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Abstract-The regio- and stereochemistry of the hydrolysis of styrene oxide 1 by two fungi : Aspergillus niger and Beauveria 
su&rescens, were studied using H2180 labelling experiments. Also, the kinetic parameters of these hydrolyses were determined. 
We conclude that the epoxide hydrolases of these two fungi operate via different mechanisms. 

Introduction 

Epoxide hydrolases are key enzymes for the embolism of 
a broad class of epoxy derivatives in animals, plants and 
microorganisms. In fact, epoxides are by nature 
biologically toxic compounds and are often detoxified via 
enzymatic hydrolysis of the oxirane ring into chemically 
less reactive diols. An important amount of work has been 
carried out using subcellular fractions of rat, mouse, rabbit 
and human livers, where two distinct forms of epoxide 
hydrolases, i.e. a form located in the membranes 
6uicrosoma.l epoxide hydrases: mEH) and a form located in 
the cytosol (cytosolic epoxide hydrolase: cEH) have been 
purified and characterized1 Very recently, a higher plant 
epoxide hydrolase has also been reported and purified.2*3 
~nfo~una~ly, these enzymes which have high ~eo~~c~ 
value for organic synthesis cannot be used for large scale 
experiments because of their low availability. Therefore, 
we have developed microbiologically mediated epoxide 
hydrolyses allowing preparation of several gram-scale 
optically active epoxides via either enantioselective or 
diastereoselective differentiation.4s Interestingly, up to 
now, there has been little published data pertainin 

4 
to the 

presence or function of these enzymes in bacteria and it 
has been generally assumed that bacteria are lacking 
epoxide hydrolases, a fact which accounts for the ability to 
accumulate epoxides by bacterial epoxidation of olefins. In 
these cases only the p~fication of epoxide hydrolases from 
two Pseudomonas strains have been described.6cpJ 
Info~ation on epoxide hydrolases from fungi7 is even 
more scarce, and seems to indicate that the mechanism of 
hydration of fungi epoxide hydrolase may be quite 
different7c*d from those involved in the other EH. 

Interestingly enough, both mammalian r&H and cEH, as 
well as plant, bacterial or fungal EH, were shown to 
exhibit a remarkable capability of chiral recognition, 
enabling them to discriminate between enantiomers of 
racemic epoxides. Furthermore, these enzymes were shown 
to be generally highly regio- and stereoselective.ldf 

Three main points can be gained out of the p~viously 
described work. First, it appears that for rn~~i~ mEH 

and cEH, as well as for plant or bacterial enzymes, the 
reaction involves try-~tion of water with inversion of 
~o~g~tion at the oxirane carbon being attacked, and that 
as a general rule the addition occurs 

P 
referentially at the 

less sterically hindered carbon atom. 0 However, in the 
case of two fungi, a mechanism of &-hydration has been 
described. Kolattukudy and Brown7c have reported that 
Fusarium pisi contained an epoxide hydrolase that catalyzes 
the cis-hydrolyses of epoxy acids and, similarly, Marumo 
et a1.7d &scribed a selective cis-hydration of one 
enantiomer of lO,ll-epoxyfarnesol by Helminthosporium 
sativum. Second, several kinetic studies conducted on 
mammalian mEH clearly indicate that, very often, one 
enantiomer which displays the lower lu, value, operates as 
a competitive inhibitor towards hydrolysis of the other 
antipode when the enzymatic hy~olysis is conducted on the 
racemic substrate. Since the antipode displaying a higher 
Km value does show a higher V,, value, this results in a 
biphasic kinetic profile.re Finally, careful examination of 
the various examples described so far confirm the fact that 
the active site model initially proposed by Belucci et al.1c*8 
and by Jerina et aLQ - i.e. which implies the existence of 
a lipophilic pocket located at the right backside (when the 
oxirane ring is oriented with the oxygen atom on the 
topside) - can account for almost all the obtained results 
where a good enantioselectivity is observed. 

