enzyme, with an reet mean squate deviatien of 0.82°A
ever 351 residues (fig. 88A). As a typical member of the’®T-B family,
FutA <ensists ef anW -tetminal demain W'T? ) and @-terminal demain
(@I ) with similar Ressmann felds, encempassing residues 20 te 150
and 160 te 320 te bind accepter and dene: substrates, respectively
(fig. $8B). Upen inspection of the mutatiens in thais32 structute, we
neted that feur ef seven mutated residues (845F, » 1201, R128E,
and H131T) are lo<ated in tvwe helices (02 and 05) in thew'T» binding
accepter substrate (Fig. 4A). All of these residues are within 8'A ef the
knewn catalytic center.ngeanwhile, the Y1, , W mutatien is lecated
in the @TP substrate-binding demain, while the ether mutatien ef
E3409 is lecated on the pretein surface.

We further decked the accepter substrate LaaW A< te the wild-
type FutA and theias32 mutant. The tesults revealed that beth the
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Table 1. Kinetic parameters for wild-type FutA and selected beneficial mutants. The kinetic assays were performed in three independent replicates, and

the fitting curves for the kinetic parameters are presented in fig. S7.

LacNAc* GDP-Fuc' Lactose* GDP-Fuc'
Enzyme :(sc‘::: (rfa("n"n) (slf?an:/l(n("‘“‘) :(sc‘a‘; (m) (slff::;/l:n("‘"‘) :(sc‘a‘; (-:r(“n"n) (slffarm“‘"‘) :(sc‘a‘; (n’:“&n (slffant-/l(n(“‘"‘)
Wigwpe  7orsos CgEe 1 G e e e s 00 0B: OB oo
s ossons G5y G Mg Gms Mo Zh s ame 0@ 0B .o
w2 sersony QFE BB Nma G vame e 9me g S 0B 193

*Kinetic measurements at a non-limiting concentration of the fucosyl donor substrate GDP-Fuc (0.4 mM) but variable concentrations of the acceptors LacNAc

(0.02 to 8 mM) or lactose (4 to 20 mM).
variable concentration of the fucosyl donor substrate GDP-Fuc (0.02 to 8 mM).

shape and the erientatien of LaaW A< ate cemplementary te a deep
pecket in the Fut AN -terminal demain an azematic cluster that cen-
sists of W33 and W34 surreunds the LaaWAc. The substitutien ef
$45F en helix a2 in thewis32 structure creates a new clamp-like
structure with W33 and W34 at the bettem ef the accepter substrate-
binding pecket (Fig. 4B). This leal sttuctute ceuld impteve binding
affinity of the pretein fer the galactepyranese ring of the accepter
substrates by enhancing beth stacking and hyd:ephebic interactiens,
which explains much lewer accepter Ky, values ofiis32 for beth
LaaW A< and lactese substrates than wete seen with wild-type FutA.

Analysis of the complex structure indicated that thete is a cen-
siderable distance between the dener and the accepter substrates in
the FutA (appreximately 10°A), suggesting that thete must be a sub-
stantial cenfermatienal change duzing catalysis te bring the WT»
and €TV tegethe: Wetably, the helix a5 having the triple mutatiens
P 127W/R128E/H1311 seems te play a hinge rele between theW - and
@-terminal demains (Fig. 4A and fig. 88B). These » 127 /R128E/
H1311 mutatiens shewed similar side-chain cenfiguratiens te wild
type but a matkedly altered lo<al electrestatic petential envirenment
on the sutface of hinge helix o5 (Fig. 4 @). The subtle structural changes
may affect the interdemain metien efi1432 and petentially preduce
amete faverable cenfermatien fer catalysis, centributing te increased
catalytic efficiency ef the mutants and higher k., values.

We further used the FutA-LaaWA< andiag32-LaaW A< cemplexes
as initial medels te pe:ferm 100-ns melecula: dynamic (as¥ ) simu-
latiens te explere the melecular mechanism ef <atalysis by FucTs
(fig. 88 @). Three independent trajecteries wete simulated for each ef the
twe systems. The cenfermer ensemble censisted of 20,000 snapshets
sampled for each 5-ps time step and shewed that FucTs ceuld adept
either a relatively epen ot <lese ferm in which the hinge helix o5
shifts abeut 2.6 ‘A as a censequence of the cenfermatienal changes
(fig. 889 )ansP analysis revealed that a leng cennecting leep regien
(tesidues 132 te 168) of helix a5 undergees a marked fluctuatien
with a range of areund 2 ‘A (Fig. 49 ), suggesting that this highly
flexible loop allew's metien of the helix a5. The impreved catalytic
parameters of theiis32 mutant with three mutatiens in the hinge
helix a5 thus emphasize the impertance of confermatienal dynamics
in FucTs fez efficient <atalysis.

