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A high throughput whole cell flow cytometer screenig
toolbox was developed and validated by identifyingmproved
variants (1.3-7-fold) for three hydrolases (esteras lipase,
cellulase). The screening principle is based on cpled
enzymatic reaction using glucose derivatives whicyield upon
hydrolysis a fluorescent-hydrogel-layer on the sudce of
E. coli cells.

Flow cytometer-based screening systems are, dehpiteextremely
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Fur-Shell screening platform, a whole cell actaaompartment in
which H0, is formed through a coupled reaction of phytasd an
glucose oxidase; subsequently a fluorescent monor €r
co-polymerized in a fluorescent polyester hydrogkeell forme -
around E. coli cells expressing active phytase variants
Significantly, the proof of concept of the Fur-Sh&tchnolo v
overcomes technical limitations in flow cytometrgdsed screering
systems in terms of compartmentalization and leakay a
fluorogenic substrate and/or fluorescent produat.the curr ...
report we advanced the screening principles of Eug-Sh-"

Al

high throughput (up to 1.8*I@vents per hour) and a competitivelfechnology into a general high throughput screertmgjbox for

high sensitivity, rarely used in directed evolutioampaigns. This
can be attributed to challenges in the compartriizateon

technology such as double emulsion formation, dpe of the

emulsion, substrate and product compatibility, astdbility of

compartments [1-3]. Flow cytometry whole cell basszteening
systems for directed evolution require fluorogesubstrates which
can diffuse inside the cell and remain entrappednugonversion
into fluorescent products [4-7]. The latter has rbeeported in
directed evolution campaigns for three specific yamzs (P450
monooxygenase, N-acetylgalactosaminidase, proteafg)7].

Therefore, novel screening principles which areegalty applicable
are of high interest for protein engineering andachtalysis.
Recently, we reported a proof of concept for a naa@kening
principle named Fur-Shell which is based on fluoees hydrogel
formation aroundE. coli cells with a phytase as an example. In the
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directed evolution of hydrolases by establishingl aralidati g
screening protocols for three hydrolasesp-nitrobenzyl estera..
from Bacillus licheniformis(pNBEBL) [9], a Bacillus subtilislipa e

A (BSLA) [10], and a cellulase (CelA2) isolated fr@ammetageno. -
library by Streitet al. [11]. Validation was performed for each ¢” th >
three hydrolases through a single round of directedlution v
screening an epPCR random mutagenesis library. Aleetn
hydrolases address enzymes which are of signifiearthetic ar-' "
industrial importance (e.g. esterases and lipasesised in lau,. '
detergents, in the synthesis of pharmaceuticalsl an food
processing [12]; cellulases are applied in e.g.otjgperisation of
cellulose and in food industry [13-15Big. 1 shows the principlc o.
the Fur-Shell technology in four steps.3tep 1the gene divers -
library is generated by epPCR. Subsequently, insedt \&ecir
fragments are cloned by PLICing and the mutant tbres
transformed and expressedBncoli cells [16].Step 2comprises 1e
Fur-Shell technology, which relies on the conversid a substr ...
(B-D-(+)-glucose pentaacetate for esterase and lipadebiose » >~
cellulase) intoB-D-glucose. Subsequently, in a glucose oxi~'~se
coupled reaction D, and glucono3-lactone are produced. Thr ugh
Fenton reaction, radical species frogOhlare generated, initiating «
PEG based co-polymerization of the fluorescent Polyfl”.70
monomer [8].E. coli cells expressing active enzyme vari nts a 2
surrounded by a fluorescent hydrogel shell and ioaBtep 3 e
analysed and sorted by flow cytometer at ratesrofirad 5C° ©
events per second. The sortéf coli cells expressing ac "~
hydrolase variants are plated on agar plates ardrwaif s
transferred for screening in microtiter plates (MYRStep 43.
Alternatively, as reported here iBtep 4h performance params & s
such as low cell survival ofE.coli cells (<8 %) we.
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Fig. 1: Flow cytometer-based sorting principle of the Fur-Shell toolbox for hydrolases in four steps. Step 1: Library generation by epPCR and subsequent cloning F
PLICing, Step 2: E. coli BL21-Gold (DE3) cells producing enzyme variants are incubated with substrate, glucose oxidase and fluorescent labelled monome <
(Polyfluor 570). Fluorescent hydrogel is formed around cells expressing active enzyme variants (+) which allows in Step 3 analysis and sorting (enrichment) by flc v
cytometer at a rate of about 5000 events per second. Finally the E. coli BL21-Gold (DE3) cells are either plated on LB agar plates (Step 4a) or used for plasmid isolati¢
and transformation (Step 4b), in both cases followed by transferring clones into MTPs.