We have previously described that two fungi, Aspergi~ius 
niger (LCPMl) and Beauveria sulfiirescens (ATCC 7159), 
are able to perform highly enantioselective hydrolysis of 
racemic styrene oxide (Scheme I).5 In addition, in the case 
of styrene oxide, these two strains were revealed to be 
enantiocomplementary since they achieve the hydrolysis of 
the styrene oxide enantiomers of opposite configuration. 
Since these results clearly open the way to the preparation 
of large scale quantities of enantiopure epoxides, it was of 
high interest to further study the stereochemical and kinetic 
features implied in these bio~sfo~o~ and to compare 
them with the above described observations related to 
rn~~ EH. We describe in this paper our findings 
con~ming these points. 
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Resufts and ~iscussjo~ 

Regio- and stereoseiectivities implied in the enzymatic 
opening of(S)- and Ifi)-styrene oxide 

Styrene oxide is one of the most frequently used substrates 
for the assay of mEH and cEH.lu It was therefore 
interesting to compare the observed regio- and 
en~tioselectiviti~s of our microbiologically mediated 
hydrolysis versus mammalian enzyme mech~ism using 
this model. Therefore, we have carried out separately, using 
both fungi, the complete biohydrolysis of both (R)- or (5’)- 
styrene oxide. This allows a detailed examination of the 
regio- and stereoselectivities implied in the enzymatic 
opening of the oxirane ring. As can be seen in Table I, 
hydrolysis of (R)-styrene oxide using A. niger (over a 2 b 
reaction time) led exclusively to diol (R)-2 which showed a 
90 % e.e. This indicates that about 95 % (R)-2 and 5 % 
(S)-2 has been formed in the course of this reaction. In 
fact, we have checked separately the behavior of (R)-styrene 
oxide in the phosphate buffer (pH 8) used for these 
biohydrolyses. This indicated a rate of epoxide hydrolysis 
of about 2 % per hour via chemical hydrolysis. We have 
checked that 90 % of this hydrolysis leads to inversion of 
co~figumtion at Cl due to attack of the water molecule at 
this carbon atom. Therefore, it may be assumed that the 
small amount of (S)-styrene oxide obtained during the 
biohydrolysis is essentially formed this way. Thus, the 
essential result is that a near total retention of 
configuration is observed with this fast reacting (R)-styrene 

oxide en~tio~r. A similar feature is observed for the (S)- 
styrene oxide (slow reacting) antipode. Indeed, in this case, 
we have carried out the reaction over 24 h in order to be 
sure that complete hydrolysis was achieved. This led to a 
60 % e.e. (S)-2 diol, which indicated a 20 % formation of 
(R)-2. Due to the longer time needed for total hydrolysis, 
at least part of this inversion of con~gumtion (which is 
difficult to calculate accurately) must be due to chemical 
hydrolysis, Thus, here again, the major process observed is 
retention of confi~mtion. 

In our previously described work, we had observed that the 
results obtained using B. s@rescens were surprisingly 
opposite to those obtained with A. niger. Indeed, in this 
case (1) the fast reacting enantiomer was the one of (S) 
absolute con~g~ation and (2) the enzymatic hydrolysis led 
to total inversion of con~guration at Cl. The results 
obtained in the course of the present work, devoted to the 
separate study of each enantiomer of styrene oxide (Table 
l), show that (R)-2 is obtained with a 90 % e.e. from 
hydrolysis of (S)-styrene oxide. On the other hand, they 
indicate that biohydrolysis of the slow reacting antipode 
(R)-styrene oxide seems to be not selective, dial 2 
remaining almost racemic all over the reaction. Here again, 
as stated above, at least one part of the observed inversion 
of ~on~guration must be accounted for by chemical 
hydrolysis. 

The results obtained for the separate biohydrolysis of each 
enantiomer of styrene oxide show that the two fungi 

Table 1. Preparative biohydrolysis of(R)- and (S)-styrene oxide to dial 2 using A. niger and B. mlfurescens 

Substratea Microorganism (11)-Z % (Q-2 8 Isolated e.e. % 
yield 

(R)-styrene oxide A. niger 9.5 5 87 90 
(S)-styrene oxide A. niger 20 80 60b 60 
(I?)-styrene oxide B. suEfurescens 50 50 51b 0 
CT)-styrene oxide B. sidfuresccns 95 5 89 90 

*All these experiments were performed in a 1L medium containing the resting cells (8 g weight dry cells) using 1 g of (Rf- or (S)-styrene oxide as 
starting compound. 
bDue to the longer time needed for total hydmtysis, some substrate was lost with the fermentof air-flow. 
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Scheme II. 

exhibit a rather different opening process resulting in either 
retention or inversion of configuration at the oxirane ring. 
If inversion of configuration must obviously take place in 
the anti mode, in agreement with a SN2 type mechanism 
involving nucleophilic attack by water at Cl, two 
enzymatic mechanisms leading to retention of 
configuration can be considered (Scheme II). 