In additien, the pretein surface residue Y1, , W is pesitiencd near
@-terminal demain (the dener binding demain in’®T-B family) and
is at the pretein suiface (Fig. 4A), and this residue may semehew
impzeve dener substrate recegnitien. Alternatively, it may influen<e
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tKinetic measurements at non-limiting concentrations of the acceptors LacNAc or lactose (both 0.4 mM) but a

the everall efficiency via seme leng-distance residue interaction. ®iven
that eur determinediis32 structure eccuts as a hemedimer, it is rea-
senable te speculate that E3409 and V368A mutatiens lecated at
the hemedimer intetface may facilitate its dimetization, pethaps
premeting felding in a way that can increase its everall FucT activity.

DISCUSSION
It is new widely appreciated that directed evelutien technelegies can
effectively impreve the catalytic activity of many types of enzyme
(32, 33), but directed evelutien ef Fu<Ts is still in its very eatly days.
Feundatienal werk by @hei et al. (31) identified mutants ef 1,3-Fu<Ts
with increased activity by use of a, 6-well plate screening system
based on celer change of a pH indicater. This appreach requited high
cencentratiens of extremely expensive natural’®» P-fucese substrates,
resulting in high sczeening cests and limited threughput. Techne-
legical advances eve: the last decade have helped the FA @8-based
screening system te beceming a pevierful teel for directed evelutien
in general and fer"®Ts in particula:. Te date, FA @8 platferms have
been used te screen twe '®Ts  an 02,3-sialyltransferase (12) and a
B1,3-galactesyltransferase (14). Thus, eu: present study extends the
scepe te include screening fer FucT and transfucesylatien activity.
It bears emphasizing that the key te eu: successful screening
strategy was the enfrapment of fucesylated preducts inside cells based
eon the differential substrate specificity of the lactese permease Lacy
o1 other suga: franspeztersiigsany studies in recent yeats have <hat-
acterized the substrate specificity of Lacy fer varieus E. coli sugats
(20, 34), and several vetry intetesting and bietechnelegically relevant
findings have been reperted (21, 35). lsen and Breeker (35) inves-
tigated the sugar specificity preperties of LacY and feund that the
relative impe:tance of — H greups areund the galactese ring is
H-y H-z H-¢ H-m H-j,vhile Abramsen reperted the
first crystal structure of lactese permease frem E. coli and feund
that six residues play majer reles in substrate recegnitien (20).
ur present study extends this knewledge. Fitst, semewhat similar
findings frem ether repe:ts shew that the terminal sugar meiety of
the lactese disacchatide is critical fer LacY recegnitien, we shew
that fucesylatien ef the @;- H pesitions of the’®al Ac meiety of
LaaWAc intetferes with LacY transperting efficiency. Wetably, we
feund that fucesylatien ef the @,- H e @;- H pesitien of the ga-
lactese meiety alse intetferes with the translecatien of cerzespending
trisaccharide preducts  we ate unaware of ether studies reperting
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Fig. 4. Structural insight into the improved catalytic activity of the best M32 mutant. (A) Backbone diagram of the M32 mutant (PDB code 5Z0Il) with mutations
accumulations during directed evolution. Mutated residues are depicted in yellow sticks. Helix a5 having the triple mutations D127N/R128E/H131l located between the
NTD and CTD is colored in green. (B) Enhanced interaction toward the LacNAc acceptor in the M32 mutant. The S45F mutation of M32 resulted in a new clamp-like struc-
ture with W33 and W34 at the bottom of the substrate-binding pocket. Key aromatic residues and S45 are shown in green sticks, and substituted residue F45 was repre-
sented in yellow stick. (C) Local electrostatic surface of M32 active pocket (red, electronegative; blue, electropositive; contoured from —8 to 8 kT/e). These D127N/R128E/
H131I mutations showed a changed local electrostatic potential environment on the surface of hinge helix a5. (D) Root mean square fluctuation (RMSF) of wild-type FutA
and M32 mutant residues from 122 to 148 region backbones in 100 ns constrained MD simulation. The segment of 122 to 148 residues are shown in cartoon.

