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ABSTRACT

Cyanobacterial neurotoxins such as anatoxin-a and saxitoxin, peptide hepatotoxins including microcystin variants and nodularin
were studied by electrospray ionization-mass spectrometry following direct infusion of samples into the mass spectrometer. This
technique was further exemplified when analysing the cyclic hepatotoxic peptides by means of on-line liquid chromatography-mass
spectrometry. Peptide toxins were identified in extracts from toxic bloom material and cell cultures by comparison of spectral and
chromatographic data to that of authentic materials. When authentic materials were not available, several peptides were tentatively

identified by their molecular-weight information provided by this technique.

INTRODUCTION

Many freshwater cyanobacteria (blue-green al-
gae) produce toxins (Fig. 1) which include: (a) the
cyclic heptopeptides of microcystin and its ana-
logues; (b) the cyclic pentapeptide nodularia toxin
and (c) the neurotoxic alkaloids anatoxins and saxi-
toxin. Microcystins have the common structure cy-
clo(-p-Ala-1-X-D-MeAsp-L-Y-Adda-D-Glu—
Mdha) where X and Y are variable amino acids
(labelled X and Y, Fig. 1) [1], Nodularin contains
four of the five amino acids found in microcystin
and dehydrobutyrine [2]. Blue-green algae are
found in eutrophic lakes and drinking water reser-
voirs and have been responsible for the deaths of
domestic, farm and wild animals in many countries
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over several decades [3-5]. Consumption of drink-
ing water contaminated by the toxins can seriously
affect human health, and there is an interest in the
tumor-promoting potential of the microcystins [6].
Complications arise when more than one species of
cyanobacteria co-exist in the algal bloom, and in
addition each species can produce more than one
kind of toxin. Hence there is a need to detect, quan-
tify and confirm the identity of these compounds
for safety evaluation.

The most commonly used analytical method
available for detecting the peptide hepatotoxins is
high-performance liquid chromatography (HPLC)
with ultraviolet detection. Those peaks collected
which were shown to be toxic to mice were further
characterised by mass spectrometry (MS), using
fast atom bombardment ionization (FAB) [7]. Gas
chromatography-mass spectrometry (GC-MS)
seems to be a suitable technique for analysing ana-
toxins, but the toxins must be derivatized prior to
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MCYST-LR: X=leu; R!=CHz Y=Arg; RZ=CH 994
MCYST-FR: X=Phe; R'=CHg Y=Ag; HRZ=CHg 1028
MCYST-RR: X=Arg; R'=CHgy Y=Ag; R2=CHz 1037
MCYST-RR: X=Arg; Rl'=H; Y=Arg; R2=CH3 1023
((D-Asp3)
MCYST-RR: X=Arg; Rli=H; Y=Ag; R2=H 1009
([D-Asp3,Dha’])
MCYST-YR: X=Tyr;  RV=CHg Y=Am; HA2=-CHg 1044
MCYSY-M(O)R: X=Met(O); R'=CHgz; Y=Arg; R2=CHz 1028
MCYST-WR: X=Tp; R'=CHz Y=Ag; R2=CHy 1067

Fig. 1. Structures of cyanobacterial toxins. MCYST = microcystin.

analysis [8-10]. Saxitoxin and its analogues are rou-
tinely analysed by fluorescence detection of their
oxidised products [11].

It is feasible to study the peptide class of toxins by

on-line LC-MS using FAB ionization [generally
known as continuous flow (CF)-FAB] [12,13]. Since
FAB requires matrices to assist ionization it is nec-
essary either to develop a HPLC method with the
matrix being incorporated into the mobile phase, or
to introduce the matrix coaxially into the mass
spectrometer ion source [14]. Care has to be taken
to ensure a steady film of liquid being delivered to
the FAB target. The amount of sample required by
FAB to acquire a spectrum of the purified toxin is in
the nanogram range.
i Recently Fenn and co-workers [15,16] have suc-
cessfully interfaced electrospray ionization with
mass spectrometry (ESI-MS), a development which
has proved invaluable in the analysis of thermally
labile polar molecules, especially for peptides and
proteins. This report demonstrates that on-line ESI-
MS is a simple, specific, reliable and rapid tech-
nique to monitor precisely and simultaneously vari-
ous algal toxins in extracts from laboratory cultures
or algal blooms present in eutrophic waters.
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EXPERIMENTAL