optionally addressed by introducing a plasmid isofastep of BSLA, or CelA2) or cells harbouring pET22b(H#}ig. 2) (sec
sorted cells to rescue mutated genes that encadpdoved ESIT). For E. coli BL21-Gold (DE3) cells expressing - ctiv >
hydrolase variants in non-viabl&. coli cells [8]. Isolated hydrolase variants F{g. 2D: esterasepNBEBL; 2E: lij ase
plasmids are subsequently transformed into compéienoli BSLA; 2F: cellulase CelA2) a strong fluorescent sigi. ' *» s
BL21-Gold (DE3) cells and most beneficial variamere detected which confirms hydrogel formation throuah
identified after screening of hydrolase clones Igdst 360 incorporation of Polyfluor 570E. coli BL21-Gold (DE3) ce¢ 1>
clones per hydrolase) in 96-well MTP format. Corfloc harbouring pET22b(+) Hig. 2A-C) showed little to
microscopy images showing an overlay of transmmssamd fluorescence. InFig. 3 flow cytometry analysis of Fur-Sell
fluorescence were recorded in order to show thierdifice in labelled E. coli BL21-Gold (DE3) cells are shown and cOiunim
the fluorescent signal ofE. coli BL21-Gold (DE3) cells the visual impression of recorded confocal micrggcanage -
producing either active hydrolases (pET22bNBEBL, Comparison ofFig. 3 (A/D; B/E; C/F) shows a signific »r-
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Fig. 2: Overlay of fluorescence and transmission images which were recorded by
confocal microscope analysis (see ESIt), showing the empty vector signal of
E. coli BL21-Gold (DE3) pET22b(+) incubated with the substrate B-D-(+)-glucose
pentaacetate (A/B) or with the substrate cellobiose (C). D/E: E. coli BL21-Gold
(DE3) PpET22b(+)-pNBEBL / E. coli BL21-Gold (DE3) pET22b(+)-BSLA were
incubated with the substrate B-D-(+)-glucose pentaacetate. F: E. coli BL21-Gold
(DE3) pET22b(+)-CelA2 was incubated with the substrate cellobiose.

difference in fluorescence intensity among. coli cells
expressing active hydrolases and those harbounmgnapty
vector. The fluorescent intensity Bf coli cells harbouring an
empty vector was around 20-fold lower comparedEtaoli
cells expressing wildtype hydrolasesFid. 3D: esterase
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Fig. 3: Flow cytometry analysis of Fur-Shell labelled E. coli cells. Density plots
were used to indicate the fluorescent signals generated through E. coli

coated with fluorescent hydrogel shells (recorded by forward scatter (FSC) vers s
fluorescence sighal (Aex 561 nm / Ao, 585 nm)). Gate (P1) was set to sort a.
events with a size <3 pum in order to exclude associated cells [17]. E. cc”
BL21-Gold (DE3) cells were incubated with B-D-(+) glucose pentaaceta =
(A/B/D/E/G/H) or cellobiose (C/F/1) as substrates. A/B/C: E. coli BL21-Gold (DE3,

pNBEBL; 3E: lipase BSLA;3F: cellulase CelA2). One epPCRpET22b(+) cells were used as a negative control to determine the thresholc

random mutagenesis library per hydrolase gene résse

fluorescence. D/E/F: E. coli BL21-Gold (DE3) pET22b(+)-pNBEBL, -BSLA, -CelA2

pnbebl lipasebslaand cellulaseela?d was generated using 0.1wildtype cells were used as a positive control. Random mutagenesis librari s

or 0.2 mM MnC} with an average mutation frequency of 2.

(pnbebl 0.1 mM MnC}), 13.2 psla, 0.2 mM MnC}), and 4.2

Rere generated with epPCR: 0.1 mM MnCl,; pNBEBL (G) 0.2 mM MnCl, for BS!
(H), and 0.2 mM MnCl, for CelA2 (1).

(cela2 0.2 mM MnC}) mutations per kb (see ESIT). Thé )

populations of all three mutant libraries were gsat by flow
cytometer and showed a reduced fluorescent sigmaltd the
presence of inactive hydrolase varianBig(3G: esterase
pNBEBL, 3H: lipase BSLA,3I: cellulase CelA2). The sorting
gate P1 was set to minimize background fluorescigmal
(0.9 %, sedrig. 3A/B/C) from E. coli BL21-Gold (DE3) cells
harbouring an empty vector (Y-axis). This means $96f the
negative, non-fluorescent population is excludedhim sorting
gate and in return solely positive, active cell® aorted.
Additionally, P1 was adjusted using calibration deavith the
forward scatter laser (X-axis) to contain only $éngells being
smaller than 3 um in size in order to exclude assed cells
[17]. E. coli
hydrolase variants were sorted and collecteid.(1, Step 3.

