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Abstract A liquid chromatography method was developed
for the determination of antifungal/antimicrobial proteins
Rs-AFP1 and Dm-AMP1 in sandy loam soils. The extrac-
tion of these highly basic proteins was achieved by me-
chanical shaking with aqueous Tris buffer pH 9 containing
guanidinium thiocyanate salt (4.1 M), EDTA and nonionic
polyoxyethylene 20 cetyl ether, Brij-58 detergent. The ex-
tracts were cleaned up on Oasis HLB polymer solid-phase
extraction cartridges and quantified by liquid chromatog-
raphy fluorescence detection based on the fluorescence
properties of the tryptophan content of these proteins. The
detector response was linear for 0.3—-10 ug mL-!. Proce-
dural recoveries were tested in the range 10-100 mgkg~'.
The limit of quantification was 10 mgkg~! protein in the
soil sample representing the lowest validated fortification
level. The antifungal proteins were found to be stable in
soil extract tested up to 9 days when stored at 4 °C.

Keywords Antifungal - Antimicrobial - Proteins - AFPs -
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Introduction

Antifungal and antimicrobial proteins and polypeptides
have been isolated from diverse groups of organisms, in-
cluding plants, fungi, bacteria and insects. These proteins
have a role in the host defence of plants by acting as nat-
ural defensins [1, 2, 3]. Seeds carrying fungicidal proper-
ties have been researched extensively to implant increased
fungal resistance properties into commercial crops. Such
proteins were identified from radish Raphanus sativus
Rs-AFP1 and dahlia Dahlia merckii Dm-AMP1 [4], onion
seeds Alium cepa Ace-AMP1 [5], Brassicaceae [6] and sev-
eral other species [7]. Antifungal proteins are usually iso-
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lated and purified from the appropriate seeds or can be
produced and isolated from biochemical fermentation of
transgenic microorganisms such as yeast [8] and Pichia
pastoris [9]. These active macromolecules are likely to be
excreted into the soil at seed germination, thereby creat-
ing a microenvironment inhibiting fungal growth [1]. It is
important to understand the fate of these pesticidal mole-
cules in the soil environment, especially in circumstances
where those compounds may be disposed in relatively large
quantities from food processing plants. The objective of
this study was to develop a method to monitor the fate of
antifungal bioactive macromolecules in soil. Unlike for
pesticides, limited publications are in the public domain
related to the extraction, clean-up and determination of
naturally occurring proteins [10] or pesticidal macromole-
cules [11]. Several papers reported investigations into the
quantification and persistence of insecticidal proteins in
soil derived from transgenic cotton that produces Bacillus
thuringiensis var. kurstaki 6-endotoxin (Bttoxin 66 kDa)
[12, 13]. The adsorption of Bttoxin to various soil con-
stituents was discussed in several papers [14, 15, 16, 17,
18] but very little was published for quantitative assays of
proteins in soil [19, 20]. The aim of this investigation was
to establish an efficient extraction technique from soil and a
quantification assay of antifungal protein Rs-AFP1 (5.5 kDa,
calculated pI8.3) and antimicrobial protein Dm-AMP1
(5.5kDa, calculated pI7.6) by using chromatographic
techniques. Other techniques have been used to assess an-
tifungal or antimicrobial proteins (e.g. enzyme-linked im-
munosorbent assays ELISA [21, 22]) but we have found
none that quantitatively assess these proteins in soil by
liquid chromatography. From aqueous solutions these pro-
teins, especially Dm-AMP1, are susceptible to adsorption
and other physicochemical interactions to various soil com-
ponents, even to extraction vessels and pipettes; therefore,
the handling of the extracts is itself a challenge. During
the method development electrostatic and nonspecific in-
teractions between proteins soil clay, silt, sand and humic
organic matter were considered in order to achieve efficient
extraction and keep the extracted proteins in solution. The
limited availability of purified standards, no more than a
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few mg reference materials, forced the methodology to-
wards miniaturisation in comparison with the study de-
sign and analysis of conventional pesticides. This limita-
tion also restricted further evaluation of the specific inter-
actions between protein soil constituents.