Chemicals

Anatoxin-a was obtained from Biometric Sys-
tems (Eden Prairie, MN, USA). Saxitoxin was pur-
chased from Calbiochem Novabiochem (Notting-
ham, UK). Microcystin-LR and microcystin-des-
methyl-3,7-RR were purified from lyophilized cells
of Microcystis aeruginosa PCC 7813 and Nodularin
was purified from a laboratory culture of Nodularia
spumigena as described by Lawton [17]. Microcys-
tin-RR was a gift from Professor H.W. Siegalman
(Biology Department, Brookhaven National Lab-
oratory, Upton, NY 11973, USA).

HPLC grade solvents and glacial acetic acid were
purchased from Romil Chemicals (Shepshed, UK)
and Fisons PLC (Loughbosough, UK), respective-
ly.

Algal material

Microcystis aeruginosa PCC 7813 was grown in
batch culture on BG 11 media as described [18].
Cells were harvested by continuous centrifugation
and freeze dried. Toxic bloom material containing
Microcystis aeruginosa was collected from Hart-
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beespoort Dam in South Africa in August 1987 and
Water Lane fish farm, Wessex, UK in November
1990. Toxic bloom material containing Nodularia
spumigena was collected from the River Humber in
1990.

Preparation of samples from algal cells

Lyophilized cells (0.5 g/50 ml) were extracted
twice in 5% (w/v) acetic acid for 30 min with contin-
uous agitation. The extracts were centrifuged at
3000 g for 10 min. Both supernatants were pooled
and filtered through a GF/C filter to remove partic-
ulate material. The filtrate was applied to a precon-
ditioned environmental C;g Sep-Pak (Millipore) at
a rate of 2 ml/min. The cartridge was washed with
20 ml 25% methanol and the peptides were eluted
with 100% methanol. Solvent was removed in vacuo
at 40°C and residues were retained for analysis. For
the PCC 7813 0.5 g freeze dried material, 1/2000 ul
was used for analysis, whereas for the Nodularia,
South African and fish farm studies, each injection
contained approximately 100, 135 and 400 ng
equivalent amount of nodularin or microcystin-LR
toxins, respectively (assessed by their extinction
coefficients from the UV spectra).

Detection of cyanobacterial toxins by ESI-MS

Authentic toxin standards were dissolved in a
mixture of methanol-water (50:50, v/v) containing
1% acetic acid. Each of these solutions was infused
at 1 pl/min with a Harvard Apparatus infusion
pump (model No. 22, Harvard Apparatus, Cam-
bridge, MA, USA) into a Finnigan TSQ 700 triple-
quadrupole mass spectrometer (Finnigan MAT,
San Jose, CA, USA) fitted with an electrospray ion
source (Analytica, Branford, CT, USA). A poten-
tial difference of 3500-3600 V was applied between
the grounded needle and the metalized ends of the
glass capillary tube that passes ions into the analys-
er. Nitrogen heated to 60°C was used as the drying
gas. Data analysis was controlled by DEC 2100 da-
ta system. The deconvolution program is based on
the Finnigan ICIS software version 5 [19]. Full scan
spectra were acquired in the positive ion peak cen-
troid or profile modes over the mass range of m/z
400-1200 at 6 s/scan.
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Detection of cyanobacterial peptides by LC-ESI-M S

The HPLC system used was an ABI model 140A
dual syringe pump (Applied Biosystems, San Jose,
CA, USA) fitted with a Rheodyne 7125 injection
valve equipped with a 5-ul sample loop. Separation
was achieved using a 150 x 1 mm I.D. microbore
column packed with Spherisorb 5-um ODS materi-
al (Phase Separations Ltd., Clwyd, UK). The mo-
bile phase consisted of water (A) and acetonitrile
(B) both containing 0.1% acetic acid. A gradient
elution was employed: 0-10 min 40% B; 10-20 min,
40-55% B; 20-35 min, 55-65% B and then isocratic
for 5 min at 65% B. The flow-rate was maintained
at 45 ul/min. The effluent was directed to a Valco
tee splitter. One outlet was connected directly with a
fused silica capillary (1 m x 100 yum IL.D., J & W
Scientific) to the UV detector (Applied Biosystems,
Model 785A) fitted with a micro flow cell (2.4 ul
volume, 6 mm pathlength). The eluent was mon-
itored by UV detection at 240 nm. The other outlet
was linked to the stainless steel electrospray needle
via a fused silica capillary 1.5 m x 50 um [.D. The
split ratio was maintained at 11:1 (UV:MS), so that
approximately 3.5 ul/min of the effluent entered the
ESI ion source. Full scan mass spectra were ob-
tained in the peak centroid mode over the mass
range of m/z 400-1200 at 6 s/scan. The individual
samples were dissolved in an appropriate volume of
methanol and an aliquots of 1 ul were analysed by
LC-MS.