that medificatiens te the inner sugar meiety of a disaccharide <an
alter substrate binding te sugar permeases ot transpettets. Thus, eur
werk suggests that it is feasible te use medificatien(s) en the inne:
sugar meiety te enable entrapment of enzymatic preducts, a strat-
egy that may furthet extend the scepe of this screening appreach.
The evaluatien ef the perfermance of varieus FA @8-based
screening systems has typically been based en “medel scieening”
strategies that attempt te distinguish inactive “meck” <ells frem
enzyme-active <ells at varieus raties (32, 33). Hewevet, it is new
beceming <lear that such lew reselutien and binary (en/eff) <ritetia
are net immediately applicable/translatable te actually identifying
cells that centain kinetically attractive pesitive mutants in directed
evelutien screens. As the geal of mest screens is te identify highly
active mutants, we shew that an idealized app:each fe: evaluating
FA @8-based screening systems weuld include the ability te dif-
ferentiate ameng cells that centain mederately versus highly active
mutant enzymes. u: study addressed this issue- The extremely
stzeng perfermance of eur FA @S8-based screening system (~100%
of <ells after ene reund of FA @S wete pesitive) dreve us te find
alternatives te typical medel screening evaluatiens. We successfully
used the RBS-AF® spacing technique te generate a divetsity of dif-
ferentially active FutA mutant variant cells based en differential
transcriptien, and this enabled rebust chatacterizatien ef eut sys-
tem’s perfermance. @emplementing the RBS-AT® spacing tech-
nique, we alse used cempetitive allele-specific Taqasan P @R with
custem Taqasan prebes te quickly quantify the efficiency of eutr
FA @8-based screening system. These alternative evaluatien cencepts
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<an be generalized. That is, a researcher needing te <arefully evaluate
theit high-efficiency FA @8 sczeening methedelegy sheuld censider
generating a pepulatien ef <ells with differentially active everall en-
zyme activity (based en transcription activity) using the easy-te-use
RBS-AT® spacing technique.
The FutA enzymes, which catalyze the transfer of fucese frem
‘89 P-Fuc te the @&- H of glucese/®laTAc meieties, are used
industrially net enly fer the synthesis of Le* in the preduction of
anti-inflammatery drugs and antitumer vaccines but alse fer the
lazge-scale synthesis of 3-fucesyllactese for prebietics (36). Altheugh
several FutAs have been <lened and chazacterized frem mammals
and bacteria, mest of these suffer frem peer catalytic efficiency,
preventing their use for the large-scale synthesis of Le* and
3-fucesyllactese (table $3) (37). Using eu: FA @S-based high-
threughput screening system with FutA, we feund that just three
reunds of directed evelutien led te the identification of FutA
mutants with 6-feld and 14-feld increases in catalytic efficiency
(keat/Kyn) for the synthesis of Le* and 3-fucesyllactese, respectively,
which is the highest-te-date reperted activity for Le* preduction by
biecatalysis (table $3).
ur crystallegraphic analysis of the best mutantiag32 revealed
that feur ef seven beneficial mutatiens ($845F, ® 12\, R128E, and
H1311) lie within 10 ‘A ef the active site catalytic base and ate
distzibuted on twe helices in the TP (Fig. 4A). A new clamp-like
le<al structuze formed by the 845F substitutien and the ether tvwe
arematic residues, W33 and W34, appears te enhance accepter
substrate binding and facilitate catalysis by this mutant. This is
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censistent with a previeus study shewing that the $46F mutatien
in FutA frem H. pylori 266, 5 increased catalytic activities (31).
\isercevet, crystal structutes of the 8 T-B family enzymes, Wad®
(P¥ B- 2IV7-"§T4) (38) and"®um (PP B 2HY7-"®T70) (39),
revealed similar surface-expesed arematic hyd:ephebic residues
(tryptephan and phenylalanine) en their W-terminal demains. As
repezted earlier (40),"®T-B supeifamily membets underge <enfe:-
matienal changes invelving mevement of theW'T» and €T» upen
substrate binding. W etably, the three mutatiens » 127, R128E, and
H1311 clustered on a helix hinge between thew'T» and €T¥, likely
altering the interdemain structure and influencing demain metiens
te previding a meze reactive cenfermatien. This likely extends te
othe: '§T-B enzymes. Threugh analysis efias® simulatiens, we
prepescd a dynamic medel in which the N'TP and €TP of ®T-B
enzymes underge dynamic hinge-bending metiens upen binding
their respective accepter and dene:, theteby initiating demain
clesure (fig. $88E). Sin<e interdemain metien appeats te be essential
for catalysis by’®T-B type ®Ts, it is tempting te speculate that the
hinge regien <ceuld be a new hetspet for the :atienal design ef cata-
lytic prepetties inte '8 T-B enzymes. verall, this and ether key
mutated residues identified in eur study highlighted impeztant
sites for engineering catalytic activities of ‘€ T-B type enzymes,
which sheuld alse metivate hypethesis-d:iven studies inte the basis
of FucT substrate recegnitien, thereby facilitating future ratienal
engineering efferts.

Since Lacy transpe:ts disacchatides in and eut of E. coli <ells, we
envisien that eur methed sheuld be suitable fer use in impreving
othe: §Ts by designing apprepriate fluerescently labeled di-
saccharide substrates. In additien, we anticipate that this dual-cele:
fluerescence methed can be medificd te facilitate the engineering of
substrate specificity fer enzymes, previded that the methed’s se-
lectien criteria are switched frem seeking efficiency te seeking nevel
catalytic functienality. Fer example, different types of substrates
ceuld be cenjugated with green fluerescent bedipy and blue flu-
erescent ceumarin fer the directed evelutien ef enzyme specificity
teward diffezent substrates. As enzymatic fucesylatien represents
an impertant target for the preduction of beth pharmaceuticals
and human milk eligesacchatides, eur new FA @8 system is likely
te have applicatien in the engineeting of these enzymes.isercever,
the techniques (e.g., <ellular entrapment and alternatives te medel
sczeening fer evaluatien) used in eur study sheuld find use meze
breadly in future engineering efferts seeking te impreve the <atalytic
perfermance of other enzyme classes.