As previously emphasized, the more commonly 
encountered mechanism involves regiospecific attack of 
water at the less substituted carbon C2. However an 
unusual process, observed previously with other fungi7c*d 
would involve a backside attack (inversion of 
configuration) of a nucleophilic center of the enzyme on 
the oxirane ring, to form an intermediate complex, which 
could be further on solvolyzed via an SN2 type reaction, 
thus leading apparently to a c&hydration process. These 
two processes are of course indistinguishable on the base of 
our results obtained up to now. Therefore, in order to 
determine which C-O bond of the oxirane ring is cleaved 

during the enzyme catalyzed reaction, we decided to study 
the hydration of each enantiomer of styrene oxide, using 
180 labeled water. The amounts and positional distribution 
of 180 incorporation into the obtained dihydrodio12 have 
been determined by CC-MS analysis. The 180 content of 
the intact diol was determined by monitoring the molecular 
ions for both the 160 and 180 isotopes (M/M + 2). The 
180 distribution at Cl was obtained from the peak 
intensities of the isotopic ion C7HsO+* (m/z 107 and m/z 
109) arising from the fission of the Cl-C2 bond’ 1 as 
shown in Scheme II. The l*O content at C2 was 
determined from the difference in the atom percentage value 
for the molecular ion (m/z 138 and m/z 140) and for the 
isotopic fragment at C7HsO+‘. In all cases, contributions 
of the 1 8O ion intensity from natural isotope abundance 
were substrated. In or&r to minimize the chemical 
hydrolysis, these reactions were performed over a 3 h 
period. The results obtained (as well as the values corrected 
for chemical hydrolysis) are reported in Table 2. They 
indicate that, in the case of A. niger, a 95 % incorporation 

Table 2. Amounts and positional distribution of “0 incorporatiou into diol 2 after biohyddysis of(R)- aud (S)-styrene oxide in Hzl’O 

Strains Substrate 
Total 180 
incorp. 
in diol 2 

(%) 

‘*O content l*O content e.e. (%) 
at C(1) at C(2) of diol 2 

(a of total) (a of total) 

A. loiger 
(R)-styrene oxide 99 5 (=OO) 95 (>99*) 90 

(S)-styrene oxide 95 26 (15*) 74 (85*) 48 

(R)-styrene oxide 94 60 (50*) 40 (50*) 0 
B. suljiuescens 

(S)-styrene oxide 97 99 (> 99*) 1 (OY 95 

*Values correcW for non-enzymatic hydrolysis. 



of I80 is observed at C2 (corrected value 99 %) for the fast 
reacting enantiomer (K)-styrene oxide (the 5 % 
incorporation at Cl being essentially due, as previously 
stated on the basis of the stereochemical outcome 
interpretation, to chemical hydrolysis). Similarly, a 74 % 
l*O incorporation is observed at C2 (corrected value 85 %) 
for the slow reacting enantiomer (5’)-styrene oxide, the 26 
% incorporation at Cl being again partly due to chemical 
hydrolysis. Therefore, our results ascertain the fact that 
retention of con~guration observed in the course of 
enzymatic hy~olysis of styrene oxide using A. niger 
occurs via almost exclusive attack of water at the less 
hindered side of the oxirane, rather than via a double 
inversion process as previously observed.7cgd 
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Ngure 1. Time course evolution of the hydrolysis of RX- (+}, (Rf- 
(l), (SWyrene oxi& (0) (1 g/L) using A. niger c&Is (8 g/L, weight 
of dry cells) and of non-enzymatic hydrolysis (A). 

Both enantiomers of styrene oxide were similarly 
hydrolyzed separately usin 
Thus, a 99 % regiospecific Q l 

the fungus B. sulfurescens. 
0 incorporation was observed 

at Cl upon hydrolysis of the fast reactive enantiomer (S)- 
styrene oxide. This result, taken together with the total 
inversion of configuration observed in this case, ascertains 
the unprecedented fact that the epoxide ring is indeed 
attacked by a water molecule via a SN2 type mech~ism at 
the more substituted Cl carbon atom, whereas no 
significant reaction takes place at the less substituted one. 
In contrast, biohydrolysis of (R)-styrene oxide (slow 
reacting enantiomer) proceeded almost without any 
regioselectivity, the distribution of **O being almost 
equivalent between C 1 and C2. 