RESULTS

Detection of cyanobacterial toxins by ESI-MS

The mass spectrum obtained by direct infusion of
anatoxin-a in methanol containing 1% acetic acid
gave a strong protonated molecule at m/z 166 [M +
H]* and a natriated adduct at m/z 188 [M + Na]*
(Fig. 2a). A weak signal at m/z 181 suggested the
presence of a methylene analogue of anatoxin. This
component has been characterised by Skulberg et
al. [20], but further studies are required to confirm
its presence.

The electrospray mass spectrum of saxitoxin is
presented in Fig. 2b, approximately 2 picomol sam-
ple was consumed to give this full scan spectrum.
The protonated molecule at m/z 300 and the
methylated adduct at m/z 314 dominate the spec-
trum. The fragment ion at m/z 282 could be attrib-
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uted to either loss of water from m/z 300 or the
loss of methanol from m/z 314. A similar observa-
tion has been reported by Quilliam et a/. [21] during
LC-ionspray-MS analysis.

When the peptide toxins are analysed by ESI-
MS, compounds with molecular weights less than
1000 are more likely to give strong singly charged
protonated molecules [M + Hj*. This can be il-
lustrated by nodularin which has a molecular
weight of m/z 824 (figure 2¢), whereas for toxins
with molecular weights over 1000, their correspond-
ing doubly charged ions [M + 2H]** predominate.
In the case of microcystin-LR, the singly charged
(M + H]* at m/z 995), doubly charged (M +
2H]2* at m/z 498) ions as well as the natriated (M
+ H + Na]?** at m/z 509) and kaliated (M + H +
K])?* at m/z 517) adducts of the doubly charged
ions were all observed in the spectrum (Fig. 2d). A
deconvoluted spectrum around the doubly charged
cluster ions at m/z 500 gave m/z 995 (M + H]*),
m/z 1017 (M + Na]™) and m/z 1033 (M + K]%)
(Fig. 2e). Approximately 100 femtomoles of the

219

sample were consumed to obtain a full scan mass
spectrum, with signal-to-noise level in the order of
20:1 or better. The amount consumed to produce a
full scan spectrum could easily be reduced.

Detection of cyanobacterial peptides by LC-ESI-MS

For the LC-MS system, a split ratio of 11:1 was
applied and 3.5 ul/min of the LC eluent was direct-
ed into the mass spectrometer. The rest of the flow
was diverted to the UV detector fitted with a 2.4-ul
flow cell. Since a capillary flow cell (90 nl) suitable
to monitor a low LC flow-rate was not available,
the peaks on the chromatograms tended to be rath-
er broad. There was a 20-s delay in receiving the
signal at the mass spectrometer compared to the
UV detector. The five standards available for this
study, mcyst-LR, mcyst-YR, mcyst-desmethyl-3,7-
RR, mcyst-RR and nodularin, were separated by
reversed phase LC with mass spectrometric and UV
detection (Fig. 3a and b). Although the compounds
did not have baseline separation on the UV chro-
matogram, the reconstructed ion chromatogram
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Fig. 2. Electrospray mass spectra obtained from freshwater cyanobacterial toxins, (a) (+ )-anatoxin-a, (b) saxitoxin, (c) Nodularin and
(d) microcystin-LR. (e) Deconvolution of the spectrum around the doubly charged cluster ions at m/z 500 gave m/z 995 (IM + HJ"),
mjz 1017 (M + Na]*) and m/z 1033 (M + K]%).
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Fig. 3. Separation of toxic peptide standards by reversed-phase LC and displayed as (a) reconstructed ion chromatograms; (b) LC

chromatogram with UV detection.

shows the compounds to be adequately resolved.
They were easily recognised either as their singly or
doubly charged protonated ions. Nodularin had a
mass spectrum with a predominant peak at m/z 825
(M + H]") (data not shown). The mass spectra of
mcyst-LR, -YR and desmethyl-3,7-RR consisted of
doubly and singly charged ions. Mcyst-RR only
formed a doubly charged ion at m/z 520 [M +
2H]** but deconvolution of this ion gave the pro-
tonated ion at m/z 1038.