MATERIALS AND METHODS

Generation of random mutagenesis library

The PWA sequence enceding amine acids 1 te 421 eof FutA was
subjected te errei-prene P @R using 0 te 0.3 masin’" te centrel
the extent of mutatien with 0.03 ng of pU @€18-FutA as the template.
The primers used fe: this step can be feund in table $4. The P@R
preducts were digested and ligated inte the pU @18 vecter using
the HindlIl and EcoRI restrictien sites, and the ligatien mixture was
electroperated te E. coli 10® ELITE cells (Lucigen, USA) accerding
te the manufacturer’s pretecel. The transfermed cells weze grevn
evernight at 37°@ in LB medium supplemented with ampicillin
(100 mg/ml), and the library plasmid PWA was extracted. Several
individual <lenes frem each library were verified by sequencing
this indicated average mutatienal frequencies of ~2, ~4, ~6, and ~7
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mutatiens et gene in the 0, 0.1, 0.2, and 0.3 manasn’" libraties,
respectively. The plasmid PWA frem the four libraties was mixed
ina 1111 ratie and was then transfermed inte E. coli Ja4107* <ells
fer sczeening.

Generation of ORM

Ris was peifermed te rapidly determine the eptimal cembinatien
of these beneficial peint mutatiens, similar te iterative site-directed
mutagenesis. All primets are shewn in table 84. The whele-plasmid
P @R methed was perfermed using Preefast Super-Fidelity WA
pelymerase with thesis26 plasmid as the template PATA. The P@R
preducts were digested with Dpn I te remeve the patent plasmids
and leaded with’®elRed (Shanghai Life iLab Bietech) te check PRTA
quality en 1% agatrese gel. The resulting PWA mixtute was trans-
fermed inte E. coli Ja4107* cempetent <ells.

Docking simulation of LacNAc

The <rystal structure of FutA (PP B cedes' 2\2Y and 5z 1) was
used for accepter Lak A< decking analysis. The ceezdinates of the
accepter LaaW A< were generated and energetically eptimized with
the @HARsm force field in ¥ iscevery Studie 3.5. The seftware was
alse used for the decking of Laak' A< inte the binaty structure of
FutA with dene: ®» P-fucese. The active site was assigned areund
the region of ¢2 for’®lu °. Ameng the 50 decking peses genetated
frem decking simulatiens, the ene with the minimum de<king en-
ergy value E/d .0, 7 keal/(mel‘A)] was selected.

Generation of the combinatorial active-site saturation

test libraries

The mutagenesis of @AST was perfermed using primer paits (table
84). The target amine acid pesitien vwas ceded by Wt I(sense sttand),
whereW™ A,’¥, @ ot Tand [ € et T. The whele-plasmid P @R
methed vwas perfermed using Preefast Super-Fidelity PWA pely-
metase with the plasmid PWA iselated frem the secend reund ef
FA @8 entichment as the template WA using the fellewing P €R
thermecycling prefile', 5°@ fer 3 min, 30 cycles of, 5°@ fo: 15 s,
55°@ fer 15 s, 72° @ fer 5 min, and 72°@ fe: 10 min. The P@R
preducts were digested with Dpnl te remeve the parent plasmid
and then wete cleaned using a VWA purificatien kit (Shanghai Life
iLab Bietech, @hina). The resulting PN A mixture was transfermed
inte E. coli Jas107* <ells for screening.

Screening via flow cytometry

Flew cytemettic screening of FutA activity was carried eut essen-
tially as desctibed befere (15, 17), except that the tvwe fluerescent
substrates wete used. Briefly, we transfermed E. coli Jas107 Lacz
(12, 14) <ells with pA @ (@18-F ® recembinant plasmid enceding
for &9 P-fucese synthase and then named it as Jxs107*. Plasmid
YWA (pU@18-FutA) enceding the FutA libraries was transfermed
inte Jas107* cempetent <ells and used te directly ineculate LB media
supplemented with ampicillin and chleramphenicel (100 mg/ml)
and grewn evernight at 37°@ The <ells were then diluted 1-50 in
a4 minetal cultured media and grewn at 37° @ with vigereus shak-
ing. When the P 49 (eptical density at 600 nm) reached 0.5 te 0.7,
isep:epyl-B-D-thiegalactepyraneside (IPT®) was added fe a final
cencenfratien of 1 mus, and the cultures wete transferred te 20° @
and grew evernight. @ells were spun dewn (2 ml) and resuspended
in 50 pl ofirng media supplemented with 1.5 mas fucese (Ray®eed
Bietech, Shanghai, @hina), 0.5 mns <encentratiens of fluetescently

8of 11

6T0Z ‘0T 1870190 U0 /610°Bewadusios saoueApe//:diy Woi) papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

labeled substtates. Fellewing 30 min ef incubatien, <ells wete spun
devn, and the excess accepter sugats were remeved by washing the
cells with LB media and PBS (pH 7.4).

