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12 Abstract
13 A screening among marine yeasts was carried out for nitrile hydrolyzing activity.Meyerozyma guilliermondii LM2 (UBOCC-A-
14 214008) was able to efficiently grow on benzonitrile and cyclohexanecarbonitrile (CECN) as sole nitrogen sources. A two-step
15 one-pot method for obtaining cells ofM. guilliermondii LM2 endowed with high nitrilase activity was established; the resulting
16 whole cells converted different nitriles with high molar conversions and showed interesting enantioselectivity toward racemic
17 substrates. Nitrilase from M. guilliermondii LM2 displayed high activity on aromatic substrates, but also arylaliphatic and
18 aliphatic substrates were accepted. Salt-resistantM. guilliermondii LM2 was used in media with different salinity, being highly
19 active up to 1.5 M NaCl concentration. Finally, hydrolysis of nitriles was efficiently performed using a bioprocess (yeast growth
20 and biotransformation with resting cells) entirely carried out in seawater.

21 Keywords Marine yeast . Nitrilase .Meyerozyma guilliermondii . Seawater . Biocatalysis

22

23 Introduction

24 Important traits for the development of biotechnological pro-
25 cesses are the ability, exhibited by some microorganisms, to
26 tolerate some of the most common stresses in industrial pro-
27 cesses such as high osmotic pressure, high temperature, unfa-
28 vorable pHs, and presence of organic cosolvents. The search
29 of microorganisms with improved properties has led to an
30 increased interest of scientific community in marine habitat
31 as location for enzyme bio-prospecting activity. This is due
32 to the great potential of marine enzymes compared to the
33 terrestrial counterparts, which is related to the ecological
34 niches where they live (hydrothermal vents, oceanic caves,
35 and high-pressure areas). As marine organisms live in high
36 salinity environments, their enzymes are expected to have
37 peculiar properties, for example high salt tolerance,

38thermostability, barophilicity, and cold adaptivity (Trincone
392011). Exploitation of extremophile microorganisms from
40marine environment can represent a reliable alternative to
41mesophilic systems. Recently, species having these character-
42istics have been isolated from extreme environments, such as
43deep-sub-seafloor sediments (Chi et al. 2009; De Vitis et al.
442015; Margesin and Schinner 2001; Rédou et al. 2015; Zaky
45et al. 2014). Moreover, the use of marine microorganisms
46opens the way to the use of seawater as alternative to potable
47water both as fermentation and biotransformation medium,
48thus improving the greenness of the bioprocess. The use of
49water as solvent in bioprocesses is highly desirable from the
50sustainable chemistry point of view and, in this frame, seawa-
51ter, accounting for 97% of the world’s water, can be a prom-
52ising alternative water resource (Anderson 2012; Domínguez
53de María 2013; Zambelli et al. 2015).
54Nitriles are widely spread in nature and synthetic nitriles
55are commonly used in organic chemistry as solvents, building
56blocks in the synthesis of drugs, plastics, resins, dyes, pesti-
57cides, and cosmetics (Banerjee et al. 2002). Their convention-
58al chemical hydrolysis requires harsh reaction conditions
59(acidic or alkaline pH and temperature above 100 °C) and it
60is plagued by the formation of undesired by products and large
61amounts of waste (Debabov and Yanenko 2011). Enzymatic
62hydrolysis of nitrile compounds is an established alternative
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63 method to avail a broad spectrum of useful amides and car-
64 boxylic acids (Martínková and Křen 2010).
65 Two possible routes do exist to achieve the hydrolysis of
66 nitriles (Debabov and Yanenko 2011). The first one relies on
67 the action of nitrilases (EC 3.5.5.1) which catalyze the direct
68 cleavage of organic nitriles into carboxylic acid and ammonia.
69 The second route involves two subsequent reactions: the first
70 one is catalyzed by a nitrile hydratase (EC 4.2.1.84) which
71 transforms nitrile into amide that is thus hydrolyzed to carbox-
72 ylic acid by an amidase (EC 3.5.1.14). Nitrilases can be further
73 divided into three subgroups depending on their substrate
74 specificity (aromatic, aliphatic and arylaliphatic), although
75 some of them are proven to accept a broad range of substrates.
76 Most of nitrilases are derived from bacteria, filamentous fungi,
77 and plants while yeast nitrilases are less frequently described
78 and exploited, despite more than 60 nitrile-metabolizing
79 yeasts have been isolated (Gong et al. 2012). In addition, the
80 two-step hydrolysis catalyzed by nitrile hydratase and ami-
81 dase is more frequently described in yeast.
82 In this work, a collection of yeasts isolated from deep sub-
83 seafloor sediments and deep-sea hydrothermal vents (Burgaud
84 et al. 2015; Rédou et al. 2015) was investigated for the ability
85 to metabolize and use nitriles as nitrogen sources. The produc-
86 tion of the nitrilase activity in the selected strain was opti-
87 mized and the resulting biocatalyst was tested for its activity
88 toward different aromatic, aliphatic, and arylaliphatic nitriles.
89 Moreover, the whole process (fermentation and biotransfor-
90 mation) was set up in seawater, demonstrating the feasibility
91 of the green approach.