BL21-Gold (DE3) cells expressing active

after flow cytometry sorting: 360 varian{gNBEBL) or 900 variau..
per hydrolase (BSLA; CelA2)). In detail, enrichmerdasaefficie .t
for the CelA2 population(11.7-fold enrichment, 38 % ac ™~
population in sorted libraries); In case NBEBL (1.3-fold
enrichment, 41 % active population in sorted lilmsy and BS A
(1.5-fold enrichment, 44 % active population intedrlibraries) low
enrichment was obtained which was unexpected dueth*
adjustment of the P1 sorting gate. A decrease iogadime
hydrogel formation from 10 min to 2 min, as well dscrease in
monomer concentration did not yield a further iny@ment in
enrichment factors. Nevertheless, in all cases facwmtly hic’
number of active hydrolase variants was obtaine®éwell M1 >

v

DNA of 5*10° sorted E. coli cells was recovered by usingscreening. Two improved variants out of rescreemih@ variai ts

option 4b (Fig. 1, Step 4b plasmid isolation to maintain for pNBEBL, 14 variants for BSLA and 8 variants for Celaz
diversity and to compensate for the survival rate€)) [8]. MTP format were kinetically characterized in detaid compare
Subsequently, isolated plasmids were transformed f{8e corresponding wildtypesFig. S1; Table ). The ester-

expression intcE. coli BL21-Gold (DE3) cells and plated on ; : A
LB-agar (see ESIt). Variants of the three hydrda@e total PNBEBL variant E1 (E256G, G401V) showed an impres3hie

2160 clones) were transferred into 96-well MTPs fdHdher ka and 2-fold lower I value compared to wildtyne
subsequent screening. In case @EXIBEBL the identical PNBEBL, indicating a high specific activity. In E1 (&2,
substratef{-D-(+)-glucose pentaacetate) was employed for flo®401V), the E256G substitution has not been regoyts and
cytometry and MTP screening (see principle and gadace in located on surface giNBEBL. The G401V substitution is lc~ate
ESIT); in case of CelA2 the similar substrate 4yextto the H400 which is part of the catalytiatki and the pc sition
methylumbelliferyl-D-cellobioside (4-MUC) was employed,yas reported to increase thermostability pafiitrobenzyl este
and in case of the BSLA-nitrophenyl acetatepNPA) was oy he BS|A variant L1 (Y139D) showed 1.3-folctiase in ¥

used due to better sensitivi and established esan . . . ; )
procedures in 96-well MTP formt?e/lt [18, 19]. Enricmnﬁactorgs compared to the wildtype BSLA. Amino acid substiatiy139D s

were determined by activity measurements and catiedl by located in close vicinity to the substrate bindpugket and the «10e
dividing the percentage of active populations afted before chain is turned to the outside of the molecule.itRos Y139 ...
flow cytometry sorting (number of clones analyseefobe BSLA has not been reported yet. CelA2 variant C1 (V322757 ,
sorting: 180 variants per hydrolase; number of etoanalysed g398v) showed a 1.9-fold increase igykcompared to wildty ~

w
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Table 1: Kinetic characterization opNBEBL, BSLA and CelA2 was 1. S.van der Graaf, C. G. P. H. Schroen and R. MnBdo Me= -

performed regarding ¥ ke and U/mg. pNBEBL was kinetically

characterized at 22°C with the fluorometric Ampliereening system (see Sci, 2005, 251, 7-15.
Fig. S2AESIT). BSLA was kinetically characterized with tbalourimetric 2. K. Pays, J. Giermanska-Kahn, B. Pouligny, J. Bée# 4
substrateNPA (at 22°C, pH 6.5) (sd€ig. S2BESIT). CelA2 was kinetically F. L. Calderony. Controlled Releas®002,79, 193-205.

characterized with the fluorogenic substrate 4-M@&E30°C; pH 7.2) (see . . . -
Fig. S2C ESIT). Units are defined as: 1 U @NBEBL catalyzes the A. B. Theberge, F. Courtois, Y. Schaerli, M. Figdfiner, <.
conversion of 1 mmd-D-(+)-glucose pentaacetate per second, 1 U of BSLA  Abell, F. Hollfelder and W. T. HuckAngew. Chem., Int. Ed. E. ..,
catalyzes the conversion to 1 unpdP per minute, 1 U of CelA2 catalyzes 2010,49,5846-68.