The <ells were diluted with PBS te ebtain a flew cytemetric event
rate of ~6000/s in a FA @S Atia II flew cytemeter (Becten » ickinsen)
using PBS as the sheath fluid. The thresheld fer event detection
was set te fervard and side scattering. The average sert rate was
~6000 events/s, using a 85-im nezzle, exciting azgen ien (508 nm)
and 405-nm lasets, and measuring emissiens passing the 515-nm
(fluerescein isethiecyanate) band-pass filter for the bedipy emissien
and the 450-nm (vielet 1) filter for the coumatin emissien. The detec-
tion thresheld vas set at fervard scatter (FS@z 10,000 and side scat-
ter (3@ 10,000. €ells wete serted inte 1.5-ml tubes and centrifuged
at 14,000¢ fer 30 min."®enes frem pesitive <ells were amplified using
the FutA-F and FutA-R primets (table 84) with Preefast Supet-Fidelity
PWA pelymerase (AT® Bietech). The 50 ul of reactien mixtures
centained ~ 11 ul of watet, 25 ul of Preefast buffer (2 ), 1 ul of 10 mas
@\ TPs (deexynucleeside triphesphates), 10 il of serted <ells, 20 pas
primers mix (1 pl each), and 1 ul of Preefast Super-Fidelity PWA
pelymerase using the fellewing P @R thermecycling prefile:, 5° @fer
3 mirr 40 <ycles of, 5°@for 155, 55°@fer 155, 72° @fer, 0's,and 72° €@
for 10 min. The P @R preduct was digested and ligated inte the pU @18
vecter using Hindlll and EcoRl resttiction sites, and the ligatien mixture
was electreperated inte E. coli 10® elite <ells (Lucigen) accerding te
the manufacturer’s pretecel. Extracted plasmids weze then electre-
perated inte E. coli Jas107* <ells for the next :eund of FA @8 entichment.
FA @S data wete precessed using Flev’]e seftware 10 (TreeStar).

Plus/minus reference model screening

The E. coli FutA™ cells expressing FuctA wete mixed with FutAl’
cells harbering empty plasmid pU @18 at :aties of 110, 1-100,
1-1000, and 1-10,000. The <ell mixtures wetre reacted with twe
flueregenic substrates at 37° @ fer 30 min, and the excess accepter
sugats wete remeved by washing the cells with LB media and PBS
(pH 7.4).Wext, the samples vete serted by flew cytemetry, and single
E. coli cells with the tep 0.5% ef blue fluerescence intensity were
cellected inte 1.5-ml tubes centaining 0.5 ml of super eptimal breth
with catabelite repression (5 @) medium. After grewing the cel-
lected <ells en agar plates, negative and pesitive celenies weze iden-
tified by individual bactetial celeny P @R with the univetsal primets
wvid13F( 47)ina13R( 48). The enrichment facters were calculated en
the basis ef the pesitive ratie values frem befere and after serting.

Competitive allele-specific TagMan PCR to examine
FACS-based screening eff|C|ency
The deletion mutant FutA"”-RBS cells was censtructed using a
whele-plasmid P @R methed with 0.03 ng ef pU @18-FutA as the
template. The primets used here can be feund in table 84. The E. coli
Jaa107* cells expressing FutA wete mixed with the deletien mutants
FutA-RBS] at raties ef 1-10, 1-100, and 1-1000. These mixtures
wete incubated with beth substrates 1 and 2 at 37° @ fer 30 min. The
samples wete then serted by flew cytemetty, and the E. coli <ells
with the tep 0.5% eof blue fluerescence wete <ellected inte 1.5-ml
tubes. The unse:ted and serted variant peels were then quantified
using the fellewing cempetitive allele-specific Taqasan P @R te
detect peint mutatiens. Vety briefly, the cempetitive allele-specific
Taqasan P @R principle is based en the design of lecus-specific
primets, an allele-specific primer (ASP), an allele-specific “ble<ker”
elige, and le<us-specific Taqisan prebes (Fig. 3A and table 84). The
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E. coli Jag107* <ells expressing FutA were mixed with the deletien
mutant <ells at varieus raties (0.1, 0.5, 1, 2.5, 5, 10, 25, and 100%)
standard sample, with each ef sample having three :eplicates. The
50 ul of reactien mixtures <centained 25 ul of Taqusaniigasteriigix
(2 ),0.6 ul of 10 mns ASP, 0.4 pl of 10 mas Taqiisan prebe, 0.6 pl of
10 mas primet, 2.4 ul of 30 pxs blecker elige, and 6 ul of mixed
standatrd sample. The thezmecycling pregram used hete was, 5°@
fer 10 s and then five cy<les with, 2@ fer 15 s and 58° @ fer I min,
fellowed by additienal 40 cy<les with, 2°@ fer 15 s and 60° @ fe:
1 min. A standatd <utve was <enstrucfed by fitting this equatien te
the leg (Ny) and @t values for a knewn seties of No.