Once the system was shown to be satisfactory
with the known standards, extracts from cyanobac-
terial cultures and blooms were analysed.

The extract from the bloom material collected
from Hartbeespoort Dam contained several micro-

cystin variants as shown by the reconstructed ion
chromatograms and UV chromatogram (Fig. 4a
and b). At g 13.30 min mcyst-YR was observed
which gave a protonated ion at m/z 1045.7 and a
doubly charged ion at m/z 523. Mcyst-LR was de-
tected at ¢y 16.00 min with m/z 995, followed by
mcyst-FR at fx 20 min. The mass spectrum of
mcyst-FR contained mainly a singly charged pro-
tonated ion at m/z 1029 and a weak signal (20%
intensity) of its doubly charged ion at m/z 514.
Mcyst-WR was detected at g 21.30 min (m/z 1069).
Finally a broad peak of mcyst-RR was present as its
doubly charged ion at m/z 520. All toxins men-
tioned above provide very good mass spectra as
shown in Fig. 5.



222
1007 1.162
m/z 515
501
3
x 10
1007 m/z 520 ' {2.523
501
3
x 10
1001 m/z 523 1.124
50
3
x 10
1001
m/z 534 1,545
501
3
100 Sal
m/z 995
50
3
o ~x 10
1 m/z 1029 s.368
501
2
x 10
1007 r
m/z 1045 9-343
501
x 10
100 _
m/z 1069 1-627
50

T ¥ T
3120 16:40 25:00

time (min:s)

G. K. Poon et al. | J. Chromatogr. 628 (1993) 215-233

0.064

Absorbance at 240nm

0 10 20 30 40
Retention time (min)

Fig. 4. Separation of microcystins in an extract from bloom material from Hartbeespoort Dam, South Africa. (a) Reconstructed ion

chromatograms; (b) LC chromatogram with UV detection.

Analysis of the extract of the bloom containing
predominantly Nodularia spumigena showed the
presence of the pentapeptide, nodularin at g 12.70
min (Fig. 6a and b). Examination of the recon-
structed ion chromatograms (Fig. 6a) demonstrated
the presence of trace amounts of mcyst-LR (/2 995
at fg 16.00 min) and possibly mcyst-RR [D-Asp?] at
fr 28 min which had a mass spectrum with a promi-
nent ion at m/z 512 and a deconvoluted spectrum
with the protonated ion at m/z 1024 (Fig. 6d).

Several microcystin analogues were detected in
the extract from the bloom material collected from
Water Lane Fish Farm (Fig. 7a and, 7b) including
mcyst-LR and -YR at #z 11.30 min and ¢ 14.80
min, respectively. Several other peaks were detected

which may be other microcystin variants. A weak
spectrum with m/z 1029 was tentatively identified as
mcyst-M(O)R (Fig. 7c). At low concentration, no
m/z 515 doubly charged ion was obtained. However
at a high concentration, the m/z 515 ion was pres-
ent, but it was masked by the two abundant doubly
charged ions at m/z 537 and 519 (data not shown).
This component has the same molecular weight as
meyst-FR but differs in retention time. The rela-
tively short retention time suggests the presence of a
sulphoxide functional group in the molecule. An-
other component was detected at g 12.30 min
which had a strong doubly charged ion at m/z 519
and a deconvoluted ion at m/z 1037. This com-
pound could be mcyst-L-Harg (Fig. 7d and ¢) as
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Fig. 5. Mass spectra of toxic peptides identified in bloom material from Hartbeespoort Dam including (a) mcyst-YR, (b) mcyst-LR, (c)
mcyst-FR, (d) mcyst-WR and (e and f) mcyst-RR.
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Fig. 7. (a) Reconstructed ion chromatograms; (b) reversed-phase LC chromatogram indicating toxins present in the extract from Water
Lane Fish Farm. As well as mcyst-LR and -YR, two peptides were tentatively identified on the basis of their mass spectra as (c)
mcyst-M(O)R and (d and €) meyst-L-Harg. Another compound with [M + 2HJ]®* at m/z 537 and [M + H]* m/z 1072 (f and g,
respectively) may be another peptide variant.
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described by Namikoshi ef al. [22]. A strong signal
at m/z 537 with # 5.50 min could be the doubly
charged ion of a toxin which has previously been
observed but not characterised. The deconvoluted
spectrum gave a protonated molecule at m/z 1072
(Fig. 7f and g). It is highly likely that this corre-
sponds to another variant since it has previously
been detected in extracts from laboratory cultures
of Microcystis aeruginosa by FAB mass spectrom-
etry.

