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Glycine is involved in several physiological functions, e.g. as a neurotrans-

mitter in the central nervous system, and sarcosine has been identified as a

differential metabolite greatly enhanced during prostate cancer progression

and metastasis. Glycine oxidase from Bacillus subtilis (GO) was engineered

with the final aim of producing specific analytical systems to detect these

small achiral amino acids. Based on in silico analysis, site-saturation

mutagenesis was independently performed at 11 positions: a total of 16 sin-

gle-point GO variants were analyzed. Significantly improved kinetic param-

eters were observed on glycine for the A54R, H244K-N-Q-R, Y246W and

M261R variants. The introduction of multiple mutations then identified

the H244K/M261R variant showing a 5.4-fold increase in maximal activity

on glycine. With sarcosine as substrate, a number of single-point variants

showed increased maximal activity and/or affinity: the kinetic efficiency

was increased 6-fold for the M49L variant. Two GO variants with a high

substrate specificity ratio for glycine (versus sarcosine, i.e. H244K GO) or

for sarcosine (versus glycine, i.e. M49L GO) combined with high substrate

affinity were used to set up a simple fluorescence-based biosensor. This

optical sensing assay represents a novel, inexpensive and fast tool to assay

glycine or sarcosine concentrations in biological samples (detection limit

≤ 0.5 lM).

Introduction

Glycine is the smallest and the only nonchiral natural

a-amino acid used for protein biosynthesis. In addition

to such a structural role, it possesses further physiologi-

cal functions: it is an important biosynthetic precursor

(i.e. it is used for de novo synthesis of porphyrins and

purines) and it acts as a neurotransmitter in the central

nervous system. Glycine is a coagonist, together with

D-serine, of glutamate at glutamatergic N-methyl-D-

aspartate receptors (NMDARs) in the forebrain [1],

thus serving both inhibitory and excitatory functions

[2]. Due to this role, glycine is probably involved in

the pathophysiology of schizophrenia and other

neurological diseases. For example, a correlation exists

between low levels of glycine and catatonia (a psychiatric

disease), and the perturbation of the glycine deportation

system is associated with ifosfamide encephalopathy and

congenital nonketotic hyperglycinemia [2].

Sarcosine, 2-(methylamino)acetic acid or N-methyl-

glycine, is a natural, small, endogenous amino acid

present in low concentrations in the blood and in

urine. It has been proposed to play a role in the pro-

gression of prostate cancer, and assessing sarcosine

concentrations in body fluids was suggested as a novel

biomarker for prostate cancer [3].

Abbreviations

DAAO, D-amino acid oxidase; GO, glycine oxidase; NMDAR, N-methyl-D-aspartate receptor; oDNS, o-dianisidine.
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With the final aim of developing a biosensor to

assay glycine and sarcosine in biological fluids, we

engineered glycine oxidase from Bacillus subtilis (GO)

(EC 1.4.3.19) to improve its kinetic efficiency on

these two compounds. GO is a homotetrameric fla-

voenzyme that contains one molecule of noncovalent-

ly bound FAD per 47 kDa protein monomer [4,5].

Purified recombinant GO catalyzes the oxidative

deamination of various primary and secondary

amines (e.g. glycine and sarcosine) and D-amino acids

(e.g. D-alanine and D-proline) to yield the correspond-

ing a-imino acids and, after hydrolysis, a-keto acids,

ammonia (or primary amines) and hydrogen peroxide

[4,5]. Compared with similar amino acid flavoprotein

oxidases [6,7], the activity (kcat,app is 0.6 s�1) and

kinetic efficiency (kcat,app/Km,app is 860 M
�1�s�1 on the

physiological substrate glycine) of GO are low. The

crystal structure of GO was solved as a complex with

the inhibitor glycolate up to 1.8 �A resolution [8,9]:

GO is a member of the glutathione reductase family

(subfamily GR2) of FAD-containing oxidases, a fam-

ily of flavoproteins on which a number of important

biotechnological applications have been based [10].

Most recently, a GO variant active on the herbicide

glyphosate was generated in a semi-rational protein-

engineering study [11], thus demonstrating that the

substrate preference of this flavoenzyme can be

evolved.

Here, we report on a protein-engineering approach

(based on site-saturation and site-directed mutagenesis)

to generate GO variants with improved kinetic proper-

ties on glycine and sarcosine and applied them to

develop a simple and inexpensive fluorescence-based

biosensor.

Results

Docking analysis on wild-type GO

In order to obtain details on the mode of glycine

and sarcosine binding at the active site of wild-type

GO, a molecular docking analysis was performed.

Analysis of the complex between glycine and the

flavoprotein suggests that the small substrate binds

to the enzyme active site in the canonical way, as

already observed for other amino acid oxidases [6,7],

forming a two-point interaction with the side chain

of the active site Arg302. Thus the aC is at 3.3 �A

from the flavin N5, an optimal distance for hydride

transfer. On the basis of the in silico analysis, several

residues in the first and second shell of the GO

active site were identified as potential targets for

mutagenesis (Fig. 1).

Selection of GO variants obtained by site-

saturation mutagenesis on glycine as substrate

Site-saturation mutagenesis experiments were indepen-

dently performed at positions Met49, Gly51, Ala54,

Met95, Tyr241, His244, Tyr246, Met261, Arg302,

Arg329 and Asn330 (Fig. 1, Table 1) using the Quik-

Change kit and the wild-type GO cDNA as template.

The GO variants were screened for activity on 1.8 mM

glycine by the peroxidase-o-dianisidine (oDNS) colori-

metric assay reported in Experimental procedures

(using a microtiter plate and an automated liquid-han-

dler system). The clones most active on glycine, as

detected via the screening procedure, were isolated and

the mutations were identified by automatic DNA

sequencing. None of the clones from site-saturation

mutagenesis at positions 95, 241, 302 and 329 showed

an activity on glycine higher than the wild-type GO

(Table 1). Interestingly, the substitution of Arg302 was

associated with the complete abolition of enzymatic

activity (the only active variants were wild-type clones;

data not shown), thus confirming a primary role for

such a residue in substrate binding [8].