Protein expression and purification
The futA gene sequence was subclened inte the pET21a vecte:
(Wevagen) and was transfermed inte E. coli BL21 ( E3) pLysS$ <ells.
Transfermants wete ineculated in LB medium supplemented with
ampicillin (100 mg/ml) and grewn at 37° @ evernight. The <ells were
then transfeized inte fresh medium and grewn at 37°@ when the
P 500 teached 0.8 te 1.0, [IPT® was added te a final cencentratien
of 0.5 mas and induced expression evernight at 20° @ The cells weze
hatvested and suspended in binding buffe: 25 myis tris-H @l (pH 7.5),
100 mys Wa @, and 20 mxs imidazelel and lysed by senicatien en
ice. The recembinant preteins were affinity-purified using aWi-NTA
Wi**-nitriletriacetate) column ($Smatt-lifesciences, €hangzheu,
€@hina) and eluted with buffer 200 mas imidazele, 500 mis Wa @,
100 mag tris-H @ (pH 8.5), and 10 mxg 2-mer<apteethanell. Pre-
teins wete further purified by gel filtratien using a Superdex-75
celumn (®E Health<are) equilibzated against buffer 25 mas tris-H @l
(pH 8.0), 100 m;is Wa @, and 1 mns dithiethzeitell. Last, the pure
preteins were cencentrated with a 30-k» a Vivaspin-20 cenc<entrate:
(®E Healthcaze) te ~10 mg/ml

Enzymatic activity and kinetic analysis
FutA preduces”®D P as a side preduct, the preductien of ®» P vas
thus ceupled with a pyruvate kinase/lactate dehyd:egenase assay te
enable spectzephetemettic menitering of the consumption of WAD H
(nicetinamide adenine dinuc<leetide) (26) hete, the ex<itatien was at
340 nm, and the emissien was at 460 nm fer measuring FutA activity.
The activity was measured at 37°@ for 5 min in a final velume of
0.1 ml centaining 100 mus tris-H @l (pH 7.5), 1 mansun @, 1 mas
phesphecnelpyruvate, 50 uasn AP H, 13.5 U of pyruvate kinase, 30 U
of lactate dehydregenase, 4 mis LaaW A< er lactese, 400 urs P P-
Fuc (@atbesynth @e. Ltd., Betkshite, U ), and app:epriate ameunts of
purified FutA vatiants. The assay was initiated upen the additien of
the purified FutA, and the dectrease in the fluezescence emissien at
460 nm was menitered. pnetic analyses of the FutA variants wete
carried out for the fucesyl dener substrate’®» P-Fuc with the accep-
ter substrates LaaW A< er lactese, as described previeusly (29). The
kinetic parameters were ebtained by fitting initial velecity data te the
wigichaelissigenten equation using’®:aphPad Prism 5.0 (€raphPad In<.).

Crystallization

@:ystallizatien experiments wete cenducted in 48-well plates by the
hanging-d:ep vape: diffusien methed at 3 3 -and each hanging
drep was prepared by mixing 1.0 ul each of pretein selutien and
reserveit selutien. Initial crystallizatien trials yielded seme small
crystals frem the pelyethylene glycel (PE®)/Ien <tystallizatien scteen
(Hampten Reseatch). @tystal quality was impreved by the micte-
seed mattix screening methed (41), and the seed steck was made
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frem the initial crystals. Ultimately, diffractien-quality crystals were
grewn in hanging dreps at 21° @by mixing 1 ul ef pretein 16 mg/ml
in 25 mus tris-H @ (pH 7.5) and 100 masWa @] with an equal velume
of 0.1ian/aES menehyd:ate (pH 6.0), 0.0511s @a @], and 45% PE®-
200. @ ystals belenged te the space greup P 3 2 1, with unit <ell
dimensiens a~ 121.4°A, b~ 121.4°A, ¢ 324'A, B , 0°. @emplex
crystals wetre ebtained by cectystallizatien with’&» P-Fucese. The
‘8D P-Fucese was disselved te a final cencentratien of 2 mus in the
pretein selutien fer 2 heurs at 4° @ befere setting up hanging drep
crystallizatien experiments as desctibed abeve.

Data collection and structure determination
Fer x-ray diffractien experiments, crystals wete fished eut frem the
crystallizatien drep using a nylen leep, seaked briefly in a crye-
pretectant selutien ef the crystallizatien selutien supplemented
with 30% (v/v) ethylene gly<el and flash-ceeled in liquid nifregen.
X-ray diffractien datasets were cellected en beamline BL17U and
BL1, U at the Shanghai Synchret:en Research Facility. All diffrac-
tien data were indexed, integrated, and scaled using H -2000.
Initial phases fer each structure wete determined by melecular
replacement. The structure of apesns32 vas selved using the pre-
gram BALBES with the Aute-Rickshaw pipeline. The structure was
cempleted with alternating reunds ef manual medel building vith
@eot and :efinement with RELnsA @5 in @@P4suite. The structure
of theins32-substrate complex was determined by melecular re-
placement with the pregramias LREP using the apeiis32 as a
seatch medel. The structure of &P P-Fucese was built with @eet
Ligand Builder, and testraints wete created using PR 9 R®. Iterative
medel building was perfermed with @eet seftware, and refinement
was carried eut with REEnasA @5 in @@P4suit. The final medels were
evaluated by PR @€HE@ F(42). D ata cellection and tefinement sta-
tistics are previded in table 85. Pyas L (P eLane Scientific www.
pymel.exg) was used te preduce melecular graphics renditiens.