92 Materials and Methods

93 General

94 All reagents and solvents were obtained from Sigma Aldrich
95 (Milano, Italy) and used without further purification or drying.
96 TLC was performed with Merck silica gel 60 F254 pre-coated
97 plates. HPLC analyses were performed by using a Merck-
98 Hitachi equipped with a UV/Vis detector Merck-Hitachi.
99 Natural seawater (pH 8) was collected from the Camogli
100 beach (Genova, Italy) and micro-filtered prior use; a water
101 salinity of 35 PSU was reported by ARPA (Agenzia
102 Regionale Prevenzione e Ambiente) for this area.

103 Strains and Growth Conditions

104 A collection of marine yeasts was previously created from
105 deep sub-seafloor sediments and deep-sea hydrothermal vents
106 (Burgaud et al. 2015; Rédou et al. 2015). All isolates are
107 available in the UBO Culture Collection (http://www.univ-
108 brest.fr/ubocc) (Online Resource 1).

109For long-term storage, yeast strains were maintained at −
11080 °C on 15% (vol/vol) glycerol and 85% (vol/vol) yeast
111peptone dextrose (YPD) medium (10 g/L yeast extract, 20 g/
112L peptone, 20 g/L glucose).
113Cell growth was monitored by measuring the increase of
114optical density at 600 nm (OD600) using a spectrophotometer
115(Jenway 7315; Bibby Scientific Limited, Stone, UK). Liquid
116cultures were grown at 28 °C under shaking (150 rpm). Cells
117from pre-cultures grown overnight on YPDwere harvested by
118centrifugation (5000 rpm, 10 min), washed with 0.9% NaCl
119and inoculated at an optical density of 0.1 into the final culture
120medium.
121The following Q1media were used for yeast cultivation:

122YPD medium: 10 g/L yeast extract, 20 g/L peptone, and
12320 g/L glucose.
124Yeast nitrogen base (YNB) mineral medium: 20 g/L glu-
125cose, 1.7 g/L yeast nitrogen base (YNB) without amino
126acids, and ammonium (Difco, Detroit, MI), 0.1 M MES
127pH 6.
128Corn steep dextrose (CSD) medium: 20 g/L glucose,
1290.75 g/L (NH4)2SO4, 1 g/L corn steep, 0.5 g/L MgSO4,
1301 g/L K2HPO4, 0.1 g/L CaCl2, and 0.1 M MES pH 6
131(fresh water).

132Seawater CSD medium was prepared with the same com-
133position of CSDmedium but prepared with seawater and filter
134sterilized.
135For induction with shift method, cells grown in YPD were
136harvested by centrifugation (5000 rpm, 10 min), washed with
1370.9% NaCl, and inoculated at an optical density of 10 or 35
138(OD10 or OD35) in YNB medium supplemented with
139cyclohexanecarbonitrile (6–50 mM). The cells suspension
140was then incubated at 28 °C under shaking (150 rpm) for 3–
14136 h for nitrilase induction.
142For induction in CSDmedium, after exhaustion of nitrogen
143(24 h), cells were diluted to OD10 (2 gdry weight/L) with fresh
144CSD medium lacking (NH4)2SO4 and corn steep.
145Cyclohexanecarbonitrile (12.5 mM) was then added and the
146cell suspension was incubated at 28 °C under shaking
147(150 rpm) for 16 h.

148Screening for Nitrile Utilization

149Yeasts were cultured on Petri dishes containing solid mineral
150me d i um (YNB ) a n d e i t h e r b e n z o n i t r i l e o r
151cyclohexanecarbonitrile (0.2 g/L, 0.4 g/L, 0.6 g/L) as sole nitro-
152gen source. The nitrile was added to the agar at 45–50 °C, and the
153homogenous mixture was poured in Petri dishes. Different
154amounts of yeast cells (105, 104, and 103 cells) were spotted on
155the surface of the agar plates. Then, the plates were incubated at
15630 °C for 3 days, and the ability to metabolized nitriles was
157estimated by colony formation. The control experiment was

Mar Biotechnol

JrnlID 10126_ArtID 9875_Proof# 1 - 11/01/2019

http://www.univ-brest.fr/ubocc
http://www.univ-brest.fr/ubocc


AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

158 prepared by spotting yeasts on mineral medium and glucose
159 without the addition of nitrile.