Characterization of GO variants

Thirteen selected GO variants identified by the screen-

ing procedure on glycine as substrate were expressed

in BL21(DE3)pLysS Escherichia coli cells and purified

by nickel-affinity chromatography on a HiTrap chelat-

ing column (≥ 90% purity). For all protein variants,

Fig. 1. Docking of glycine (pale green) and sarcosine (dark green)

at the active site of wild-type GO. The water molecule that was

removed in the dockings with sarcosine is shown in pale yellow.

Putative H-bonds between glycine and active site residues are

represented by dotted lines. Residues involved in mutagenesis are

represented in sticks and colored by their conservation scores:

purple, conserved residues; blue, conservation scores > 70%;

orange, conservation scores > 35%. See text for details.
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the expression yield was lower than for wild-type GO

(7–15 mg�L�1 of pure protein versus 40 mg�L�1,

respectively). The visible absorption spectrum of the

purified GO variants in the oxidized state was similar

to that of the wild-type enzyme (not shown); the esti-

mated flavin absorption coefficient of the main peak at

455 nm was in the 11.3–15.0 mM
�1�cm�1 range. The

only exception here was the substitution of Asn330

with a proline; this recombinant GO variant was iso-

lated in the apoprotein form, showing no activity on

glycine (or sarcosine, see below) even in the presence

of a 10-fold molar excess of FAD in the assay

mixture.

The apparent kinetic parameters at 21% oxygen sat-

uration (kcat,app and Km,app values) were determined

for wild-type and variants of GO on glycine or sarco-

sine as substrates using the oxygen consumption assay

(Table 2). In comparison with the kinetic parameters

of wild-type GO, an increase in activity was observed

on glycine for the A54R, H244K-N-Q-R, Y246W and

M261R variants (2.5-fold higher kcat,app for the

H244R GO) and a decreased Km,app for the M49I and

H244K-R variants. Kinetic efficiency (kcat,app/Km,app)

increased from 860 M
�1�s�1 for the wild-type to

9650 M
�1�s�1 for the H244K GO variant (see Table 2

and Fig. 2A).

Due to the importance of assaying sarcosine (see the

Introduction), the activity of GO variants was also

assessed on this substrate. The highest increase in the

specificity constant was observed for M49L GO

(because of an ~ 6-fold increase in substrate affinity)

and a 2-fold increase in kcat,app was apparent for

G51H, A54R, H244K-N-R and M261I (Table 2 and

Fig. 2). With regard to the H244 GO variants, the

increased activity observed with glycine was also

apparent on sarcosine although a decrease in Km,app

was not observed with the largest substrate. Increased

activity on sarcosine was also evident for G51H-I vari-

ants. The kinetic characterization of GO variants sug-

gests that positions 49 and 244 play a main role in

determining the affinity and activity for sarcosine.

Therefore, the GO libraries obtained from site-satura-

tion mutagenesis at these positions were re-screened on

1.8 mM sarcosine. From the screening procedure, the

H244A and M49T-I-L GO variants were selected (the

latter two were also identified by the previous screen-

ing on glycine). The H244A variant showed a 1.7-fold

increase in maximal enzymatic activity and the M49T

GO exhibited a 4.4-fold increase in sarcosine affinity.

It is remarkable that the M49I, M49L and H244A GO

variants were also identified during the previous

screening in search for a GO more active on glypho-

sate, a broad-spectrum herbicide [11].

Introduction of multiple substitutions

As shown in Table 2 and Fig. 2, the highest kinetic

efficiency for glycine is observed for the H224K and

H244R GO variants (these variants showing a very

low Km,app value) and the highest kcat for the A54R,

H244K-N-Q-R, Y246W and M261R GO variants.

Compared with wild-type enzyme, the kcat,app parame-

ter for sarcosine as substrate is increased for most of

the identified variants, the main exceptions being the

ones at position M49 (which show a lower Km,app any-

way) and the A54E GO (Table 2). Altogether, the

kinetic results suggest that positions 49, 54 and 246

play a main role in the GO substrate preference.

Therefore, site-saturation mutagenesis at these three

positions was carried out using the cDNA encoding

for the H244K GO variant as template and, subse-

quently, position 49 was saturated starting from the

cDNA encoding for the A54R/H244K GO variant (see

Table 1). Unfortunately, no improved GO variants on

glycine as substrate were identified upon screening of

the corresponding libraries (Table 1).

Subsequently, the amino acid substitutions found in

the GO variants with improved activity as obtained by

site-saturation mutagenesis were combined; the double

A54R/H244K and H244K/M261R, as well as the triple

M49L/A54R/H244K and A54R/H244K/M261R GO

variants, were prepared by site-directed mutagenesis. It

is noteworthy that the H244K/M261R GO variant

shows similar (and improved if compared with

Table 1. Amino acid substitutions in GO variants obtained by site-

saturation mutagenesis and identified by the peroxidase-oDNS

colorimetric screening procedure on glycine or sarcosine (*) as

substrate.

Starting GO

variant

Amino acid

position

Introduced

substitution

Wild-type M49 I*, L, T*

G51 H, I, Q

A54 E, R

M95 –

Y241 –

H244 A*, Q, R, K

Y246 W

M261 I, R

R302 –

R329 –

N330 P

H244K M49 –

A54 –

Y246 –

A54R/H244K M49 –
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wild-type GO) kinetic properties on both glycine and

sarcosine (see Table 2). A huge increase in kcat,app on

both the substrates tested is apparent for the A54R/

H244K variant but coupled to a lower affinity, which

negatively affects the kinetic efficiency; this result

points to a synergistic effect of the coupled, selected

substitutions on the maximal activity of GO. When

the A54R, H244K and M261R substitutions are simul-

taneously introduced, a lower kcat,app compared with

the A54R/H244K variant and a higher Km,app com-

pared with the H244K/M261R GO are apparent. The

substrate affinity for both glycine and sarcosine (up to

13.6-fold on sarcosine) could be increased to a signifi-

cant extent by further introducing the M49L substitu-

tion in the A54R/H244K GO variant but at the

detriment of kcat (reaching values comparable with

those of the single-point M49L GO).

