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Abstract The enzyme kinetics of an immobilized arylsul- 
fatase reactor were examined. We found that the optimum 
operating conditions for the reactor were pH 7.0 and 
25~ using p-nitrophenyl sulfate in acetate buffer. The 
Michaelis constant (Km) of immobilized arylsulfatase was 
5.29 mM, compared with a Km of 2.18 mM for soluble ar- 
ylsulfatase from the same source (Helix pomatia). Since 
arylsulfatase hydrolyzes organic ester sulfate linkages, the 
immobilized arylsulfatase reactor was used to examine es- 
ter sulfate compounds in two soils subjected to different 
fertility management schemes. Soil samples were obtained 
from the Ap horizons of a Podzol f rom S-amended wheat 
plots and a Regosol from dykeland hayfield plots which 
had received additions of NH4NO 3 and compost. The dis- 
tribution of S in these soils was examined in the fall of 
1993 and the spring of 1994. Soil organic matter was ex- 
tracted and separated into three molecular weight fractions 
(<500, 500-10000, >10000). There was no difference in 
the ester sulfate content for the >10 000 fraction of control 
and S-amended Podzol soils; however, the S-amended 
samples had significantly higher quantifies of hydrolysable 
ester sulfates than controls for the 500-10000 range, indi- 
cating that S amendments resulted in the incorporation of 
ester sulfate into this lower molecular weight fraction. 
Both control and NH4NO3 treatments to the Regosol 
showed significantly higher quantities of hydrolysable es- 
ter sulfates in the >10000 fraction, while compost- 
amended plots showed no difference between the >10000 
and 500-10000 fractions due to suspected microbial de- 
gradation of high molecular weight organic S compounds 
in the compost. Since there was no significant effect of 
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sampling time, this study indicated that naturally occurring 
low molecular weight ester sulfate compounds accumulate 
in soil and persist during storage. Hydrolysable ester sul- 
fates constituted 35-55% of the hydriodic acid-reducible S 
in these different soils and probably represent an important 
and easily mineralizable portion of total ester sulfates. 
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Introduction 

The advantages of immobilizing an enzyme to a solid sup- 
port have been well documented (Weetall 1975). The abil- 
ity to reuse an enzyme system in continuous processing is 
both practical and economical. Arylsufatase (EC 3.1.6.1) 
has been immobilized to controlled porosity glass beads 
by Lou and Warman (1994). Since an enzmye bound to a 
solid support rarely behaves in the same way as the solu- 
ble form of that enzyme, it is important to investigate the 
properties of this immobilized enzyme system using soil 
organic matter. 

Arylsulfatase is responsible for the hydrolysis of organ- 
ic ester sulfate linkages in the presence of water (Dodgson 
et al. 1982). In soil, as much as 95% of the total S may be 
in organic forms. Ester sulfates represent 30-75% of total 
organic S and are thought to be more easily mineralized 
than other forms of organic S (McGill and Cole 1981; 
Germida et al. 1992). The ability to measure the quantity 
of potentially rnineralizable ester sulfates is of consider- 
able importance, particularly in agricultural soils where in- 
organic sulfate is required for the normal growth and func- 
tion of plants (Tabatabai 1982; Freney 1986; Warrnan and 
Sampson 1994). 

Lou and Warman (1992a, b) have shown that soil ester 
sulfate compounds are available for hydrolysis by soluble 
arylsulfatase. An immobilized arylsulfatase reactor (Lou 
and Warrnan 1994) was developed to further examine the 
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hydrolys is  o f  ester sulfates f rom soil organic  mat ter  ex-  
tracts. S amendment s  (gypsum) induced  the format ion  o f  a 

labi le  ester sulfate fract ion which  was more  readily hydro-  
lyzed  by i m m o b i l i z e d  arylsulfatase than the ester sulfates 

in untreated soil. 
The  use o f  an i m m o b i l i z e d  arylsulfatase reactor  may  be  

more  realistic than the tradit ional  measurements  o f  hydr io-  
dic ac id-reducible  S, which  is often equated  with  total es- 
ter sulfates in soil, The  measu remen t  o f  hydr iodic  acid-re- 
ducib le  S uses a mix ture  o f  strong acids which  c leave  S 
f rom ester sulfates, sulfamates,  sulfamides,  and the second 
S o f  S-sul focys te ine  (Freney 1986), all o f  which  may  re- 
sult in an overes t imate  o f  ester sulfate c o m p o u n d s  in soil. 
Fur ther  inves t iga t ion  o f  the labile ester sulfate fract ion 
may  be  useful  in predict ing the potent ial  for  minera l iza t ion 
o f  these compounds  and subsequent  uptake o f  sulfate by 
plants. 