160 Glucose, Nitrogen, and Dry Weight Determination

161 The concentrations of glucose and inorganic nitrogen were
162 determined in culture supernatants by employing commercial
163 enzymatic kits (Roche, R-Biopharm Italia), after removal of
164 the cells by centrifugation (5 min at 5000 rpm).
165 Total nitrogen (organic and inorganic) concentration in culture
166 supernatants was determined by the Kjeldahl method using a
167 SpeedDigester K-376 and a KjelMaster K-375 (Buchi Italia).
168 Dry weight determination was performed after the removal of
169 the cells from themedium by filtration (0.45μmglass microfiber
170 GF/A filter; Whatman). The filters were washed with three vol-
171 umes of de-ionized water and dried overnight at 105 °C.

172 Biotransformations

173 The induced cells were harvested from the growth/induction
174 media by centrifugation (10 min at 5000 rpm), washed twice
175 with the biotransformation buffer and then resuspended in the
176 same buffer. The nitrilase activity of resting cells was deter-
177 mined in reaction mixtures (5 mL final volume) containing
178 50μmol of substrate and an appropriate amount of cells (2 gdry
179 weight/L) in phosphate buffer (0.025 M pH 7.0). The reaction
180 mixtures were incubated at 28 °C and maintained under orbit-
181 al shaking at 150 rpm. The effect of pH was determined under
182 standard conditions using 0.025 M sodium acetate buffer
183 (pH 5.0), 0.025 M sodium phosphate buffer (pH 6.0–8.0),
184 0.025 M Tris-HCl buffer (pH 9.0). Alternatively, micro-
185 filtered seawater or phosphate buffer supplemented with
186 NaCl were used as reaction media. The assays with
187 phathalonitrile and homophtalonitrile contained in addition
188 1% (v/v) of DMSO in order to dissolve the substrates. After
189 different time intervals, samples (0.5 mL each) were taken and
190 the reactions were stopped by the addition of 1 M HCl
191 (0.05 mL). The samples were then extracted with ethyl ace-
192 tate. The organic phase was collected, evaporated, and ana-
193 lyzed by HPLC. Specific activity was determined when the
194 conversion of the substrate was below 15%. 1 U/mg corre-
195 sponds to the amount of enzyme that converts 1 μmol of
196 substrate per minute per milligram of cell dry weight.

197 Analytical Methods

198 The different nitriles, benzamide and their corresponding acids
199 were analyzed by HPLC. For the achiral analysis, a reversed-
200 phase Lichrospher RP18 5 μm (Merck) was used (mobile phase:
201 H2O/acetonitrile 60:40 + 0.1% trifluoroacetic acid, 1 mL/min,
202 220 nm). Retention times: benzonitrile, 8.1 min; benzoic acid,
203 4.6 min; benzamide, 2.9 min; phenylacetonitrile, 7.9 min; 2-
204 phenylacetic acid, 4.3 min; phathalonitrile, 6.4 min; 2-

205cyanobenzoic acid, 4.0 min; phthalic acid, 2.7 min;
2062-(cyanomethyl)benzonitrile, 6.3 min; 2-(cyanophenyl)acetic acid,
2074.0 min; and 2-carboxyphenylacetic acid, 2.9 min. Separation of
2084 - ( t r i f l u o r o m e t h y l ) b e n z o n i t r i l e ,
2092-(4-(trifluoromethyl)phenyl)acetonitrile and corresponding acids
210was achieved with a Purosphere STAR RP-18 endcapped 3 μm
211(Merck) (mobile phase: H2O/acetonitrile 50:50 + 0.1%
212trifluoroacetic acid, 0.5 mL/min, 222 nm, 40 °C). Retention times:
2134 - ( t r i f l u o r o m e t h y l ) b e n z o n i t r i l e , 2 . 2 m i n ;
2144 - ( t r i f l u o r om e t h y l ) b e n z o i c a c i d , 1 . 4 m i n ;
2152-(4-(trifluoromethyl)phenyl)acetonitrile, 2.1 min; and
2162-(4-(trifluoromethyl)phenyl acetic acid, 1.3 min.
217Separation of the enantiomers of chiral compounds was
218achieved with a Lux-Cellulose 3 (Phenomenex) (mobile phase:
219n-hexane/2-propanol 98:2 + 0.1% trifluoroacetic acid, 1mL/min,
220220 nm). Retention times: (R)-2-phenylpropionitrile, 8.6 min;
221(S)-2-phenylpropionitrile, 8.9 min; (R)-2-phenylpropionic acid,
22226.5 min; (S)-2-phenylpropionic acid, 28.8 min; (R)-2-
223phenylbutyronitrile, 7.7 min; (S)-2-phenylbutyronitrile, 8.6 min;
224(R)-2-phenylbutyrric acid, 23.9 min; and (S)-2-phenylbutyrric
225acid, 25.7 min.
226For separation of enantiomers of mandelonitrile and
227mandelic acid, the mobile phase composition was n-hexane/
2282-propanol 90:10 + 0.1% trifluoroacetic acid. Retention times:
229(R)-mandelonitrile, 10.3 min; (S)-mandelonitrile, 12.8 min;
230(R)-mandelic acid, 11.8 min; and (S)-mandelic acid, 13.6 min.
231Biotransformations of aliphatic nitriles were monitored by
232quantifying the corresponding acids in the not-extracted sam-
233ples using a Rezex ROA organic acid column (mobile phase
2340.005 N H2SO4, 1 mL/min, 60 °C, 210 nm). Quantification
235was achieved by using calibration curve prepared with authen-
236tic standards. Retention times: cyclohexancarboxylic acid,
23742.7 min; isovaleric acid, 31.5 min; malonic acid, 12.9 min;
238and cyanoacetic acid, 13.7 min.