To compare the temperature sensitivity of wild-type

GO and its more interesting variants, temperature

ramp experiments were performed in which changes in

the protein fluorescence were detected as a probe of

protein (un)folding [12,13]. The introduction of a

positively charged side chain at position 54 (i.e. A54R)

or at position 244 (i.e. H244K-R substitutions) pro-

duced a 12 °C and 7 °C decreased midpoint transition

temperature (Tm) compared with the wild-type GO

(Table 3).

Phylogenetic analyses

The evolutionary conservation of amino acid positions

in the GO enzyme was investigated by comparing its

sequence with those of evolutionarily related enzymes,

removing redundant sequences and setting the minimal

percentage for homologs to 30% [14]. The phyloge-

netic tree was constructed and the most probable

ancestral sequences of various nodes that connect the

paralogous families were predicted as described in

Experimental procedures (Fig. 3A). In order to under-

stand the biological importance of each saturated

sequence position, the alignment between the predicted

most probable ancestral sequence of node 5 and the

GO wild-type sequence (43% identity) was constructed

and the conservation score for each position was

Table 2. Comparison of the apparent kinetic parameters (determined at 21% oxygen saturation) on glycine or sarcosine as substrates for

wild-type and variants of GO obtained by site-directed and site-saturation mutagenesis experiments. The values showing most significant

changes are in bold. b.d., below detection.

Glycine Sarcosine

kcat,app (s�1) Km,app (mM) kcat,app /Km,app kcat,app (s�1) Km,app (mM) kcat,app /Km,app

Wild-type 0.60 � 0.03 0.70 � 0.10 0.86 0.60 � 0.02 0.70 � 0.10 0.86

Site-saturation mutagenesis

M49I 0.36 � 0.01 0.31 � 0.09 1.17 0.38 � 0.01 0.22 � 0.04 1.75

M49L 0.43 � 0.04 1.35 � 0.35 0.32 0.63 � 0.03 0.12 � 0.05 5.21

M49T 0.04 � 0.01 1.47 � 0.17 0.03 0.11 � 0.01 0.16 � 0.01 0.69

G51H 0.77 � 0.04 35.7 � 4.48 0.02 1.25 � 0.06 2.38 � 0.41 0.53

G51I b.d. 1.02 � 0.04 2.87 � 0.34 0.35

G51Q 0.74 � 0.04 14.6 � 1.90 0.05 0.82 � 0.05 5.00 � 0.90 0.16

A54E 0.35 � 0.02 10.0 � 1.56 0.04 0.24 � 0.02 5.90 � 1.30 0.04

A54Ra 1.20 � 0.10 28.0 � 3.00 0.04 1.30 � 0.07 20.5 � 2.21 0.06

H244A 0.63 � 0.06a 1.50 � 0.30a 0.42a 1.00 � 0.02 1.81 � 0.14 0.55

H244K 1.35 � 0.05 0.14 � 0.02 9.65 1.14 � 0.05 0.78 � 0.17 1.46

H244Nb 1.30 � 0.05 1.90 � 0.21 0.68 1.33 � 0.06 2.10 � 0.40 0.63

H244Q 1.21 � 0.06 0.90 � 0.04 1.34 1.07 � 0.06 2.20 � 0.40 0.49

H244R 1.49 � 0.06 0.24 � 0.20 6.22 1.21 � 0.04 0.84 � 0.15 1.44

Y246W 1.21 � 0.14 17.2 � 3.40 0.07 0.87 � 0.05 5.90 � 0.90 0.15

M261I 0.64 � 0.04 1.50 � 0.30 0.43 1.14 � 0.07 0.60 � 0.20 1.90

M261R 1.00 � 0.04 3.50 � 0.30 0.30 0.90 � 0.02 1.63 � 0.15 0.53

Site-directed mutagenesis

A54R/H244K 3.20 � 0.21 40.1 � 6.40 0.11 4.40 � 0.70 20.2 � 7.40 0.22

H244K/M261R 1.20 � 0.02 0.30 � 0.03 4.00 1.10 � 0.11 0.28 � 0.10 3.93

M49L/A54R/H244K 0.6 � 0.01 18.8 � 3.20 0.03 0.73 � 0.06 1.48 � 0.34 0.50

A54R/H244K/M261R 1.61 � 0.02 45.9 � 2.50 0.04 2.80 � 0.60 59.0 � 24.0 0.05

a [11].
b [24].
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calculated. It is noteworthy that, H244 is the most var-

iable position (Figs 1 and 3B): GO variants identified

by the screening procedure at this position show a

notable substrate specificity change (see Table 2). In

the predicted ancestral amino acid sequence, an aspar-

agine residue is present at position 244 (Fig. 3B).

Interestingly, the introduction of a basic residue at this

site results in GO variants that are more efficient on

glycine than the wild-type enzyme (i.e. H244K and

H244R variants, see Table 2).

Structure–function relationships in GO:

comparison between docking analyses and

kinetic properties

The estimated Kd values obtained from docking analy-

sis (Table 4) for the complexes between wild-type GO

and glycine or sarcosine are in good agreement with

the experimentally determined Km,app figures (1.4

versus 1.35 mM and 0.9 versus 0.7 mM, respectively). It

is important to point out that each glycine molecule

can form a total of eight hydrogen bonds (five as

acceptor and three as donor, both in the neutral or

zwitterionic form) and that these are all fulfilled in the

docked complex. In addition, due to the small and

charged nature of the ligand, van der Waals interac-

tions are thought to play only a marginal role in bind-

ing energy. For this reason, it is plausible that there is

little chance to improve to a significant extent the ther-

modynamic affinity (at equilibrium) of GO for glycine

by altering the active site, i.e. by mutagenesis. Accord-

ingly, in docking simulations the estimated binding

energy of wild-type GO for glycine (�3.9 kcal�mol�1)

could only be marginally improved (up to

�4.1 kcal�mol�1) by slightly altering active site side

chain conformations or even by modeling an addi-

tional water molecule at an H-bond distance from the

aNH2 group of glycine (Table 4). The same analysis

performed with sarcosine as the ligand obtained

similar results; the estimated binding energy between

wild-type GO and sarcosine was �4.1 kcal�mol�1.