Kinetics of the biohydrolysis of(S)- and (IX)-styrene oxide 

Because of the possible complexity of the kinetical results 
obtainable from experiments conducted on racemic 
substrate - i.e. en~tiosel~tive inhibition phenomena - 
the previously reported con~tionss for biohy~olysis of 
racemic styrene oxide were applied to the separate 
hy~olysis of(R)- or (S)-styrene oxide using both fungi. 

0 1 2 3 4 5 6 7 8 

time(h) 

Figure 2. Time course evolution of the hydrolysis of mc- (+), (RI- 
(m) and of (S)-styrene oxide (*f (1 g/L) using 3. sulfurescerrs cells (8 
g& weight of dxy cells). 

Time dependent analysis of rat-, (s)- and (~)-scene oxide 
during biohydrolysis were performed. As can be seen from 
Figure 1, the enantiomer having a (R) configuration reacts 
about four times faster than its antipode (S)-styrene oxide 
in the case of A. niger. In contrast, with B. sulfurescens 
(Figure 2) the (S) enantiomer reacts approximately eight 
times faster than its antipode (R)-styrene oxide. However in 
both cases, and in sharp contrast to previously described 
results obtained using liver microsomeslOhc the observed 
kinetic profile in the case of rut-styrene oxide does not 
show any biphasic kinetic profile. Also, the average curve 
calculated from each en~tiomer hydrolysis, measured 
separately, does approxima~ly coincide with the observed 
time course study of the racemic compound. These results 
confirm the propensity of the enzyme systems to 
discriminate between the oxirane enantiomers and show 
that there is no strong competitive inhibition of the slower 
reacting enantiomer on the hydrolysis of its antipode as in 
the case of mEH. 

To obtain some more information about the 
enantioselectivity of these biohydrolyses, we have tried to 
determine the apparent kinetic parameters for each 
enantiomer of styrene oxide using the two fungi. The 
initial hy~olysis rates were measured as a ~ncdon of the 
substrate concentration versus rates of dial-2 formation. 
The KmaPP and V,, aPP values were determined from the 
double reciprocal Lineweaver-Burk piots. In the case of A. 
niger, the results obtained indicate that biohydrolysis 
follows Michaelis-Menten kinetics. The kinetic parameters 
obtained show that there is no marked difference in affinity 
for the epoxide hydrolase towards each one of the 
enantiomers Km*PP 0.71 mM for (R)-styrene oxide and 
KmaPP 1.2 mM for (S)-styrene oxide but reveal a larger 
specific activity of the enzyme for the (R)-enantiomer 
Wmax app 10 nmol/~n x mg dry cells) than for the (S)- 
en~domer (V -VP 0.7 nrno~~n x mg dry cells). These 
values confirm that there is no strong competitive 
inhibition of one enantiomer towards its antipode and that 
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the enantioselectivity observed is essentially due to a 
different specific activity of the enzyme for each 
enantiomer. These results are quite different from those 
described previouslylc using mEH, where the tight-binding 
enantiomer (R)-styrene oxide (K, = 0.08 mM) was shown 
to react slowly (V,, = 6.9 nmol/min x mg protein), 
whereas the looser-binding enantiomer (S)-styrene oxide 
(K,,, = 0.22 n&I) has a much higher V,, (22 nmoYmin x 
mg protein). Interestingly, in spite of these differences, the 
observed enantioselectivity is similar in both cases, the 
(R)-styrene oxide enantiomer being hydrolyzed 
preferentially. In contrast, with B. sulfirescens the velocity 
versus substrate curves (Figures 3 and 4) show marked 
deviation from rectangular hyperbolas, reflecting the fact 
that the simple Michaelis-Menten velocity equation no 
longer describes the kinetic behavior. These results seem to 
indicate that a complex mechanism occurs during the 
biohydrolysis of styrene oxide with B. sulfirescem and did 
not allow us to determine the kinetic parameters K,W and 
v-am. 