The  object ives  o f  this work  were  to (1) report  the en- 
z y m e  kinetics o f  an immob i l i z ed  arylsulfatase reactor  
using the ch romogen ic  substrate p -n i t ropheny l  sulfate and 
to compare  the e n z y m e  act ivi ty o f  immob i l i z ed  and solu- 
ble  arylsulfatase f rom the same source (Helix pomatia); 
(2) hydro lyze  different  molecu la r  we igh t  fract ions o f  soil 
organic  mat ter  extracts us ing the immob i l i z ed  arylsulfatase 
reactor  in order  to de termine  the molecu la r  size o f  hydro-  
lysable  ester sulfate compounds  in two  soils with different 
morpho log ica l  propert ies  and m a n a g e m e n t  histories. 

Materials and methods 

by a Masterflex Quick Load peristalic pump equipped with a 7020-40 
pump head for up to 1 h. 

Determination of p-nitrophenol released by the enzyme was mea- 
sured colorimetrically at 400 nm with a LKB Novaspec spectrophot- 
ometer equipped with a flow-through cell. The spectrophotometer was 
attached to a BBC Goerz Metrawatt strip chart recorder for continu- 
ous monitoring of the reactor. The quantity of p-nitrophenol was cal- 
culated by referring to a calibration curve produced from a series o f  
standards (10--50 gg m1-1 p-nitrophenol in 0.05 M NaOAc, pH 7.0). 

The temperature optimum for the arylsulfatase reactor was deter- 
mined. Reactor temperatures of 4, 15, 25, 37, and 45~ were exam- 
ined using 5 mMp-nitrophenyl sulfate solutions. The reaction tem- 
perature was maintained by the water jacket surrounding the reactor, 
which was attached to a constant-temperature water bath. 

The pH optimum of the immobilized arylsulfatase was determined 
with 5 mM p-nitrophenyl sulfate in 0.05 M acetate buffer adjusted to 
10 pH values in the range of 5.4-9.4. 

Enzyme activity was determined for the arylsulfatase reactor using 
a range of substrate concentrations (1-7 mM p-nitrophenyl sulfate in 
0.05 M acetate buffer, pH 7.0) at 25~ for 30 min (based on the re- 
sults of the pH and temperature optimum for the reactor). 

The kinetics of soluble arylsulfatase from Helix pomatia were 
measured in order to compare the activity of soluble and immobilized 
arylsulfatase. Fifteen milligrams of soluble arylsulfatase was incu- 
bated with 3 ml of substrate (1-5 mMp-nitrophenyl sulfate) and 
22 ml of acetate buffer (pH 7.0) at 25~ for 30 rain. This quantity of 
soluble enzyme contained an equivalent amount of protein as the im- 
mobilized reactor (on the basis of total N analysis). 

The Michaelis-Menten kinetics were calculated using the Line- 
weaver-Burke transformation where: 

1IV = [S] + Km/VmaxIS] (1) 

= Km/Vmax x 1/[S] -}- 1/Vmax (2) 

A plot of 1/V versus I/[S] gives a straight line where the intercept 
equals 1/Vmax and the slope is KJVm~x. Values reported for enzyme 
kinetics are the means of triplicate determinations. 

Immobilized arylsulfatase reactor 

Arylsulfatase (EC 3.1.6.1, type H-5 from Helix pomatia, purchased 
from Sigma Chemical Co., St. Louis, Missouri, USA) was immobi- 
lized according to established procedures (Robinson et al. 1971; Ma- 
soom et al. 1990; Lou and Warman 1994). Controlled-porosity glass 
beads (pore size 700 ,~, 80-120 mesh, Sigma Chemical Co.) were 
boiled in 5% HNO3 to clean the carrier surfaces, activated with 3- 
aminopropyltriethoxsilane in acetone (2% solution), and treated with 
2.5% glutaraldehyde in 0.05 M sodium acetate buffer (pH 7.0) for 1 h 
at 20~ (Weetall 1975). 

Five hundred milligrams of activated glass beads were treated 
with 100 mg of arylsulfatase dissolved in 10 ml 0.05 M sodium acet- 
ate buffer (pH 7.0) overnight at 4~ After the immobilization reac- 
tion was complete, the beads were washed with an excess of acetate 
buffer. The final product was violet in color. 

The covalent coupling of arylsulfatase to glass beads resulted in 
88.5 mg of protein immobilized per gram of beads, which was deter- 
mined by total N analysis using a Tecator-Kjeldahl method (Bremner 
and Mulvaney 1982). 