In an attempt to find a structural rationale for the

increased affinity of H244K and M49L GO for glycine

and sarcosine, respectively, docking analyses were per-

formed using a structural model of the variant

enzymes; see Experimental procedures. Residue H244

is ~ 7 �A from the ligand and separated from it by the

side chains of residues R329 and Y241 (Fig. 1).

Accordingly, it is not plausible that a mutation at this

position would directly influence substrate binding

(although the disposition of the active site waters was

altered). In fact, docking of glycine or sarcosine to the

H244K GO variant resulted in binding modes and

A

B

Fig. 2. (A) Comparison of the specificity ratio (the ratio between

kcat,app/Km,app variant and kcat,app/Km,app wild-type) on glycine (black)

and sarcosine (gray) for the selected GO variants. (B) Dot plot

reporting the kinetic efficiency on glycine versus sarcosine of all

the GO variants identified in this work (see Table 2).

Table 3. Comparison of Tm values for unfolding of wild-type and

evolved variants of GO as determined by following protein

fluorescence changes during temperature ramp experiments.

Tm (°C)

Wild-typea 56.9 � 0.18

M49L 59.7 � 0.03

A54Rb 44.8 � 0.30

H244K 50.0 � 1.00

H244R 49.7 � 0.40

M261I 53.9 � 0.05

A54R/H244K 44.1 � 0.09

H244K/M261R 53.2 � 0.06

a [13].
b [11].
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energies similar to those obtained using the wild-type

GO (�3.9 kcal�mol�1 for both ligands, Table 4).

M49 side chain is at ~ 4.3 �A and ~ 4.7 �A from the

aC of glycine or from the �CH3 of sarcosine, respec-

tively. In this case, too, a direct involvement of this

residue in the binding of the substrate is unlikely.

Accordingly, the M49L GO variant docking analysis

with both ligands also showed energy levels close to

those of the wild-type GO (�3.8 and �4.1 kcal�mol�1,

respectively; Table 4).

The discrepancy between the docking analysis (which

does not show any alteration in the mode and energy

of glycine or sarcosine binding in the active site of

H244K and M49L variants with respect to wild-type

A

B

Fig. 3. CONSURF analysis of GO. (A) Phylogenetic tree of glycine oxidases; the nodes represent different ancestors. (B) Amino acid alignment

between the GO wild-type and the most probable ancestral sequence of node 5 (see text for details). Multiple alignment was performed

using CLUSTALW (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html) at the Pole Bioinformatique Lyonnais. The target

amino acid positions for site-saturation mutagenesis are colored by their conservation scores as in Fig. 1: purple, conserved residues; blue,

conservation scores > 70%; orange, conservation scores > 35%.

3465FEBS Journal 281 (2014) 3460–3472 ª 2014 FEBS

E. Rosini et al. GO-based biosensors for glycine and sarcosine

http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html


GO) and the experimental kinetic properties (Table 2)

might depend on the fact that docking analysis esti-

mates binding energy in a system at equilibrium, while

Km depends on the rate constant of several steps of the

catalyzed reaction. Specifically, for the reaction cata-

lyzed by GO the Km,Gly steady-state parameter corre-

sponds to k4(k�1 + k2)/(k1�k�2), where k1 and k�1 are

the rate constants for substrate binding and dissocia-

tion to the oxidized enzyme form, k2 and k�2 are the

rate constants of the flavin reduction step, and k4 is the

rate constant for imino acid dissociation from the reox-

idized GO [15]; in particular for wild-type GO k2 ≫ kcat
and kcat ~ k4. We thus propose that the experimentally

observed changes in Km,app for the two tested sub-

strates in GO variants probably arise from alterations

in several single kinetic constants and do not represent

a change in the affinity for these substrates at equilib-

rium, i.e. in the true Kd (= k�1/k1) value. This result

resembles that reported for a D-amino acid oxidase var-

iant with 10-fold lower Km for O2, which resulted from

combining the modifications of specific kinetic steps,

each with a small amplitude [16].

Glycine and sarcosine detection

Based on the kinetic properties reported in Table 2 and

the kinetic efficiency shown in the dot plot reported in

Fig. 2B, the H244K GO variant was selected to

develop a biosensor to specifically assay glycine: Km,app

for glycine was the lowest among the identified GO

variants, and the kinetic efficiency was 6.6-fold higher

than for sarcosine. Similarly, the M49L variant was

selected for the biosensor aimed to assay sarcosine: the

very low Km,app for such a substrate was coupled to a

16.3-fold higher kinetic efficiency than on glycine.

Noteworthy is that all the evolved GO variants

show only marginal, if any, activity with D-alanine.

The kinetic efficiency (kcat,app/Km,app) parameter of the

few GO variants active on D-alanine was 0.07, 0.02–
0.05 and 0.01 mM

�1�s�1 for the H244K-R, M49I-L

and H244K/M261R variants, respectively (versus 0.01

for the wild-type GO) [4,5]. In particular, the kinetic

efficiency of the two selected GO variants for D-alanine

is 100- and 500-fold lower than for the compounds to

be assayed. Moreover, the wild-type and all the

Table 4. Docking simulations between GO (wild-type, H244K or M49L variants) and glycine or sarcosine (see text for details). During the

production of the 3D model of the H244K GO variant, potential alternative conformations of the loop 51–56 generated by the SWISS-PDBVIEWER

software were taken into consideration; these alternative models are identified as conf.1 and conf.2. Binding energies (and corresponding

Kd values) of ligands to the active site of variant proteins with alternative conformations (in comparison with the one observed with the

wild-type GO) are represented in parentheses. Values cited in the text are reported in bold. n.a., not applicable; n.d., not determined.

Target structure Ligand: glycine Ligand: sarcosine

PDB code

GO

variant

Loop 51–56

conformation

Active

site waters

Runs

(correct/total)

Binding energy

(kcal�mol�1) Kd (mM)

Runs

(correct/total)

Binding energy

(kcal�mol�1) Kd (mM)

1NG3 WT WT No 0/1 n.a. n.a. 0/1 n.a. n.a.

1NG3 WT WT Yes 0/1 n.a. n.a. 4/7 �3.9 1.4

1RYI WT WT No 4/4 �3.6 2.3 0/1 n.a. n.a.