Model for the enzymatic active site 

A model for the mammalian EH has been &vised on the 
basis of several previously described studies.1c*s*9 This 
model implies the existence of a lipophilic pocket located 
at the right backside if the oxirane ring is oriented with the 
oxygen atom towards the top. Another very interesting 
point relates to the enzymatic mechanism of these 
hydrolytic reactions. The basic mechanistic questions are 
how the enzyme activates water at the active site and how 
it destabilizes the oxirane ring towards nucleophilic attack. 
It has been suggested previously12 that a histidine (in the 
case of mEH) or maybe a cysteine (in the case of cEH)13 
residue would be responsible for the water molecule 
activation. Very recently, expression of rat mEH14 and 
cEH15 in Escherichia coli were carried out. These results 
confirm that, in the case of mEH, a hi&line residue is 
indeed involved in a general base catalysis for the 
deprotonation of the attacking water molecule, thus making 
it a stronger nucleophile while another residue (presumably 
lysine) would, in the transition state, act as a general acid 
catalytic assistance in dispersal of electron density on the 
oxirane oxygen for a nucleophilic addition mechanism, 
thus destabilizing the oxirane.16 This information led to 
the model illustrated in Scheme III.” 

It was interesting to check whether our results, obtained 
using microorganisms, do - or do not - fit into this 
model. The absolute configuration of the fast reacting 
antipodes (or diastereoisomers) of the various substrates we 
have studied up to now, and which show good 
enantioselection when hydrolyzed with A. niger, are 
presented in Scheme IV. As can be seen from these 
representations, they all fit into the proposed model, a fact 
which leads us to propose that the enzyme of A. niger can 
be described by a model very similar, if not identical, to the 
one of r&H. Although many more substrates need to be 
studied the present work suggests that A. niger could be 
used as a microbial model for mammalian metabolism. 
Obviously, in regard to the opposite regio- and 
stereochemistry observed for B. sulfirescens, the active site 
of the implied EH must be quite different in that case. 
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Figure 3. Kinetic of the biohydrolysis of styrenc oxide using B. 
s14lfurescens cells. Plot of initial velocity versus concentration of 
suhate (.Y)-styrene oxide. 
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Figure 4. Kinetic of the biohydrolysis of styrcne oxide using i?. 
sulfirescetis cells. Plot of initial velocity versus concentration of 
substrate (R)-styrene oxide. 

Scheme III. 
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Scheme IV. 

Conclusion 

Our experiments conducted using l*O labeled water show 
clearly that A. niger and B. sulfurescens operate each with a 
different regioselectivity during opening of the oxirane 
ring. First, it must be emphasized that, whereas in the case 
of A. niger the water molecule is incorporated at the less 
hindered site of the oxirane ring, as in the case of 
mammalian EH, B. sulfurescens surprisingly leads to 
incorporation of labeled water at the more substituted 
carbon atom. As far as the stereochemical course of these 
enzymatic hydrolyses is concerned it appears that, similarly 
to the results obtained for mammalian mEH and cEH, 
enzymatic hydration of both enantiomers of styrene oxide 
always occurred via a truns opening process implying 
nucleophilic attack of a water molecule on the oxirane ring. 
This leads to a retention of configuration in the case of A. 
niger, and to an inversion of configuration for B. 
sulfurescens mediated hydrolyses. Interestingly, this is in 
sharp contrast with results previously described using two 
other fungi where a cis-hydration was observed.7G We also 
have shown in the course of this study that no strong 
competitive inhibition is operating for either enantiomer, 
an observation which is quite different from the results 
described for mammalian mEH. 

Finally, it has to be emphasized that the enantioselectivity 
we have observed using our substrates and the fungus A. 
niger can be well predicted by using the active site model 
previously proposed for mammalian mEH, thus making 
this fungus a good candidate for microbial models of 
mammalian metabolism. Interestingly, B. sulfirescens led 
to very unusual and unprecedented regio- and stereochemical 
results. Work is in progress in our laboratory to further 
explore the potentialities of these highly attractive 
microbiological biotransformations and to 
epoxide hydrolases implied in these hydrolyses. 