Approximately 200 mg of the immobilized arylsulfatase was 
placed in a glass column (18 crux0.3 cm) encased in a water jacket. 
The column was plugged with glass wool at both ends. When not in 
use, the reactor was stored at 4~ in 0.05 M acetate buffer, pH 7.0. 

Arylsulfatase assay 

Potassium p-nitrophenyl sulfate was purchased from Sigma Chemical 
Co. to be used as the substrate for kinetic studies of the immobilized 
arylsulfatase reactor. Three milliliters of substrate solution (p-nitrophe- 
nyl sulfate in 0.05 M sodium acetate buffer) was added to the reac~tor, 
which had already been equilibrated with acetate buffer. The substrate 
was recirculated in this upflow reactor at a flow rate of 0.5 ml min -I 

Soil samples 

Soil samples were obtained from the Ap horizon (0-15 cm) of two 
sites in the fall of 1993 and tile spring of 1994. Samples were taken 
from an Orthic Humo-Ferric Podzol (Pugwash sandy loam) and a 
Gleyed Regosol (Acadia silty clay). Some properties of these soils are 
shown in Table 1. The Pugwash soil samples were from.established 
wheat plots with a 4-year history of S amendments. The treatments 
examined were K2SO 4 (100 mg S kg-1), gypsum (100 mg S kg-l), 
and control (0 mg S kg-l). Equal quantities of three replicates from 
each treatment were combined in order to reduce sampling variance 
and provide a representative sample of each treatment. The Acadia 
soil samples were from dykeland hayfield plots which had received a 
variety of organic and conventional fertilizers. Plots amended with corn- 
posted chicken manure (113 kg N ha-l), NH4NO3 (113 kg N ha-l), 
and a control (0 kg N ha -1) were studied, and four replicates were 
pooled in order to create a composite sample of each treatment. 

The fall soil samples were air-dried and sieved (<2 mm), while 
the spring samples were stored field-moist in sealed polyethylene 

Table 1 Properties of the soils used in this experiment 

Pugwash Acadia 

Total C (%) 2.07 1.55 
Total N (%) 0.162 0.136 
Total S (%) 0.024 0.022 
pH (H20) 6.05 5.95 
Sand (%) 53 10 
Silt (%) 35 ' 44 
Clay (%) 12 46 
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bags at 4~ until analysis in order to examine the effect of storage on 
soil ester sulfate content. It has been reported that air-dried and moist 
soils show similar patterns of S mineralization (Williams 1967); how- 
ever, mineralization of sulfate under field conditions is quite variable, 
with high sulfate concentrations in summer samples, decreasing to 
lower values in the winter and spring (Simon-Sylvestre 1965). 

Soil organic matter fractionation 

Soil organic matter was extracted from the pooled samples following 
the procedure of Lou and Warman (1992a), 8 g dry soil was ex- 
tracted with 30 g Chelex 100 chelating resin (purchased from Bio- 
Rad Laboratories, Mississanga, Ontaria, Canada) in 100 ml distilled 
deionized water by shaking for 16 h. The suspension was centrifuged 
at 16000g, filtered through Whatman 42, and recentrifuged at 
11000 g to remove clay particles. Next, the extracts were filtered 
through a 0.45-gm cellulose acetate filter to remove microbial cells 
and finally separated into molecular weight fractions of >10000, 
500-10000, and <500, using an Amicon stirred ultrafiltration cell 
equipped with YM10 (molecular weight 10000) and YC05 (molecu- 
lar weight 500) Diaflo ultrafilter membranes. 

Three milliliters of the soil organic matter fractions were adjusted 
to pH 7.0 and added to the immobilized arylsulfatase reactor (pre- 
equilibrated with 0.05 M NaOAc, pH 7.0). The optimal reaction time 
was determined by circulating the organic matter fractions at a flow 
rate of 0.5 ml rain -1 for 30, 60, 90, 120, and 300 min at 25~ The 
hydrolyzed fractions were collected and made up to 10 ml with 
0.05 M NaOAc buffer. Controls containing 3 ml of organic matter 
fraction and 7 ml 0.05 M NaOAc buffer (pH 7.0) were incubated at 
25~ for the same length of time. The amount of sulfate cleaved by 
immobilized arylsulfatase was determined turbidimetrically as BaSO4 
(Bardsley and Lancaster 1960) at 420 nm, using a Beckman DU-70 
spectrophotometer. Three replicates of each fraction were examined. 