1RYI WT WT Yesa 1/1 �3.7 1.9 1/1 �4.1 0.9

1RYI WT WT Yes 1/1 �3.9 1.4 1/1 �2.5 14.8

1NG3 H244K WT Yes 2/2 �3.5 (�3.8) 2.7 (1.6) 2/2 �3.6 (�4.3) 2.3 (0.7)

1NG3 H244K conf.1 Yes 2/2 �3.5 (�3.8) 2.7 (1.6) 2/2 �3.9 (�4.2) 1.4 (0.8)

1NG3 H244K conf.1 Yes 1/4 �3.7 (�3.7) 1.9 (1.9) 4/4 �4.3 (�4.1) 0.7 (0.9)

1RYI H244K conf.1 Yes 3/3 �3.9 1.4 3/3 �2.6 12.5

1RYI H244K conf.1 Yesa 3/4 �3.8 1.6 3/3 �3.9 1.4

1NG3 H244K conf.2 Yesb 3/3 �1.5 79.6 n.d. n.d. n.d.

1NG3 H244K conf.2 Yes 0/3 n.a. n.a. 0/3 �2.3 20.6

1RYI H244K conf.2 Yes 0/3 n.a. n.a. n.d. n.d. n.d.

1RYI H244K conf.2 Yes 3/3 �3.9 1.38 2/3 �3.4 3.2

1RYI H244K conf.2c Yes 0/3 n.a. n.a. n.d. n.d. n.d.

1RYI H244K conf.2c Yes 3/3 �4.0 1.2 3/3 �3.4 3.2

1NG3 M49L WT Yes 3/3 �3.4 3.2 3/4 �3.8 1.6

1RYI M49L WT Yes 4/4 �3.8 1.6 3/3 �3.6 2.3

1RYI M49L WT Yesa 1/3 �3.5 2.7 3/3 �4.1 0.9

a A water molecule close to the aNH2 group of glycine was removed (Fig. 1, yellow water).
b An additional water molecule was modeled at the active site of this GO variant using the position of the water molecule reported in PDB

1RYI as a reference (depicted in yellow in Fig. 1).
c Orientation of R329 side chain of this GO variant was re-modeled using the orientation of the same side chain observed in PDB 1NG3 as

a reference.
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evolved GO variants show no activity on L-alanine

and creatinine (up to 10 mM final substrate concentra-

tion).

On the basis of these results, the M49L and H244K

selected GO variants were employed in a device made

of two commercially available, disposable cuvettes for

fluorescence analysis filled with the Nile Red fluores-

cence transducer and the sensing GO enzyme, respec-

tively (Fig. 4). The fluorimeter records the fluorescence

intensity emission of the dye transducer, which is mod-

ulated by the different intensity of light absorbed by

the GO enzyme in the free (oxidized) and substrate-

bound (reduced) state. In fact, the change in spectral

features of the enzyme reacted with different concen-

trations of substrate affects the amount of excitation

light reaching the dye transducer, thus tuning its fluo-

rescence emission [17]. To set up the system, the fluo-

rescence intensity emission of the dye transducer (Nile

Red) was monitored during the absorbance change in

GO from the oxidized to reduced form: by adding an

excess of glycine/sarcosine anaerobically to the system

to reduce the FAD cofactor of GO, an increase in dye

fluorescence is detected in 1 s, reaching a value stable

over time (Fig. 4B). This finding is the result of a

decrease in the absorbance intensity at 450 nm of GO

in the reduced form [4,5], which leads to an increase in

photon absorbance by the dye.

The analytical systems were then calibrated for mea-

suring the emission fluorescence at 623 nm after adding

standard glycine/sarcosine solutions (1–20 lM range)

under anaerobic conditions. The emission values were

plotted as a function of substrate concentrations and fit-

ted by means of a Michaelis–Menten equation (Fig. 4C).

In the presence of glycine as substrate, wild-type GO

shows a Km,app of 11 � 0.7 lM and the H244K variant a

Km,app of 1 � 0.3 lM; the observed 10-fold lower Km,app

value is in good agreement with the kinetic parameters

determined for H244K and wild-type GO (Table 2). The

detection limit is ≤ 0.5 lM. Similarly, a Km,app ~ 2 lM is

observed for M49L GO and sarcosine (Fig. 4C), again

in agreement with the kinetic data determined with the

oxygen consumption assay (Table 2).

We tested the utility of the GO-based detection sys-

tem in applications requiring assessment of glycine or

sarcosine level in cells stably expressing D-amino acid

oxidase (DAAO), i.e. the enzyme that degrades the

neuromodulator D-serine in vivo [18]. The standard

assay for glycine requires the derivatization of the

amino acid followed by separation (and quantification)

by means of HPLC on a C8 column, each run requir-

ing 60 min. In real time the H244K GO-based system

determined a glycine concentration of 7.5 � 0.6 lM
(n = 6), compared with a figure of 6.7 � 1.4 lM by

HPLC analysis. The exogenous addition of 1.0 lM was

fully quantified by the biosensor. The M49L GO-based

system did not assay sarcosine in the biological sample

(levels were below the detection limit) and estimated a

concentration of 0.95 � 0.11 lM after adding 1.0 lM
exogenous sarcosine; this result demonstrates that this

analytical system is suitable to assay the physiologi-

cally occurring concentration of sarcosine in prostate

cancer patients, estimated at ~ 1.7 lM [19]. For the

system based on H244K GO the response due to the

presence of sarcosine was ≤ 20% of the value mea-

sured with the same concentration of glycine; a similar

response was apparent for the M49L GO biosensor on

A

B

C

Fig. 4. Schematic representation of the biosensor for fluorimetric

determination of glycine and sarcosine. Yellow, working cuvette

(containing 0.1 lM GO variants and the substrate glycine/sarcosine);

pink, dye-labeled cuvette (3 nM Nile Red). (A), (B) The fluorescence

intensity of the dye transducer (Nile Red) is recorded during the

change from the oxidized (dotted line, A) to the reduced form of GO

(continuous line, B), after the anaerobic addition of the substrate. (C)

Calibration plots for the detection of glycine and sarcosine based on

change in fluorescence intensity in the presence of increasing

glycine (left) or sarcosine (right) concentrations (n = 3).
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glycine versus sarcosine. Interestingly, the assay based

on H244K GO variant allowed the glycine concentra-

tion in human plasma to be quantified: a value of

130 � 18 lM was determined (n = 6), in good agree-

ment with those reported in the literature [20].