Experimental Section 

GenkTal 

purify the 

The strain of A. niger used in this work is registered at the 
Museum d’Histoire Naturelle (Paris) under no LCP 521 
(Lab. de Cryptogamie, 12 rue Buffon, 75005 Paris, 
France). Corn steep liquor (CSL) is from Roquette S.A. 
Vapor-phase chromatography analyses were performed by 

using a chiral 25 m capillary column heptakis (6-O- 
methyl-2,3-di-O-pentyl)-P cyclodextrin at 80 “C for the 
determination of enantiomeric excess of diol 2 via its 
acetonide derivative [elution order : (lR)-2 fR = 21.5 min ; 
(1s)-2 fR = 22.6 min; a = 1.05 1. HPLC analyses were 
carried out with an UV detector at 220 nm and a normal- 
phase ,column (12.5/0.4 cm) filled with 5 pm silica gel 
using hexane-ethanol 97/3 as eluent (1 mL/min). 
Purification of products was achieved by flash 
chromatography (silica gel 60 H from Merck and solvent 
mixtures consisting of pentane and ether in the range of 
100 % pentane to 100 % ether). 

Complete biohydrolysis of(R)- and (S)-styrene oxide with 
A. niger and B . sulfurescens 

The fermentations were carried out in a 2 L fermentor as 
previously described.5 After incubation (40 h for A. niger, 
48 h for B. sulfirescens) the mycelium was filtered off, 
washed with water, and then placed back in the same 
fermentor filled with 1 L of a pH 8 phosphate buffer (0.1 
M) solution. The medium was stirred at 700 rpm and 
maintained at 27 “C. (R)- or (0styrene oxide (1 g) as a 
solution in ethanol (10 mL) was added to the medium. The 
fast reacting enantiomers hydrolyses (R for A. niger and S 
for B. suljiuescens) were stopped after 2 h by addition of 
ether. In order to be sure that complete hydrolysis of slow 
reacting enantiomers (S for A. niger and R for B. 
sulfurescens) was achieved, incubation was stopped after 24 
h by addition of ether. The medium was filtered off, and the 
fungal cake was separately extracted two times with ether. 
After decantation, the aqueous phase was saturated with 
NaCl and then continuously extracted with dichloromethane 
(48 h). The combined organic layers were dried (MgS04) 
and purification of diol 2 was achieved by flash 
chromatography. Preparative yields and e.e.s of 2 are given 
in Table 1. 

Biohydrolysis of(R)- and (S)-styrene oxide in H2180 

Biohydrolyses in Hzl*O (95 % isotopic enrichment, 
ISOTEC) were all carried out in a minivial (1 mL) at 27 “C 
containing phosphate buffer pH = 8 (400 pL, 0.1 M in 
Hzl*O> and 20 mg of fungal cake obtained as described 
above. After 2 h stirring 4 pL (c = 1 g/L) of a solution of 
(R)- or (S)-styrene oxide (100 mg in 1 mL EtOH) was 
added via a syringe and the mixture was stirred for 3 h at 27 
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“C. After saturation with NaCl, each minivial was extracted subtraction of the rate observed for a blank control 
three times with 0.5 mL portions of dichloromethane. The experiment without fungus (the chemical hydrolysis rate is 
combined organic layers were dried (MgSO4) and analyzed the same with inactivated fungus), were used to obtain 
by HPLC (for determination of analytical yield) and by Lineweaver-Burk plots and to determine the K,aPP and 
GC-MS . V maxaPP. 

iUas.sspectral analysis 

Mass spectra were performed on a Hewlett-Packard 5890 
GC coupled to a 5989 A MS Engine. The whole system 
was controlled by a HPUX-MS-Chemstation. Analyses 
were performed in electron impact (EI 70 eV) with the 
mass spectra scanned from 25 to 250. The scan time was 
1.17 scans/second. Gas chromatographies were carried out 
in a HP5 column (30 m x 0.25 mm). The injection was 
performed within 1 min in splitless mode. Helium was 
used as a carrier gas at 2 bars and the programmed 
temperature was from 70 to 200 “C (10 “C/mm). The t*O 
content of a fragmentation was calculated as the ratio of 
peak intensities (m + 2)/(m + (m + 2)) and was corrected 
by substracting the corresponding value observed for 
unlabeled material. At least three scans of the peak doublets 
of interest were averaged for each sample. The relative 
distribution of ls0 was obtained from the peak intensities 

of the molecular peak and the isotopic ion C7HsO+*. The 

other isotopic ion CH2180H+* cannot be used for l*O 
analysis because fragments of m/z 31 can result from 
decomposition of heavier fragments. 
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