the conversion to 1 pmol 4-MU per minute. 4. A.J. Ruff, A. Dennig, G. Wirtz, M. Blanusa and Schwanebe. _,
— Ulg ACS. Catal.2012,2, 2724-2728.
Enzyme (substitution) K wlM) ea [1/5] [mmol/s*g] 5. F. Courtois, L.F. Olguin, G. Whyte, A. B. Thebergs, T.
pNBEBL wildtype 540+170 26.+1 481+24
E1 (E256G, G401V) 270450 18644 3415168 Huck, F. Hollfelder and C. Abelknal. Chem.2009,81, 30C _
E2 (F313S) 300+100 169+7 3106+107 3016.
Ky [uM] K cat [1/s] [pmoll/Jr;Tn%mg] 6. K. Kalidasan, Y. Su, X. Wu and S. Q. YaBhem. Comm:
BSLA wildtype 1259+92 3.4+0.1 10.7+0.3 (Cambridge, U. K.)2013,49, 7237-9.
L1 (Y139D) 1893+241 4.3+0.2 13.440.7 . . .
L2 (R60Q, S166G) 18074243 4.240.2 13.140.7 7. R.Tu, R. Martinez, R. Prodanovic, M. Klein and Sthwanebera
/ J. Biomol. Screen2011,16, 285-94.
K [uM] Kea [L5] /Mg . . " . .
) [Hmol/min*mg] 8. C. Pitzler, G. Wirtz, L. Vojcic, S. Hiltl, A. BokeR. Martinez and
CelA2 wildtype 17048 0.15+0.02 0.14+0.02 ]
C1(V37A, E275G, E398V) 18949 0.26+0.03 0.220.03 U. Schwanebergzhem. Biol. 2014,21,1733-42.
C2 (N135S) 1729 0.26+0.03 0.23+0.03 9. B. Veith, C. Herzberg, S. Steckel, J. Feesche, KMdure
Ehrenreich, S. Baumer, A. Henne, H. Liesegang, RrkM A.
CelA2. Position E275 is located on the surface betwevo R- Ehrenreich and G. Gottschald, Mol. Microbiol. Biotechnol.,
sheets, position E398 is located in the middle ai-lelix, and 2004,7,204-11.

position V37 was not covered by the homology madkich was  10. T. Eggert, G. van Pouderoyen, B. W. Dijkstra andEK.Jaege.,
generated on the basis of a glycosyl hydrolase lfar@i (GH9) FEBS Lett. 2001,502, 89-92.

cellobiosidase fromClostridium cellulovorans(PBD ID: 3RX7).
None of the three substituted positions in CelAZiararC1 have 11.N. limberger, D. Meske, J. Juergensen, M. SchutteBarthe.

been reported yet. Compared to standard directeghenevolution U. Rabausch, A. Angelov, M. Mientus, W. Liebl, R. &ch
campaigns (low mutagenesis frequency, 1200-1500@anta and W. R. Streit, Appl. Microbiol. Biotechnol.2012,95, 135-46
screened per round; 1.5-2.5-fold improved actij2tj) the obtained  12. T. Eggert, G. Pencreac'h, I. Douchet, R. Verger lan&. Jaeg -
improvements were comparable to one round of elluh case of Eur. J. Biochem.2000,267,6459-69.

BSLA and CelA2 and impressive in casepbfBEBL (7-fold). The 13. Y. Sun and J. Chengjoresour. Technol2002,83, 1-11.
number of clones screened in 96-well MTPs (on ayera720) is

significantly lower compared to standard directedolation 14.S. Ito’EXtrem_Oph"eSlgw‘l’ 61-6.

experiments. Therefore the Fur-Shell technologyoisi our point of ~ 1°- M- K. Bhat,Biotechnol. Adv.2000,18, 355-83.

view best used as prescreening system in ordeptaté active cells 16. M. Blanusa, A. Schenk, H. Sadeghi, J. Marienhager &
from large cell populations (>1Ccells) into a MTP format and U. Schwaneberginal. Biochem.2010,406,141-6.

thereby to minimize screening efforts in a coseeff’e manner. The 17. H. E. Kubitschek,). Bacteriol.,1990,172,94-101.

three hydrolase examples show that we advancedrFthmeShell 18 c. | ehmann, F. Sibilla, Z. Maugeri, W. R. Streit,[® de N .,
screening principle into a general platform foredied hydrolase R. Martinez and U. Schwanebei@reen. Chem.2012, 14, 2714-

evolution by reporting first validated protocolsr fan esterase, a 2796
lipase, and a cellulase. The developed protocel®asy in use and T ' ' ~
time-efficient when compared to other reported floytometry- ~ 19. K. Shirai, R. L. Jackson and D. M. Quinh, Biol. Chem..19¢

based screening systems in directed evolution. diadlenges in 257,10200-3.
emulsion compartmentalization based systems sucleaksige of  20. B. Spiller, A. Gershenson, F. H. Arnold and R. @&v8ns,Pro.:
fluorogenic substrates and/or fluorescent prodacis crosstalk of Natl. Acad. Sci. U. S. A1999.96, 12305-10.

double emulsions are solved in Fur-Shell screempiagform. The
principle of fluorescent hydrogel formation arounwtiole cells can
likely be expanded to alternative fluorescent hgets (Fur-Shells)
as well as enzyme classes and has from our pointievf the
potential to establish flow cytometry as standamening format in
directed enzyme evolution.
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