Discussion

Modulation of glycine concentration is considered a

main goal of modern neurochemistry since the relative

contribution of glycine and D-serine to NMDAR activ-

ity in different brain regions is of central relevance for

understanding neurotransmission mechanisms under

both physiological and pathological conditions [2,21].

Accordingly, a specific biosensor for detecting glycine

in biological fluids is of utmost importance. On the

other hand, sarcosine is an isomer of alanine; previous

studies proposing sarcosine as a cancer biomarker

were challenged because the level of alanine in urine is

higher than that of sarcosine and the analytical meth-

ods employed could not distinguish between these

isomers [22].

The structural and functional information available

on GO prompted us to consider this flavoenzyme as a

starting point for evolving variants with improved

properties of biotechnological interest. Unfortunately,

GO is a poor biocatalyst: kcat is significantly lower

than the median turnover number of known enzymes

(0.6 versus 10 s�1) and the kinetic efficiency is also

lower (860 versus 105 M
�1�s�1) � for both parameters

GO is below the average and the range for ~ 60% of

known enzymes [23].

In an attempt to evolve GO from Bacillus subtilis to

obtain an enzyme with a higher catalytic efficiency on

glycine and sarcosine, a semi-rational design approach

based on site-saturation mutagenesis was employed.

Based on in silico analysis, site-saturation mutagenesis

was performed at 11 positions of the active site

(Fig. 1). Screening results confirm that R302 contrib-

utes significantly to substrate binding and N330 is

instead involved in cofactor binding (the N330P substi-

tution resulted in the isolation of a variant GO in the

apoprotein form). Substitution of M261 marginally

altered the kinetic properties of GO, whereas

replacement of A54 with an acidic or basic residue sig-

nificantly decreased the substrate affinity (Table 2). In

contrast, introduction of a basic residue at position

244 (which contains an asparagine in the most proba-

ble ancestral sequence according to the phylogenetic

analysis, Fig. 3B) improved the kinetic efficiency con-

stant on glycine compared with wild-type GO (up to

11-fold for the H244K variant, Fig. 2A) by decreasing

the Km,app value (up to 5-fold for the H244K GO vari-

ant, Table 2). Previous site-directed mutagenesis stud-

ies showed that the H244F substitution increased

product release and negatively affected the rate of fla-

vin reduction with sarcosine, without affecting the

turnover number [24]. Moreover, the presence of an

alanine residue at site 244 had a synergistic effect on

the activity of GO on glyphosate as substrate by

increasing the stability of variants containing multiple

replacements [11]. Worthy of note is that the 244 resi-

due is the tip of the b-hairpin directly facing the a2-a3
loop, which seems to change its conformation accord-

ing to the presence and the nature of the ligand in the

binding site [11]. The same investigation showed a

positive effect on glyphosate binding to GO by intro-

ducing an arginine at the active site entrance (i.e. at

positions 51 and 54, part of the a2-a3 loop). The pres-

ent study highlights a main effect of substitutions at

positions 51 and 54 on the affinity and maximal activ-

ity for the small-size substrates investigated.

Results from phylogenetic analysis and site-saturation

mutagenesis studies suggested that A54R, H244K and

M261R substitutions be combined: (a) the H244K/

M261R GO variant shows a 5-fold increase in the

kinetic efficiency constant on both glycine and sarco-

sine, thus resulting in an enzyme useful for oxidizing

and/or assaying both substrates; (b) the A54R/H244K

GO variant shows the highest maximal activity on both

glycine and sarcosine but is associated with a decreased

substrate affinity and protein stability (Tables 2 and 3).

In order to develop novel enzyme-based biosensors,

the H244K and M49L GO variants were selected to

assay glycine and sarcosine, respectively, based on

their kinetic properties and substrate specificity

(Fig. 2B). Importantly, our enzymatic system is not

affected by either the L-isomer (estimated in the 60–
270 lM range in urine) or the D-isomer of alanine.

In order to rapidly assay the content of glycine/sar-

cosine in biological samples, a simple disposable pilot

biosensor characterized by low cost and ease of use

was set up based on the two selected GO variants.

This new system was based on tuning the fluorescence

emission of a commercial dye according to the differ-

ent intensity of light absorbed by a small amount

(0.1 lM) of GO in the presence of the analyte. The flu-

orescence intensity emission of Nile Red dye trans-

ducer is proportional to the amount of excitation light,

which in turn depends on the concentration of analyte

and its binding to GO [17]. The novel sensing assay

shows a detection limit ≤ 0.5 lM (slightly lower than

commercial assay kits) and was used to assay glycine

and sarcosine in biological fluid, i.e. in a U87 glioblas-

toma cell line used to study the modulation of D-serine

level by the catabolic enzyme D-amino acid oxidase
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[18,25]; D-serine and glycine are alternative ligands

required, together with glutamate, to activate

NMDARs [21,26]. The glycine concentration detected

by the H244K GO-based assay was in good agreement

with the value obtained by using the reference HPLC

method (7.5 versus 6.7 lM, respectively) but in 1 s,

compared with the 60 min required by chromato-

graphic separation. The M49L GO-based assay high-

lighted the very low amount of sarcosine in the cell

line used and fully quantified sarcosine when exoge-

nously added to the biological sample.

In conclusion, the high sensitivity of fluorescence

detection combined with the use of evolved GO vari-

ants makes this device a powerful basis for developing

a new generation of biosensors as alternatives to the

time-consuming and expensive conventional methods.

Experimental procedures

Molecular modeling studies

Automated ligand docking was performed by using AUTO-

DOCK VINA, a package based on an iterated local search glo-

bal algorithm [27,28]. PYMOL software was used to analyze

docking results and to identify noncovalent interactions

between the protein moiety and glycine or sarcosine

(www.pymol.org/). The structure of wild-type GO (PDB

1RYI) was used for all docking simulations, and was also

taken as the starting point for preparing the models of GO

variants (H244K and M49L) by using the MUTAGENESIS WIZ-

ARD tool of PYMOL. For each substitution, the rotamer with

the highest occurrence in proteins and which did not clash

with adjacent residues was selected. The choice of the cor-

rect rotamer was also confirmed by performing the same

‘virtual’ mutation using SWISS-PDBVIEWER software [29].