Experimental

Reagents and solvents

All reagents were analytical grade and solvents were HPLC grade.
Guanidine thiocyanate, polyoxyethylene 20 cetyl ether (Brij-58),
ethylenediaminetetraacetic acid disodium salt (EDTA), tris(hy-
droxymethyl)aminomethane (Trisma base), tris(hydroxymethyl)
aminomethane hydrochloride (Trisma hydrochloride) were from
Sigma—Aldrich Co. (Poole, Dorset, UK). Triethylamine (TEA) and
trifluoroacetic acid (TFA) were from Fisher Scientific (Loughbor-
ough, Leicestershire, UK). Waters Oasis HLB extraction car-
tridges (60 mg in 3-mL cartridge) (Waters, Elstree, Hertfordshire,
UK) were used. Deionised water was obtained from a Milli Q water
purification system (Millipore Ltd., Watford, Hertfordshire, UK).
The aqueous extraction solution comprised Tris buffer (32 mM)
pH9, Brij-58 (0.32%), EDTA (1.3 mM) and guanidine thiocyanate
4.1M).

Plant defensin proteins

Samples of Rs-AFP1 and Dm-AMP1 were available as reference
standards of known purity. These were prepared and characterised
in-house by Syngenta Discovery and Analytical Sciences. Samples
of reference materials were dissolved in sterile water for fortifica-
tion and analysis.

Chromatographic system
Chromatography column

Jupiter C5, 5 um, 30-nm pore size, 150 mmx4.6 mm coupled to a
SecurityGuard column containing two 4 mmx3 mm wide-pore C5
guard cartridges (Phenomenex UK Ltd., Macclesfied, Cheshire,
UK).

Mobile phase and gradient

Solvent A was water + 0.5% TEA + 0.4% TFA pH2.2; solventB
was acetonitrile + 0.5% TEA + 0.4% TFA. Gradient: initial 12% B
then linear gradient to 47% B at 8.75 min, 47% B at 8.76 min, lin-
ear gradient to 95% B at 20min, 99% B from 21.1-25min and
kept. Column re-equilibration time was 5 min at 12% B. The flow
rate was 1 mL min~!. Injection volumes were 14 puL.

Liquid chromatograph

Agilent 1100 system equipped as follows: quaternary pump
(G1311A), degasser (G13322A), column heater (G1316A) at 40 °C,
chilled auto sampler at 4°C (G1313A), fluorescence detector
(1046A) excitation 278 nm, emission 350 nm, UV detector (G1314A)
at 280nm and ChemStation instrument control and data processor
(Rev. A.05.01).

Sample preparation

Three different representative European soils (sandy loam, sandy
clay loam and loamy sand) of 10-15kg were sampled. The upper

5 cm soil containing the turf was removed and it was sampled in
5-20cm depth. Each sample was thoroughly mixed, air dried,
stones and root debris were removed and sieved through a 2-mm
sieve to achieve homogeneity. A sub-sample was sent for soil
characterisation and biomass determination. The major soil char-
acteristics were in the range pH 6.2-7.4, organic matter content
2.8-4.6%, cation exchange capacity 5.3—-12.9 meq/100 g. These soil
types were selected because they are routinely used for regulatory
soil degradation studies in our laboratories. A representative sub-
sample of soil (1 g) was weighed into a screw cap vial (15 mL). The
water content of the soil was adjusted to its 40% moisture holding
capacity, homogenised by shaking and equilibrated for 30 min
prior to fortification and/or extraction. Samples were extracted
with extraction solution (6 mL) [Tris buffer (32 mM) pH 9, Brij-58
(0.32%), EDTA (1.3 mM) and guanidine thiocyanate (4.1 M)] by
agitating for 60 min on a laboratory wrist shaker. The extract was
separated from solid debris by centrifugation at 3,500 rpm for 5 min.
The soil pellet was re-extracted with the buffer (4 mL) as above.
The combined turbid extracts were further centrifuged at 3,500 rpm
for 10 min before clean-up.

Sample clean-up was performed on Oasis HLB solid-phase ex-
traction (SPE) cartridges. The cartridges were conditioned with
acetonitrile (2.5 mL) containing TEA (15mM) and TFA (0.22%)
and then washed with water (2.5mL) containing TEA (15mM)
and TFA (0.22%). Sample aliquots (0.25 g in 2.5 mL extract) were
applied onto the column and percolated through under gravity at
approximately 1 drop s~!. The column was washed first with water
(3x1 mL) containing TEA (15mM) and 0.22% TFA followed by
10% acetonitrile in water (2x0.5 mL) containing TEA (15 mM) and
TFA (0.22%) under gravity at a speed of approximately 1-2 drops s™!
ensuring that the sorbent was always kept moist. The proteins were
eluted with 30% acetonitrile in water (2x0.55 mL) containing TEA
(15mM) and TFA (0.22%) pH 2.2 at a slow speed of 1 drops~! and
collected into a pre-weighed vial (1.5-mL size). The last drops of
the solution retained by the SPE sorbent were collected by apply-
ing gentle vacuum or pressure. The samples were concentrated to
0.4-0.6 mL using a stream of nitrogen at <45 °C. The sample con-
centration was calculated by weight assuming a density of 1 gmL"".