239Lyophilized Cell Preparation

240After cultivation and induction, cells were harvested by cen-
241trifugation (5000 rpm, 10 min), washed once with 0.9%NaCl,
242and suspended in 10 mL of either de-ionized water, 1 M sor-
243bitol, or 0.9% NaCl. The cell suspension was then frozen and
244freeze dried under vacuum for 48 h. The lyophilized prepara-
245tions were stored under anhydrous environment at room tem-
246perature and re-hydrated in the biotransformation buffer for
24715 min at 28 °C under orbital shaking at 150 rpm before use.

248Results

249Screening for Nitrile Utilization

250A collection of 20 marine yeasts from deep sub-seafloor sed-
251iments and deep-sea hydrothermal vents (Burgaud et al. 2015;
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252 Rédou et al. 2015) (Online Resource 1) was screened on solid
253 m e d i um c o n t a i n i n g e i t h e r b e n z o n i t r i l e o r
254 cyclohexanecarbonitrile as sole nitrogen source (range of con-
255 centration 0.02–0.06%). Only Meyerozyma guilliermondii
256 strains (eight strains) showed the ability to grow under the
257 tested condition (Table 1); nitrilase and amidase activities
258 were previously observed in strains of M. guilliermondii
259 (Dias et al. 2000; Zhang et al. 2017). The investigation was
260 then focused onM. guilliermondii LM2 (UBOCC-A-214008)
261 that has been previously demonstrated as one of the most
262 halotolerant strains.

263 Constitutive or Induced Nature of Nitrilase

264 To test the constitutive or induced nature of nitrilase, M.
265 guilliermondii strain LM2 was cultivated on YPD or in the
266 same medium in presence of an inducer (12.5 mM
267 benzonitrile or cyclohexanecarbonitrile), and the presence of
268 nitrilase activity was evaluated as the ability of whole cells
269 (2 gdry weight/L) to convert benzonitrile (10 mM) into benzoic
270 acid. Cells collected after 48 h of growth did not perform any
271 conversion, even when the inducers were present in the culti-
272 vation medium, indicating that nitrilase activity in M.
273 guilliermondii is not constitutively expressed. Likewise, cells
274 cultivated on YPD for 24 h and then shifted to a mineral
275 medium (YNB) containing ammonium sulfate (5 g/L) and
276 cyclohexanecarbonitrile (12.5 mM) as inducer showed that

277after 24 h they were still unable to convert benzonitrile. This
278result suggested that nitrilase activity could be under nitrogen
279repression. To demonstrate this hypothesis, cells were culti-
280vated for 48 h in mineral medium YNB containing 12.5 mM
281cyclohexanecarbonitrile (CECN) as sole nitrogen source and
282nitrilase activity was tested. These cells (used at 2 gdry weight/L
283concentration) completely converted 10mMbenzonitrile after
2842 h of bioconversion. These evidences suggested that the in-
285duction of nitrilase is effective only in complete absence of
286other nitrogen sources.

287Optimization of Nitrilase Induction and Cell
288Cultivation Method

289Several studies reporting the use of nitrile utilizing microor-
290ganisms describe the induction of the enzyme by growing
291cells in mineral media containing nitrile compounds as sole
292nitrogen source (de Oliveira et al. 2013; Dias et al. 2000;
293Kaplan et al. 2006). However, this strategy is plagued by the
294long times required for the growth and by the low biomass
295production, due to nitrile toxicity that limits the amount of
296usable nitrogen. Thus, we attempted to set-up a procedure
297based on the separation between the growth phase (aimed at
298biomass production), and the nitrilase induction phase. To
299identify the most efficient inducer, cells cultivated for 24 h
300on YPD were transferred, at an optical density of 10, to min-
301eral medium in presence of different inducers (benzonitrile,

t1:1 Table 1 Growth of marine yeasts
on solid YNBmedium containing
different nitriles as sole nitrogen
source (0.06–0.12%)