Site-directed and site-saturation mutagenesis

Single-point mutations were generated by site-directed

mutagenesis using the QuikChange Site-Directed Mutagen-

esis Kit (Agilent Technologies, Santa Clara, CA, USA) and

the pT7-His-GO plasmid [4]. Site-saturation mutagenesis

experiments were carried out at different positions using

the same procedure as for site-directed mutagenesis, a set

of degenerated synthetic oligonucleotides (Table 5) and the

pT7-His-GO plasmid encoding for wild-type or selected

GO variants as template (see Table 1). The PCR products

(full-length plasmids) were used to transform JM109 E. coli

cells (the cloning host strain); the plasmid DNA was then

pooled and transferred to BL21(DE3)pLysS E. coli cells

(the expression host strain); recombinant cells were used

for the screening procedure as detailed below. For each

position, ~ 280 clones were screened (Table 5), a number

that gives a probability of 96% that every single amino

acid is introduced at the desired position [30], and 10 clones

were sequenced to verify the mutagenesis efficiency. The

introduction of the mutations was confirmed by automated

DNA sequencing.

Screening for evolved GO variants

The mutant libraries obtained from the site-saturation muta-

genesis approach were screened by means of a rapid colori-

metric assay based on the determination of hydrogen

peroxide produced by single recombinant E. coli cultures

(1 mL) grown overnight to saturation at 37 °C in a 2 mL

deep-well plate (Eppendorf, Hamburg, Germany) in LB

medium to which 0.5 mM isopropyl-b-D-thiogalactopyrano-

side was added and then incubated at 30 °C for 5 h. An

aliquot (100 lL) of each culture was transferred to a single

well of a microtiter plate; 100 lL of lysis buffer (50 mM diso-

dium pyrophosphate buffer, pH 8.5, 1 mM EDTA, 100 mM

NaCl, 20% CelLytic B and 1 mg�mL�1 deoxyribonuclease I)

was added, and the cells were incubated at 37 °C for 30 min.

The GO activity was assayed on crude extracts (200 lL) by
adding 1.8 mM glycine (or 1.8 mM sarcosine), 0.2% Triton

X-100, 0.3 mg�mL�1 oDNS and 1 unit�mL�1 horseradish

peroxidase in 100 mM disodium pyrophosphate buffer, pH

8.5 (the ‘peroxidase-oDNS assay’). The time course of the

absorbance change at 450 nm was followed at room temper-

ature by a microtiter plate reader (Sunrise, Tecan, M€anne-

dorf, Switzerland) and compared with that of control cells

(expressing wild-type GO or lacking the GO-encoding pT7

plasmid). This screening analysis was performed by using the

automated system epMotion 5075 (Eppendorf). The clones

that outperformed the control were selected for sequencing

and biochemical characterization.

Enzyme expression and purification

The pT7 expression plasmids coding for His-tagged GO

wild-type and different GO variants were transferred to the

host BL21(DE3)pLysS E. coli strain. Recombinant cells

were grown at 37 °C in Terrific Broth medium containing

100 lg�mL�1 ampicillin and 34 lg�mL�1 chloramphenicol,

and protein expression was induced in the exponential

phase of growth by adding isopropyl-b-D-thiogalactopyra-

noside to a final concentration of 0.5 mM [5]. The cells

were then grown at 30 °C and collected after 18 h by

centrifugation. Crude extracts were prepared by sonication

(four cycles of 30 s each) of the cell paste suspended with

50 mM disodium pyrophosphate buffer, pH 8.5, containing

5 mM EDTA, 2 lM FAD, 5 mM 2-mercaptoethanol,

0.7 lg�mL�1 pepstatin, 1 mM phenylmethanesulfonyl fluo-

ride and 10 lg�mL�1 deoxyribonuclease I (2–3 mL of buf-

fer per gram of E. coli cells). The insoluble fraction of the

lysate was removed by centrifugation at 39 000 g for 1 h

[5]. The recombinant GO proteins were purified from the

crude extracts by using HiTrap chelating chromatography
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(GE Healthcare, Little Chalfont, UK) as reported previ-

ously [5,31]. The purified GO variants were then equili-

brated with 50 mM disodium pyrophosphate buffer, pH

8.5, and 10% glycerol [24].

Assay for GO activity (and substrate specificity)

Standard GO activity was assayed with an oxygen electrode

on 10 mM glycine as substrate at pH 8.5, 25 °C and at air sat-

uration ([O2] = 0.253 mM) [5]. One unit of GO corresponds

to the amount of enzyme that uses 1 lmol of oxygen (or pro-

duces 1 lmol of hydrogen peroxide) in 1 min at 25 °C.
Apparent kinetic parameters were determined by the same

polarographic assay, employing different concentrations of

the substrates glycine or sarcosine (0–100 mM) at a fixed oxy-

gen concentration (air saturation).

Enzyme characterization

Spectral experiments were carried out at 15 °C in 50 mM diso-

dium pyrophosphate buffer, pH 8.5, 10% glycerol. Extinction

coefficients of the GO variants were determined by heat dena-

turation of the enzymes (at 95 °C for 10 min) and using the

absorption coefficient for free FAD of 11.3 mM
�1 cm�1 [4].

The stability of selected GO variants was determined by

temperature ramp experiments measuring protein fluores-

cence changes with an FP-750 spectrofluorimeter (Jasco,

Cremello, Italy) equipped with a thermostatted cell holder

and using a 3-mL cuvette. Fixed wavelength measurements

were taken at 340 nm (excitation wavelength 298 nm). The

experiments were performed using a software-driven, Pel-

tier-based temperature controller which allowed a tempera-

ture gradient of 0.5 °C�min�1 [12]. The denaturation curve

was used to extrapolate the melting temperature (Tm value)

of the enzymes, as described elsewhere [12].