Results and discussion

During the method development careful consideration
was given to the handling of protein macromolecules dur-
ing preparation and analysis. The major parameters con-
sidered during the optimisation of extraction were salt, pH,
organic additives, surfactants and temperature. At pH val-
ues below the pl of the antifungal proteins there is a po-
tential for strong electrostatic interactions with negatively
charged components in the soil and extraction vessels.
Therefore various salts (e.g. potassium chloride, guanid-
ium chloride, calcium nitrate and guanidium thiocyanate)
were investigated to compete with these interactions.
Guanidium thiocyanate was found to be the most effective
over a concentration range of 0.1-4.1 M, while the others
caused precipitation at higher salt concentration and posed
various other technical limitations. This supports earlier
observations of the stabilising effect of guanidium thio-
cyanate upon solutions of peptides and proteins [20]. Or-
ganic additives for example ethanol, isopropanol, acetoni-
trile and various nonionic (Tween?20, Brij-58, Brij-35)
and ionic detergents (sodium dodecyl sulfate and hexade-
cyltrimethylammonium bromide) were explored to min-
imise the secondary, van der Waals, interactions to nonpo-
lar surfaces. Organic additives failed to prevent the “stick-
iness” of the AFPs and restricted the solubility of the pro-
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Fig. la—c Example chromatograms for Rs-AFP1 analysis a Rs- AFP1
standard 10 pg mL~!, b untreated sandy loam soil sample, ¢ fortified
sandy loam soil at 10 mgkg~! protein in soil. Analysis conditions as
described in the text

teins. The ionic detergents would not be compatible with
the liquid chromatography; therefore a nonionic monodis-
perse detergent polyoxyethylene 20 cetyl ether was selected
(Brij-58). Various buffers were also tested in the pH range
2—-11. The extraction efficiency was mainly controlled by
the relatively high concentration (4.1 M) of guanidium
thiocyanate. The pH had little effect on the efficiency: the
alkaline range pH8-11 was more favourable; therefore
pHO Tris buffer was selected, since this was compatible
with proteins. The antifungal proteins are heat-stable at
6080 °C [4], so extraction at 60 °C was also tried. No
benefit was found at this elevated temperature versus am-
bient temperature; however, the robustness of the method
with regards to temperature was established. EDTA was
added to the extraction system as a precautionary measure
to complex polyvalent ions rather than letting them strongly
interact with the proteins. Eventually the extraction mix-
ture containing Tris buffer (32 mM) pH 9, Brij-58 (0.32%),
EDTA (1.3 mM) and guanidine thiocyanate (4.1 M) proved
to be suitable for the extraction of antifungal proteins from
three different textural soil classifications, sandy loam, sandy
clay loam and loamy sand soils. The high salt and other
lipophilic co-extractives were separated on polymer-based
solid-phase extraction cartridges (polyvinyl pyrrolidine
polystyrene co-polymer Oasis HLB) with a separation pro-
file mimicking the reversed-phase liquid chromatography.
It was found that the TEA additive was essential to minimise
the “stickiness” of these compounds while maintaining the
overall pH of the systems at pH 2.2 using TFA in excess.

200

120

40 |

c 3 6

Time (min)

Fig.2a-c Example chromatograms for Dm-AMP1 analysis
a Dm-AMP1 standard 12.5ugmL-!, b untreated sandy loam soil
sample, ¢ fortified sandy loam soil at 10 mgkg™! protein in soil.
Analysis condition as described in the text

The analysis was performed on several Jupiter C5
columns using fluorescence detection. Variation of peak
tailing was observed from column to column when con-
ventional mobile phases containing 0.1% TFA only were
used. It was found that tailing could be avoided by the ad-
dition of 0.5% TEA in the mobile phase while maintain-
ing the overall acidic pH by use of a slight excess of TFA.

The detector response was calibrated by using a standard
curve and shown to be linear over the range 0.3—10 pg mL-".
A typical equation for a calibration line would be y=
29.01x-3.751, R?=0.9955 where y is the peak area (mAUs)
and x is the concentration of Dm-AMP1 (ugmL-"). The
limit of quantification is defined as the lowest validated
fortification level giving a S/N=10 and was found to be
10 mg kg~! protein in soil sample (Figs. 1 and 2).