MD simulation

The simulatiens wete cenducted using the ArsBER14 package witha
ff128B fe:<e field. The initial structure was taken frem eu: de<king
results and then selvated in the truncated ectahedren bexes of 10A,

with ceunter ions added te neutralize the systems. A <uteff of 8'A vas

used for the van der Waals and she:t-tange electrestatic interactiens.

Partial mesh Evald and SHA £ algerithms weze adepted te calcu-

late leng-range electrestatic interactiens and <enstrain the lengths ef
bends with hydregen atems (43). An integratien time step was set te

2 fs. The system was minimized with 500 steps of the steepest descent

methed and 3500 steps of cenjugate gradient algerithm and then

heated te a finite temperature of 2 8 pinWVT (censtant patticle

numbet, velume and temperature) ensemble. After 10-ps simulatiens

for equilibratien, the simulatiens wete precessed in the WPT (cen-

stant particle numbet, pressure, and temperature) ensembleat 3 8 ¢
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Fig. $6. LC-MS analyses of the Le* from LacNAc catalyzed by FutA variants.

Fig. S7. Steady-state kinetics of wild type, M26, and M32 measured using various substrates.
Fig. S8. Structural insight into the improved activity of the best M32 mutant.
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Table S5. Data collection and refinement statistics.

References (44, 45)

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. B.Ma, J. L. Simalagrant, D. E. Taylor, Fucosylation in prokaryotes and eukaryotes.
GY o, g b ¢ 16,158R-184R (2006).

2. E.Miyoshi, K. Moriwaki, T. Nakagawa, Biological function of fucosylation in cancer
biology. J. B.“ ("re’e. 143, 725-729 (2008).

3. M. N. Christiansen, J. Chik, L. Lee, M. Anugraham, J. L. Abrahams, N. H. Packer, Cell surface
protein glycosylation in cancer. Py tg fis 14,525-546 (2014).

4. E.Miyoshi, K. Moriwaki, N. Terao, C.-C. Tan, M. Terao, T. Nakagawa, H. Matsumoto,
S. Shinzaki, Y. Kamada, Fucosylation is a promising target for cancer diagnosis
and therapy. BQ-;@ le¢ Heg 2,34-45 (2012).

5. L.Bode, Human milk oligosaccharides: Every baby needs a sugar mama. GY gb,‘} ¢ 22,
1147-1162 (2012).

6. C.Kunz, S.Rudloff, W. Baier, N. Klein, S. Strobel, Oligosaccharides in human milk:
Structural, functional, and metabolic aspects. A ~Re". N 4. 20, 699-722 (2000).

7. B.Ma, J. L. Simala-Grant, D. E. Taylor, Fucosylation in prokaryotes and eukaryotes.
GY sb“ & 12,158-184(2006).

8. J.R.Diaz, R.J. Carbajo, A. P. Lucena, V. Monedero, M. J. Yebraa, Synthesis of fucosyl-N-
Acetylglucosamine disaccharides by transfucosylation using a-L-Fucosidases
from L% b % llis%e  AppL BB o B M i b+ 79, 3847-3850 (2013).

9. F.H.Arnold, Design by directed evolution. A¢¢. Cie - Res. 31,125-131 (1998).

10. U.T.Bornscheuer, M. Pohl, Improved biocatalysts by directed evolution and rational
protein design. C r. Op . Cle . B | 5, 137-143 (2001).

11. M.S. Packer, D.R. Liu, Methods for fhe directed evolution of proteins. N. Re". Gejet. 16,
379-394 (2015).

12. A.Aharoni, K. Thieme, C. P. C. Chiu, S. Buchini, L. L. Lairson, H. Chen, N. C. J. Strynadka,

W. W. Wakarchuk, S. G. Withers, High-throughput screening methodology
for the directed evolution of glycosyltransferases. N%. Met 3,609-614 (2006).

13. G.Yang, S. G. Withers, Ultrahigh-throughput FACS-based screening for directed enzyme
evolution. Cie , ,‘:le 10, 2704-2715 (2010).

14. G.Yang, J. R. Rich, G. Michel, W. W. Wakarchuk, Y. Feng, S. G. Withers, Fluorescence
activated cell sorting as a general uItra—high—throughput screening method for directed
evolution of glycosyltransferases. J. A ,. Cie_,.% ¢ 132, 10570-10577 (2010).

15. Z.Ge, N. W. Chan, M. M. Palcic, D. E. Taylor, Cloning and heterologous expression
ofan a1,‘3-fucosyltransferase gene from the gastric pathogen Hel g b "tterp/‘ ri
J.Bg L Cie ,.272,21357-21363 (1997).