t1:2 Microorganism Benzonitrile Cyclohexanecarbonitrile

t1:3 Mo40 Debaryomyces hansenii Nd Nd

t1:4 Mo34 Hortaea werneckii Nd Nd

t1:5 Mo31 Candida atlantica Nd Nd

t1:6 Mo29 Cryptococcus sp. Nd Nd

t1:7 Mo35 Rhodotorula mucilaginosa Nd Nd

t1:8 Mo38 Rhodosporidium diobovatum Nd Nd

t1:9 Mo39 Candida marinus Nd Nd

t1:10 Ex7 Rhodotorula mucilaginosa Nd Nd

t1:11 Ex15 Meyerozyma guilliermondii Yes Yes

t1:12 Bio1 Candida viswanathii Nd Nd

t1:13 Bio2 Debaryomyces hansenii Nd Nd

t1:14 LM 16 Rhodotorula mucilaginosa Nd Nd

t1:15 LM 18 Rhodotorula mucilaginosa Nd Nd

t1:16 LM 2 Meyerozyma guilliermondii Yes Yes

t1:17 LM 1 Meyerozyma guilliermondii Yes Yes

t1:18 LM 3 Meyerozyma guilliermondii Yes Yes

t1:19 LM 5 Meyerozyma guilliermondii Yes Yes

t1:20 LM 6 Meyerozyma guilliermondii Yes Yes

t1:21 LM 7 Meyerozyma guilliermondii Yes Yes

t1:22 LM 9 Meyerozyma guilliermondii Yes Yes

Nd not detectable growth
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302 cyclohexanecarbonitr i le , isovaleronitr i le , and 2-
303 cyanopyridine) as sole nitrogen source, for additional 24 h.
304 The recovered cells proved to possess the highest nitrilase-
305 specific activity (0.08 U/mgdry cells) when induced by
306 12.5 mM cyclohexanecarbonitrile (CECN) (Fig. 1).
307 To optimize the nitrilase expression, an appropriate ratio
308 between the amount of cells and inducer was established.
309 Two concentrations of cells (2 gdry weight/L and 7 gdry weight/
310 L, corresponding to 10 OD and 35 OD, respectively) were
311 exposed toward increasing concentrations of CECN (6–
312 50 mM) for 24 h. Figure 2 shows that the optimal CECN
313 concentration for obtaining the highest induced activity was
314 12.5 mM. In fact, lower concentrations of CECN (6–9 mM)
315 provided lower induced activity, whereas concentrations
316 higher than 12.5 mM negatively affected nitrilase activity,
317 even at higher cell concentration, probably because of nitrile
318 toxicity. On the other hand, higher concentration of cells ex-
319 hibited a lower nitrilase activity when induced in presence of
320 12.5 mM CECN. In conclusion, the proper cell/inducer ratio
321 was found to be 2 gdry weight/L of cells (corresponding to 10
322 OD) and 12.5 mM CECN (0.08 U/mgdry cells).
323 The time required for reaching the highest nitrilase activity
324 was then investigated. Cells collected after different periods of
325 induction in presence of 12.5 mM CECN were analyzed by
326 assaying nitrilase activity. After 16 h from the addition of
327 CECN, a nitrilase activity of 0.12 U/mgdry cells was obtained
328 (Fig. 3), but this level subsequently decreased, probably due to
329 the exhaustion of CECN.
330 These findings prompted us to assess the feasibility of a
331 two-step one-pot culture method that could allow reaching
332 nitrilase-induced biomass production and in short time. To
333 set-up this strategy, cultivations on media containing different
334 carbon to nitrogen ratio were performed, with the aim to ob-
335 tain in 24 h the growth of biomass and nitrogen exhausted, and
336 then to induce the maximum of nitrilase expression in the
337 following 16 h. During the growth phase, nitrogen and trace
338 elements were supplied as ammonium sulfate and corn steep,
339 which is a suitable industrial source. After the growth phase
340 on CSD medium, (20 g/L glucose, 0.75 g/L (NH4)2SO4,1 g/L

341corn steep, 0.5 g/L MgSO4, 1 g/L K2HPO4, 0.1 g/L CaCl2,
3420.1 MMES pH 6), when nitrogen was exhausted, the biomass
343was induced by addition of fresh medium lacking both nitro-
344gen and corn steep and containing CECN to achieve the prop-
345er biomass/inducer ratio (biomass 2 gdry weight/L and 12.5 mM
346CECN) (see “Materials and Methods” section for details). At
347the end of this process, the biomass showed 0.06 U/mgdry cells