In the extract from the laboratory culture of M.
aeruginosa mcyst-LR was the major component
(Fig. 8a and b) but at 7z 19.10 min a second compo-
nent, possibly mcyst-RR [D-Asp®, b-Ha’], was de-
tected, giving an [M + H]* at m/z 1010 and an
[M + 2H]** ion at m/z 505 (Fig. 8c).
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DISCUSSION

Traditionally different analytical methods such as
UV detection (for toxins with UV chromophore),
fluorescence detection for saxitoxin [11], GC-MS
for anatoxin [8-10], static FAB-MS [7] and on-line
CF-FAB-MS detection for microcystins [12,13], are
required for studying different classes of cyanobac-
terial toxin. Mass spectrometry, unlike UV spec-
troscopy, has the advantage that it can handle com-
pounds which lack the UV chromophore. Further-
more GC-MS is applicable to study anatoxin, al-
though samples have to be derivatized before analy-
sis. FAB-MS has been a method of choice to
analyse microcystins, It requires a suitable matrix
for sample ionization and subsequently, LC-CF-
FAB-MS has to incorporate the matrix in the LC
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Fig. 8. (a) Reconstructed ion chromatograms; (b) reversed-phase LC chromatogram indicating the presence of toxins in an extract from
a culture of Microcystis aeruginosa PCC 7813 as detected by (a) mass spectrometry and (b) UV absorption at 240 nm. As well as
mceyst-LR another peptide, mcyst-RR [D-Asp?, -Ha’] was identified on the basis of its mass spectrum (c) and comparison the retention

time to that of the standard.

separation. Due to changes in polarity and viscosity
of the mobile phase, the matrix will affect the chro-
matographic separation. In addition, not all matric-
es are amenable to LC-MS because they are not
capable of forming a stable and consistent film on
the FAB target. High matrix backgrounds often
hinder the detection of compounds of interest and
severely decrease the limit of detection. While vari-
ous techniques are normally required to achieve effi-
cient ionization for different classes of toxins, this
study demonstrates that ESI-MS is practicable for
all the compounds, especially when different classes
of toxins are known to coexist in a bloom sample.
ESI-MS experiences less ion suppression effect in
comparison to FAB, hence it is a more attractive
technique for analysing mixtures. Furthermore, on-
line LC-MS analysis is less time consuming than
off-line LC-MS and with a microbore LC system,
less sample is required for the analysis in compari-
son to the conventional LC set up [13]. ESI-MS was

developed primarily for molecular weight determi-
nation of proteins and other large biomolecules.
This study shows the technique is also applicable
for analysis of low-molecular-weight compounds
with good sensitivity. Further studies are in pro-
gress to determine the suitability of this method for
analysis of other cyanobacterial toxins.

These results show that developments and inno-
vations in mass spectrometry require sophisticated
(and sometimes expensive) equipment. However,
the combination of LC-MS for the identification of
peptide toxins exploits the separation capability of
liquid chromatography with the molecular weight
information provided by the mass spectrometer,
and offer a much wider scope in the analysis of algal
toxin. However in a system where authentic refer-
ence compounds are not available, tandem mass
spectrometry (MS—MS) [23] can be considered and
thereby further information on the identity of these
compounds could be obtained.
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Although LC-MS of other cyanobacterial toxins
was not examined in this study their ability to be
ionized by electrospray and to be separated on re-
versed-phase systems would suggest this is feasible.

ACKNOWLEDGEMENTS

We would like to thank Dr. C. Evans at Finnigan
MAT, UK for helpful discussions; G.K.P. and
L.J.G. are supported by Cancer Research Cam-
paign and Medical Research Council, UK.