16. S.L.Martin, M. R. Edbrooke, T. C. Hodgman, D. H. van den Eijnden, M. . Bird, Lewis X
biosynthesis in Hel g Csterp/ §r Molecular cloning of an a(1,3)-fucosyltransferase gene.
J.Bg ld‘e . 272, 21349-21356 (1997).

17. D.A. Rasko, G. Wang, M. M. Palcic, D. E. Taylor, Cloning and Characterization
of the a(1,3/4) Fucosyltransferase of Hel"g b 'lterp/‘ r J'J. B,' I d’e,e . 275, 4988-4994
(2000).

18. L.Engels, L. Elling, WbgL: A novel bacterial a1,2-fucosyltransferase for the synthesis
of 2"-fucosyllactose. G¥ ‘b"-‘ ¢ 24,170-178(2014).

19. D.B.Stein, Y.N.Lin, C. H. Lin, Characterization ofHeIﬁb’trerﬂ} rjol,2-
fucosyltransferase for enzymatic synthesis of tumor-associated antigens. A . Vﬁr‘l. %
350, 2313-2321 (2010). ‘

20. J. Abramson, |. Smirnova, V. Kasho, G. Verner, H. R. Kaback, S. Iwata, Structure
and mechanism of the lactose permease ofEs (‘!wer ’i! ,‘ ° Ir'h Fﬁ(e 301,610-615
(2003).

21. 1.Smirnova, V. Kasho, X. Jiang, H. M. Chen, S. G. Withers, H. R. Kaback, Oversized
galactosides as a probe for conformational dynamics in LacY. P «. N1 At“d. LI S.A.
115, 4146-4151 (2018). |

22. M. Lezyk, C. Jers, L. Kjaerulff, C. H. Gotfredsen, M. D. Mikkelsen, J. D. Mikkelsen, Novel
o-L-fucosidases from a soil metagenome for production of fucosylated human milk
oligosaccharides. PLO$ ONE 11, e0147438 (2016).

23. M. H.Saier Jr., Families of transmembrane sugar transport proteins. My IM fg b,‘ |35,
699-710 (2010).

|

100f 11

6T0Z ‘0T 1870190 U0 /610°Bewadusios saoueApe//:diy Woi) papeojumod


http://www.pymol.org
http://www.pymol.org
http://advances.sciencemag.org/cgi/content/full/5/10/eaaw8451/DC1
http://advances.sciencemag.org/cgi/content/full/5/10/eaaw8451/DC1
https://en.bio-protocol.org/rap.aspx?eid=10.1126/sciadv.aaw8451
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

24. Y. Sun, C.K. Vanderpool, Regulation and function of Eg t)er ’i‘l ," o | sugar efflux
transporter A (SetA) during glucose-phosphate stress. J. B'cteV,‘ 1193, 143-153
(2011).

25. A. Amir, A. Gil, B. Kalia, M. Shlomo, S. D. Tawfik, High-throughput screening of enzyme
libraries: Thiolactonases evolved by fluorescence-activated sorting of single cells
in emulsion compartments. Cie .B,‘ 112,1281-1289 (2005).

26. E.Mastrobattista, V. Taly, E. Chanudet, P. Treacy, B. T. Kelly, A. D. Griffiths, High-

throughput screening of enzyme libraries: In vitro evolution of a B-ga4485 0 BT1-n5llveres1 1 6.5 36 691.3851 TmB.26699 -7.9925 TdR)T/EMC ET&B5.6865 TdRhroughpence-activated sorting of) TjE

Taner 91, $¢ ,‘Ad'. 2019; 5:eaaw8451 9 October 2019 110f 11


http://advances.sciencemag.org/

Science Advances

Directed evolution of an al,3-fucosyltransferase using a single-cell ultrahigh-throughput
screening method

Yumeng Tan, Yong Zhang, Yunbin Han, Hao Liu, Haifeng Chen, Fugiang Ma, Stephen G. Withers, Yan Feng and Guangyu
Yang

Sci Adv 5 (10), eaaw8451.
DOI: 10.1126/sciadv.aaw8451

ARTICLE TOOLS http://advances.sciencemag.org/content/5/10/eaaw8451
,\SA%FE’@\V'LESNTARY http://advances.sciencemag.org/content/suppl/2019/10/07/5.10.eaaw8451.DC1
REFERENCES This article cites 45 articles, 12 of which you can access for free

http://advances.sciencemag.org/content/5/10/eaaw8451#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

6T0Z ‘0T 1870190 U0 /610°Bewadusios saoueApe//:diy Woi) papeojumod

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American
Assaociation for the Advancement of Science. No claim to original U.S. Government Works. The title Science Advances is a
registered trademark of AAAS.


http://advances.sciencemag.org/content/5/10/eaaw8451
http://advances.sciencemag.org/content/suppl/2019/10/07/5.10.eaaw8451.DC1
http://advances.sciencemag.org/content/5/10/eaaw8451#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