Fortified samples were used to establish the procedural
recoveries of Rs-AFP1 and Dm-AMP1. Soils were re-equi-
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Table1 Analytical quality control recovery data

Table 2 Physicochemical properties of soils

Soil type Fortifica- Recovery (%) Properties Soil
tion level
(mgkg!) Rs-AFP1 Dm-AMP1 18 Acres  Chamberlain Frensham
Sandy clay loam 100 87 n/d? pH in water 7.0 7.4 6.2
18 acres (sterile) 50 86, 89 % Sand (2-0.050 mm) 55 88 74
10 78 % Silt 25 5 17
(0.050-0.002 mm)
Sandy clay loam 100 88 82, 81 % Clay (<0.002 mm) 20 7 9
18 acres 50 99,92,91, 82,96 80, 80 % Organic matter® 4.6 2.8 3.0
10 70 87, 82 Microbial biomass® C 2.4 4.2 2.1
Loamy sand 100 80, 84 71,72,78,76 S % organic matter C
. Microbial biomass® 62.7 55.4 35.4
Chamberlain 50 92, 89 77,74,79,75  (mg C/100 g soil)
10 90, 89 79,78,73,75  Cation exchange 12.9 5.3 6.1
Sandy loam 100 n/de 77 capacity® (meq/100 g)
Moisture holding 22.3 12.3 13.0
Frensham 50 83, 84 capacity 33.3 MPa
10 79, 80 (% moisture content)
Overall mean (%) 87.2 78.3 Moisture holding 11.3 5.4 5.2
capacity® 1500 MPa
RSD (%)® 7.9 8.9 (% moisture content)
ne 17 23 Soil classification® Sandy Loamy sand  Sandy
clay loam loam

an/d no data
bRSD relative standard deviation
°n number of data

librated with water to a moisture holding capacity of 40%
prior to fortification followed by a 0.5 h equilibration be-
fore subjecting them to the whole procedure. Three soil
types were tested, which were known to be microbiologi-
cally active soils with normal soil-born bacterial colonies
capable metabolising organic substances. One of the soils,
sandy clay loam, was sterilised by +y-ray irradiation and
the Rs-AFP1 recoveries were compared with that of gen-
erated on viable soil. The results were similar (Table 1)
demonstrating that there were no artefacts due to quick
metabolisation during the extraction step. The overall mean
recoveries were 87.2% (RSD 7.9%, n=17) and 78.3% (RSD
8.9%, n=23) for Rs-AFP1 and Dm-AMPI, respectively
(Table 1). The physicochemical properties of soils were de-
termined by a standard method and are detailed in Table 2.

Whilst extended stability tests were not performed, the
Dm-AMP1 levels were found to be unchanged in sandy
loam soil extracts after 9 days storage at 4 °C (Table 3),
thereby indicating that extracts are likely to be stable for a
considerably longer period of time.

Conclusions

An understanding of protein—soil interaction dynamics al-
lowed efficient recovery of antifungal proteins from soil
matrices. The critical parameter for the effective extrac-
tion was the use of guanidium thiocyanate at high concen-
tration (4.1 M) in the extraction buffer. This, in combina-
tion with conventional solid-phase extraction (SPE) clean-
up and analytical techniques, showed that the protein ex-
traction and analysis from soil can be as robust as conven-

?Organic matter determined as organic carbon by oxidation
with potassium dichromate, followed by titration of excess
dichromate with ferrous sulfate based on the Walkeley—Black
wet oxidation method [23]. Organic carbon was converted to
organic matter by the factor 1.724

"Microbial biomass carbon as a percentage of total organic
carbon of the soil was determined by using a gas analyser and
gas-handling unit allowing estimation of the microbial activity
in soil using the glucose amendment chosen from the glucose
response curve analysis [24]

“Cation exchange capacity determined by sodium saturation at
§>H 7 and flame photometry [25]

Moisture holding capacity is expressed as a percentage of soil
weight (air-dried)

‘Soil classification based on USDA scale (USA soil survey
triangle method)

Table3 Storage stability of Dm-AMP1 in sandy loam soil extracts

Fortification level Recovery (%)

(mgkg™)

0Day 9 Days
100 77 722
50 83, 84 82,76
25 89, 83, 87 88,92, 87
10 79, 80 71,74
Mean (%) 82.8 81.4
RSD (%)° 4.9 9.8
ne 8 7

aPDue to some accidental spillage during clean-up this value was ex-
cluded in the calculation of the mean

PRSD relative standard deviation

°n number of data

tional chemical techniques used in the analysis of trace-
level xenobiotics in soils. Inclusion of triethylamine as a
competitive agent in the LC and SPE mobile phases was
beneficial to the chromatographic performance (e.g. min-
imisation of peak tailing and recoveries, respectively). This



study demonstrated that the solid-phase extraction proce-
dures conventionally used for quantitative pesticide residue
analysis can also be applied to proteins extracted from
complex matrices such as soils.
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