348of nitrilase-specific activity. In addition, for comparison, we
349tested also the one-step process, assessing the effect caused by
350the presence of inducer into the medium since the beginning.
351In this case, more than 50% reduction in specific nitrilase
352activity (0.024 U/mgdry cells) was obtained. This was probably
353due to the unfavorable cell/inducer ratio (biomass 4 g/L and
35412.5 mM CECN), in accordance with the results showed
355above (Fig. 2). Interestingly, we observed that the nitrilase-
356specific activity obtained by the processes performed in CSD
357medium containing corn steep was lower than that obtained by
358cultivating the cells in YPD and inducing them in mineral
359medium YNB. This could be ascribed to the lack of some
360essential components such as trace elements initially provided
361by corn steep, but that were not restored when the biomass, for
362the induction phase, was diluted in CSDmedium lacking corn
363steep. This hypothesis was confirmed by cultivating cells on
364CSD medium and diluting, for nitrilase induction, with YNB-
365N-free medium and 12.5 mM CECN. In this case, a higher
366specific nitrilase activity was in fact obtained (0.1 U/mgdry

Fig. 1 Induction ofQ2 nitrilase by different compounds (12.5 mM each),
calculated as specific activity on 10 mM benzonitrile

Fig. 2 Effect of inducer (cyclohexanecarbonitrile)/cells concentration
ratio on nitrilase specific activity on 10 mM benzonitrile

Fig. 3 Induction time of nitrilase specific activity (assessed on
benzonitrile) by 2 gdry weight/L of cells and 12.5 mM CECN
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367 cells). In conclusion, an efficient strategy in two steps was
368 developed to obtain biomass and nitrilase induction: the first
369 step implies using the nitrogen sources useful to obtain yeast
370 biomass, the second step at the proper biomass/inducer ratio
371 and in presence of trace elements.

372Substrate Scope

373Induced whole cells of M. guillermondii were tested for bio-
374transformation of different aromatic mono- and di-nitriles
375(Table 2).

t2:1 Table 2 Hydrolysis of different achiral aromatic nitriles with whole
cells of M. guillermondii LM2. Biotransformations were carried out
with freshly prepared cells (2 mgdry weight/mL) suspended in phosphate

buffer (0.025 M, pH 7) and 10 mM substrate at 28 °C. Molar conversions
were determined by HPLC analysis

Entry Substrate Product Yield (%) Time (h)

1 >95 2

2 84 2

3 95 3

4 < 3 2

5 10 24

6 90 2

7 >95 3

8 56 2

9 90 5

10 12 2

11 70 24

Mar Biotechnol

JrnlID 10126_ArtID 9875_Proof# 1 - 11/01/2019



AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

376 Benzonitrile and 4-(trifluoromethyl)benzonitrile were con-
377 verted rapidly and quantitatively by whole cells of M.
378 guillermondii LM2 (entries 1–3, Table 2), whereas
379 phthalonitrile furnished the corresponding monoacid (2-
380 cyanobenzoic acid) with low yield (entries 4 and 5, Table 2),
381 most likely for the steric hindrance due to the ortho substitu-
382 ent; the negative influence of the cyano group in ortho posi-
383 t ion was conf i rmed in the biot ransformat ion of
384 2-(cyanomethyl)benzonitrile, which was selectively convert-
385 ed to 2-(2-cyanophenyl)acetic acid with no formation of the
386 corresponding diacid (entries 10 and 11, Table 2), as previous-
387 ly observed with other nitrilases (Hoyle et al. 1998; Meth-
388 Cohn and Wang 1997). Nitrilase of M. guillermondii cata-
389 lyzed also the quantitative conversion of 2-phenylacetonitrile
390 and 2-(4-(trifluoromethyl)phenyl)acetonitrile into the corre-
391 sponding carboxylic acids (entries 6–9, Table 2).
392 It should be underlined that only 2 mgdry weight/mL of
393 whole cells were used in these trials, indicating a high-
394 specific activity of the nitrilase involved in these biotransfor-
395 mations. Experiments were also carried out using benzamide
396 (10 mM) as substrate, but only sluggish activity was observed
397 (< 5% conversion after 24 h), thus showing that the activity
398 involved in the −C ≡ N hydrolysis is mostly due to true
399 nitrilase(s).
400 Whole cells of M. guillermondii LM2 were also used for
401 hydrolyzing racemic nitriles (Table 3);M. guillermondii LM2
402 enantioselectively produced optically pure (R)-mandelic acid
403 with high yield by dynamic resolution of the racemic substrate
404 (entry 3, Table 3), due to spontaneous racemization of (S)-
405 mandelonitrile, as previously observed with other nitrilases
406 (Zhang et al. 2016). (R,S)-2-phenylpropionitrile was