REFERENCES

1 D.P. Botes, A. A. Tuinman, P. L. Wessels, C. C. Viljoen, H.
Kruger, D. H. Williams, S. Santikarn, R. J. Smith and S. J.
Hammond, J. Chem. Soc., Perkins Trans., 1 (1984) 2311-
2318.

2 K. L. Reinhart, K. Harada, M. Namikoshi, C. Chen, C. A.
Harvis, M. H. G. Munro, J. W. Blunt, P. E. Mulligan, V. R.
Beasley, A. M. Dahlem and W. W, Carmichael, J. Am. Chem.
Soc., 110 (1988) 8557-8558.

3 G.A.Codd and G. K. Poon, in L. J. Rogers and J. R. Gallon
(Editors), Biochemistry of the Algae and Cyanobacteria, Ox-
ford Science Publications, Clarendon Press, Oxford, 1988 pp.
283-296.

4 National Rivers Authority, Toxic Blue-Green Algae, Water
Quality Series 2, London, 1990.

5 G.J. Gunn, A. G. Rafferty, G. C. Rafferty, N. Cockburn, C.
Edwards, K. A. Beattie and G. A. Codd, Ver. Record, 130
(1992) 301-302.

6 C. MacKintosh, K. A. Beattie, S. Klumpp, P. Cohen and G.
A. Codd, FEBS Lett., 264 (1990) 187-192.

7 M. Namikoshi, K. L. Rinehart, R. Sakai, R. R. Stotts, A. M.
Dahlem, V. R. Beasley, W. W. Carmichael and W. R. Evans,
J. Org. Chem., 57 (1992) 866-872.

13

14

20

21

22

23

233

R. A. Smith and D. Lewis, Vet. Hum. Toxicol. 29 (1987)
153-154.

K. Himberg, J. Chromatogr., 481 (1989) 358-362.

C. Edwards, K. A. Beattie, C. M. Scrimgeour and G. A.
Codd, Toxicon (1992) in press.

J. F. Lawrence, C. Menard, C. F. Charbonneau and S. Hall,
J. Assoc. Off. Anal. Chem., 74 (1991) 404—409.

K. Harada and M. Suzuki, 39th Proceedings ASMS Confer-
ence on Mass Spectrometry and Allied Topics, Nashville, TN,
19-24th May, 1991, pp. 1382-1383.

F. Kondo, Y. Ikai, H. Oka, N. Ishikawa, M. F. Watanabe,
M. Watanabe, K-I. Harada and M. Suzuki, Toxicon 30
(1992) 227-237.

M. A. Moseley, L. J. Deterding, J. S. M. de Wit, K. B. Tom-
er, R. T. Kennedy, N. Bragg and J. W. Jorgenson, Anal.
Chem., 61 (1989) 1577-1584.

S. F. Wong, C. K. Menz and J. B. Fenn, J. Phys. Chem., 92
(1988) 546--550.

J. B. Fenn, M. Mann, C. K. Meng, S. F. Wong and C. M.
Whitehouse, Science ( Washington, D.C.), 246 (1989) 64-71.
L. A. Lawton, Phd Thesis, University of Dundee, Dundee,
1992.

R. Y. Stanier, R. Kunisawa, M. Mandel and G. Cohen-Ba-
zire, Bacteriol. Rev., 35 (1971) 171-208.

J. Zhou and 1. Jardine, 38th Proceedings ASMS Conference
on Mass Spectrometry and Allied Topics, Tuscon, AZ, 3—8th
June, 1990, pp. 134-135.

O. M. Skulberg, W. W. Carmichael, R. A. Anderson, S. Mat-
sunaga, R. E. Moore and R. Skulberg, Environmental Tox-
icology Chem., 11 (1992) 321-329.

M. A. Quilliam, B. A. Thomson, G. J. Scott and K. W. M.
Sui, Rapid Commun. Mass Spectrom., 3 (1989) 145-150.

M. Namikoshi, K. L. Rinehart, R. Sakai, K. Sivonen and W.
W. Carmichael, J. Org. Chem., 55 (1990) 6135-6139.

D. F. Hunt, R. A. Henderson, J. Shabanowitz, K. Sakaguchi,
M. Hanspeter, N. Sevilir, A. L. Cox, E. Appella and V. H.
Engelhard, Science ( Washington, D.C.), 255 (1992) 1261—
1263.