Ancestral reconstruction

For phylogenetic analysis, the amino acid sequence of wild-

type GO was used as input for the web-based tool CONSURF

(http://consurf.tau.ac.il/) [32]. The multiple sequence align-

ment of homologous sequences was used to generate a phy-

Table 5. Vectors and oligonucleotides used as 50 and 30 primers in the site-saturation mutagenesis performed at different amino acid

positions.

Vector

AA

position Primers

Screened clones

(number)

pT7-His-GO 49 M49_up 50-CGACAAGTGCCGCTGCCGGANNNCTGGGCGCCC-30

M49_dw 50-GGGCGCCCAGNNNTCCGGCAGCGGCACTTGTCG-30
282

51 G51_up 50-GCCGCTGCCGGAATGCTGNNNGCCCATGCCGAATGC-30

G51_dw 50-GCATTCGGCATGGGCNNNCAGCATTCCGGCAGCGGC-30

54 A54_up 50-GGAATGCTGGGCGCCCATNNNGAATGCGAGGAACG-30

A54_dw 50-CGTTCCTCGCATTCNNNATGGGCGCCCAGCATTCC-30

95 M95_up 50-GGCAGCATAACGGCGGTNNNTTTAAGCTTGCATTTTC-30

M95_dw 50-GAAAATGCAAGCTTAAANNNACCGCCGTTATGCTGCC-30

241 Y241_up 50-CGCTGACAAAAACGCTTNNNCATGATCACTGC-30

Y241_dw 50-GCAGTGATCATGNNNAAGCGTTTTTGTCAGCG-30

244 H244_up 50-CGCTTTACCATGATNNNTGCTATATCGTACCG-30

H244_dw 50-CGGTACGATATAGCANNNATCATGGTAAAGCG-30

246 Y246_up 50-CCATGATCACTGCNNNATCGTACCGAG-30

Y246_dw 50-CTCGGTACGATNNNGCAGTGATCATGG-30

261 M261_up 50-GTCGGCGCGACANNNAAGCCGGGGGACTGG-30

M261_dw 50-CCAGTCCCCCGGCTTNNNTGTCGCGCCGA-30

302 R302_up 50-GGGCGGGACTCNNNCCGGGAACAAAGG-30

R302_dw 50-CCTTTGTTCCCGGNNNGAGTCCCGCCC-30

329 R329_up 50-CGGCTGGCCATTTCNNNAACGGGATCCTGC-30

R329_dw 50-GCAGGATCCCGTTNNNGAAATGGCCAGCCG-30

330 N330_up 50-GGCCATTTCAGANNNGGGATCCTGCTTGCTCC-30

N330_dw 50-GGAGCAAGCAGGATCCCNNNTCTGAAATGGCC-30

pT7-His-GO-H244K 49 M49_up 50-CGACAAGTGCCGCTGCCGGANNNCTGGGCGCCC-30

M49_dw 50-GGGCGCCCAGNNNTCCGGCAGCGGCACTTGTCG-30
279

54 A54_up 50-GGAATGCTGGGCGCCCATNNNGAATGCGAGGAACG-30

A54_dw 50-CGTTCCTCGCATTCNNNATGGGCGCCCAGCATTCC-30

246 HK_Y246_up 50-CGCTTTACCATGATAAATGCNNNATCGTACCG-30

HK_Y246_dw 50-CGGTACGATNNNGCATTTATCATGGTAAAGCG-30

pT7-His-GO-A54R/H244K 49 M49_up 50-CGACAAGTGCCGCTGCCGGANNNCTGGGCGCCC-30

M49_dw 50-GGGCGCCCAGNNNTCCGGCAGCGGCACTTGTCG-30
279
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logenetic tree using FASTML [33]; all ancestral sequences for

the various nodes were predicted and the most probable

ancestral sequence was predicted.

Biosensor preparation

A simple fluorescence-based biosensor was built by employ-

ing two commercially glued fluorescence cuvettes. The ‘dye-

labeled cuvette’ was filled with a solution of the dye Nile Red

(1 lg�mL�1 in ethanol) and the ‘working cuvette’ with

50 mM disodium pyrophosphate buffer, pH 8.5. The fluores-

cence emission spectra were recorded from 500 to 700 nm,

with excitation at 450 nm, by using a Jasco FP-750 spectro-

fluorimeter. Quenching of the initial fluorescence intensity

was observed when the enzyme was added to the working

cuvette; the intensity decrease depended both on the enzyme

concentration and the amount of the fluorophore [17]. For

these measurements, GO (oxidized form) at a final concen-

tration of 0.1 lM was added to the working cuvette. Then,

increasing amounts of glycine or sarcosine were added to the

working cuvette in the absence of oxygen (by fluxing the

cuvettes with purified N2) at room temperature. The fluores-

cence emission values were recorded at 623 nm.

Glycine/sarcosine detection in biological samples

All experiments were performed using a U87 human glio-

blastoma cell line stably expressing human DAAO [25]. Cel-

lular amino acids were extracted as described previously [18]:

2.5 9 105 U87 cells were resuspended in 1 mL of ice-cold

5% trichloroacetic acid, sonicated and centrifuged for

45 min at 16 000 g. For the HPLC assay, the soluble frac-

tion was extracted with water-saturated ether, neutralized

and derivatized with o-phthaldialdehyde/N-acetyl-L-cysteine.

Glycine was resolved by HPLC chromatography on a 5-lm
Waters C8 reversed-phase column (Waters Corp., Milford,

MA, USA) eluted under isocratic conditions (100 mM

sodium acetate buffer, pH 6.2, 1% tetrahydrofuran at

1 mL�min�1; 60 min per run). For biosensor measurements,

the soluble fraction was extracted with water-saturated ether,

resuspended in 50 mM disodium pyrophosphate buffer, pH

8.5, and added to the working cuvette containing the GO

enzyme variants. Amino acids were extracted from human

plasma samples as described before [34]: plasma (20 lL) was
mixed vigorously with methanol (180 lL) and centrifuged

for 5 min at 15 000 g. For measurements of glycine content,

the supernatant was added to the working cuvette containing

the H244K GO variant. Glycine/sarcosine amounts were

determined according to calibration curves obtained with

standard glycine and sarcosine.
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