407converted with good-to-moderate enantioselectivity (E = 16)
408to (R)-2-phenylpropionic acid; this substrate is hydrolyzed by
409nitrilases with very different enantioselectivities: nitrilases
410from Synechocystis sp. and Neurospora crassa OR74A con-
411ve r t ed (R ,S ) - 2 - pheny l p r op ion i t r i l e w i t h l i t t l e
412enantiopreference (E = 0–2) (Mukherjee et al. 2006), whereas
413the arylacetonitrilase from Aspergillus niger CBS 513.88 pro-
414duced (R)-2-phenylpropionic acid with an e.e value of 90% at
41528% conversion (E = 24–26) (Petrícková et al. 2012). (R,S)-2-
416phenylbutaneni t r i le was hydrolyzed wi th lower
417enantioselectivity (E = 5–6), which is in accordance with what
418observed with other nitrilases.
419Finally, the biotransformation was also carried out with
420aliphatic substrates: isovaleronitrile was converted into the
421corresponding acid with good conversion (92% after 24 h),
422whereas malononitrile gave 2-cyanoacetic acid with low rates
423and yield (10% after 24 h). Table 4 summarizes the activity of
424M. guillermondii LM2 toward the different substrates
425evaluated.
426The comparison of the relative activity shows that nitrilase
427of M. guillermondii has a marked preference for aromatic
428nitriles, but arylaceto- and aliphatic nitriles are accepted as
429well.

430Long-term Stability of Cell-Bound Nitrilase

431Lyophilized cells can be easily produced and maintained,
432while avoiding costly and time-consuming purifications
433(Spizzo et al. 2007). The effect of biomass lyophilization on
434nitrilase activity was then assayed. The induced cells were
435lyophilized using either H2O, 0.9% NaCl or 1 M sorbitol as

t3:1 Table 3 Hydrolysis of different racemic aromatic nitriles with whole
cells ofM. guillermondii LM2. Biotransformations were carried out with
freshly prepared cells (2 mgdry weight/mL) suspended in phosphate buffer

(0.025 M, pH 7) and 10 mM substrate at 28 °C. Molar conversions and
enantiomeric excesses were determined by HPLC analysis

Entry Substrate Product Yield (%) ee (%) Time (h)

1 76 75 24

2 80 65 48

3 95 >97 48
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436 lyophilizing solvents. Upon lyophilization the cells main-
437 tained 85% of the starting activity (3 h were required to
438 achieve the complete conversion of 10 mM benzonitrile),
439 without substantial differences among the employed lyophi-
440 lizing solvents (Fig. 4). Moreover, the lyophilized cells were
441 stable over the time, maintaining the same initial activity after
442 1-month storage at room temperature under anhydrous condi-
443 tions (Fig. 4).
444 The lyophilized cells were tested for their activity toward
445 benzonitrile at different pH values (Fig. 5). Nitrilase activity

446was very poor (< 10%) at pH below 6, while the cells were
447highly active at pH between 6 and 9.

448Seawater Process

449The whole process was set up in a seawater-based media.
450Cells grown and induced in seawater-CSDmediumwere first-
451ly assayed for the conversion of 10 mM benzonitrile in phos-
452phate buffer and displayed the same activity of cells grown in
453conventional CSD medium (0.06 U/mgdry weight). Moreover,

t4:1 Table 4 Relative activity of resting cells of M. guillermondii toward different nitriles

Substrate Relative activity (%)
100

1

90

80

78

14

8

6

7

15

4
8
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F454 similar time-courses were observed when the biotransforma-

455 tion was carried out in seawater and in media with increasing
456 concentrations of NaCl (Fig. 6).
457 Finally, cells prepared in seawater-CSDmediumwere used
458 for the dynamic resolution of racemic mandelonitrile in sea-
459 water. Since the reaction was quite slow using a biocatalyst
460 concentration of 2 mgdry weight/mL (95% conversion after
461 48 h), the biotransformation was accomplished on a semi-
462 preparative scale (100 mL) using 20 mgdry weight/mL of M.
463 guillermondii LM2, achieving the complete conversion into
464 (R)-mandelic acid after 8 h.

465 Discussion

466 Microbial nitrilases are interestingenzymes for catalyzing thehydrolysisof
467 nitriles into carboxylic acids under mild conditions (Gong et al. 2012;
468 O’Reilly andTurner2003;Thukuet al. 2009).Several yeast species show
469 the ability to metabolize nitriles, although most of them exhibit a nitrile
470 hydratase-amidase system(Brewis et al. 1995;Gong et al. 2012;Rezende
471 etQ3 al. 1999). The aim of our study was to characterize nitrilase activity in
472 marine yeast strains. Bio-prospecting of marine microorganisms from
473 deep-sea extreme habitats appears like a promising way to identify new
474 enzymes endowed with resistance toward high ionic strength and polar

475solvents, including new nitrilases (de Oliveira et al. 2013). Marine yeasts
476havebeenrecentlyexploitedforbiotechnologicalapplications,especially to
477perform industrial bioprocesses by employing seawater (Serra et al. 2016;
478Zaky et al. 2014); although pretreatments (e.g., filtration) can affect the
479overall costs, seawater can represent an alternative medium to the large
480consumption of freshwater, especially considering the increasing shortage
481of fresh water in few areas of the world (Domínguez de María 2013).
482Amongthetestedspecies,onlyM.guilliermondiistrainsshowedtheability
483tousebenzonitrileandcyclohexanecarbonitrileassolenitrogensource.For
484the establishment of a potential biocatalyst suitable in an industrial
485bioprocess, the optimization of nitrilase production is an essential goal.
486This can be achieved by settling cultural conditions that allow obtaining
487nitrilase-induced cells. Induction experiments were performed in order to
488find themost efficient inducer, aswell as the proper cells/inducer ratio and
489the shortest time required to reach high nitrilase activity. Nitrilase activity
490was found under nitrogen repression, being induced exclusively after
491exhaustion of any other nitrogen source. Among different tested nitriles,
492cyclohexanecarbonitrile (CECN) induced the highest specific activity after
49316h,atapropercell/inducer ratioof2g/Ldryweightand12.5mMnitrile.
4942-cyanopyridine that is reputed as a universal inducer in filamentous fungi
495(Martínkováetal.2009)wasnoteffective inM.guilliermondiiLM2strain.
496Based on these results, we were able to set up an efficient culture and
497inductionmethod thatworks in two steps but in short time, in comparison
498withother reportedmethodsutilized for yeasts and fungi (deOliveira et al.
4992013;Kaplanetal.2006;Vejvodaetal.2006;Rustleretal.2008;Rezende
500et al. 1999; Dias et al. 2000). We also showed that the presence of trace
501elements in themedium is essential not only for biomass production, but
502also plays a positive effect for reaching high level of nitrilase-specific
503activity; a similar effect of metal ions has been already observed for
504Alcaligenes sp. ECU0401 nitrilase (He et al. 2010).
505M. guilliermondii LM2, optimized for growth and
506nitrilase activity, converted aromatic substrates with high
507yields, being also able to transform arylacetonitriles and
508aliphatic nitriles. This feature was allowed for the conver-
509sion of chiral α-substituted benzyl nitriles, such as 2-
510phenylpropanenitr i le , 2-phenylbutanenitr i le , and
511mandelonitrile; in all the cases, a strong enantiopreference
512for hydrolysis of the R-enantiomer, as often encountered
513with nitrilases. The biotransformation of racemic

Fig. 5 Activity of lyophilized cells on 10 mM benzonitrile at different
pHs. pH 7 is considered as 100%

Fig. 4 Stability of lyophilized cells using different lyophilizing solvents.
Conversions of 10 mM benzonitrile after 3 h are reported

Fig. 6 Conversion of 10 mM benzonitrile in media with different salinity
byM. guillermondii grown in seawater-based medium
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514 mandelonitrile with nitrilases is known to be an efficient
515 method to obtain enantiomerically pure (R)-mandelic acid
516 in high yields, since the unreacted (S)-mandelonitrile
517 spontaneously racemizes, thus allowing for a theoretical
518 yield of 100% of (R)-mandelic acid (Yamamoto et al.
519 1991). The yeast nitrilase system of M. guilliermondii
520 LM2 could thus hydrolyze various nitriles with good ac-
521 tivity and high yields, while showing very poor amidase
522 activity, differently from what was previously reported for
523 a different M. guilliermondii strain (Dias et al. 2000).
524 Interestingly, the substrate scope displayed by the nitrilase
525 of M. guilliermondii LM2 was different than that reported
526 for other strains of the same species, making a difficult
527 comparison in terms of specific activity although the ac-
528 tivity of M. guilliermondii LM2 toward isovaleronitrile
529 and mandelonitrile was lower than what observed with
530 M. guilliermondii CGMCC12935 grown on a synthetic
531 medium (Zhang et al. 2017).
532 The genome ofM. guilliermondiiATCC 6260 contains two
533 sequences coding for hypothetical proteins that belong to the
534 nitrilase superfamily. The expression and characterization of
535 these two enzymes would provide new insights on the nitrile
536 hydrolyzing system of M. guilliermondii LM2.
537 Long-term stability of the cell-bound nitrilase was proved
538 using lyophilized cells, which could be maintained at room
539 temperature for weeks without significant loss of activity.
540 Nitrile hydrolysis was also performed in media with high
541 salinity; this salt-resistant strain ofM. guilliermondii was able
542 to convert benzonitrile in a medium containing up to 1.5 M
543 NaCl with the same efficiency observed in conventional
544 buffers.
545 Finally, a seawater-based biocatalytic process was
546 established, where seawater was used to perform both produc-
547 tion of the microbial biomass and biotransformation.
548 M. guilliermondii LM2 grown in a seawater-based medium
549 was used for the semi-preparative preparation of (R)-mandelic
550 acid from racemic mandelonitrile in seawater, achieving high
551 conversion (95%) accompanied by high enantiomeric excess
552 (> 98%).
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