Analytical methods 

The total C, N, and S content of the pooled soil samples was deter- 
mined by combusting 200 mg soil at 1350~ using a Leco CNS-1000 
Analyzer. Total organic sulfate was measured as hydriodic acid-redu- 
cible sulfate by digesting 0.3 g soil with 4 ml hydriodic acid-reducing 
mixture using a modified Johnson and Nishita apparatus and measur- 
ing the amount of H2S trapped as methylene blue at 670 nm (Tabata- 
bai 1982). Inorganic sulfate was extracted from 5 g soil with 25 ml 
8 mM Ca(H2PO4)2-H20 solution containing 500 ppm P and analyzed 
tubidimetricaUy as BaSO4 (Bardsley and Lancaster 1960). Total ester 
sulfates in soil were assumed to be the difference between total organ- 
ic sulfates and Ca(H2PO4)2-extractable inorganic sulfate. Inorganic 
sulfate was also measured in the <500 molecular weight fraction of 
the organic matter extracts. Soil pH was measured after 15 min using 
a 1:1 (v/v) soil:solution ratio. At least three replicates were performed 
for each analysis. The results were evaluated statistically by analysis 
of variance using an SAS procedure (SAS Institute 1990). Significant 
treatments means were compared using Tukey's test at the 95% confi- 
dence level. 

Results and discussion 

Kinetics of  immobi l ized arylsulfatase 

The opt imum temperature for the immobi l ized arylsulfa- 
tase reactor was found to be 25~ In many instances, im- 
mobil izat ion changes the temperature stability of  an en- 
zyme (Weetall 1975). Since enzymes are proteins, they are 
subject to denaturation at high temperatures, and so the 
operation of  the reactor at a relatively low temperature is 
useful for maintaining the biological  activity of  the en- 

Table 2 Kinetic constants of arylsulfatase from Helix pomatia. The 
Michaelis constant (Kin) is expressed as mM of p-nitrophenyl sulfate 
and the maximum reaction velocity (Vmax) as mM p-nitrophenol re- 
leased per 30 rain. Results are the means of three determinations _+ SD 

Km_+SD (raM) Vmax_+ SO 

Immobilized arylsulfatase 5.29+0.23 2.95+0.17 
Soluble arylsulfatase 2.18_+0.14 4.354-0.09 

zyme and prolonging its effective life-span. Although p -  
nitrophenol production occurred for up to 1 h after the re- 
action was initiated, a 30-rain reaction time was consid- 
ered sufficient for the observation of  released product from 
the enzyme reactor. 

The opt imum pH for reactor operations with p-nitro-  
phenyl sulfate was found to be pH 7.0, in accord with re- 
sults reported by Lou and Warman (1994). The pH opti- 
mum for this enzyme appears to be changed upon immobi-  
lization; Dodgson and Powell  (1959) found the pH opti- 
mum for soluble arylsulfatase from Helix pomatia was 6.0 
with 0.5 mM p-ni t rophenyl  sulfate, whereas Weetall  
(1971) reported the pH opt imum for immobi l ized arylsul- 
fatase from an unnamed source as pH 9.0-9.5. 

Michael i s -Menten  kinetics were calculated using a 
L ineweaver -Burke  plot  of  arylsulfatase activity for immo- 
bil ized and soluble arylsulfatase from Helix pomatia. The 
immobil ized arylsulfatase had a Km value of  5.29 raM, 
compared with a Km of  2.18 m M  for soluble arylsulfatase 
(Table 2). Dodgson and Powell  (1959) found their soluble 
arylsulfatase had a Km value of  1.9 m M  upon assay with 
0.5 mMp-n i t ropheny l  sulfate. A larger Km value for an 
immobil ized enzyme indicates poorer  binding affinity be- 
tween the substrate and the immobil ized enzyme than the 
soluble enzyme. The binding affinity of  arylsulfatase for 
p-ni t rophenyl  sulfate may have decreased upon immobil i -  
zation due to negative attraction for the substrate by the 
solid support (Klibanov 1983). Similarly, the maximum re- 
action velocity (Vmax) was lower for immobil ized arylsul- 
fatase than soluble arylsulfatase (Table 2). The reaction ve- 
locity of  the immobil ized enzyme may be retarded by ster- 
ic hindrances which affect the ability of  the enzyme to un- 
dergo the conformational  changes required to release the 
products from the active site. The abili ty of  one of  the pro- 
ducts of  this reaction, sulfate, to inhibit arylsulfatase activ- 
ity is well  known (Dodgson et al. 1982), and in this case 
the inhibition is irreversible.  

A comparison between equivalent amounts of  immobi-  
lized mad soluble enzyme (on the basis of  total N analysis) 
showed that the activity of  immobil ized arylsulfatase was 
50% of  soluble arylsulfatase under the same reaction con- 
ditions. This is not uncommon; Weetall (1975) noted that 
only 30-50% of  enzyme activity is retained upon immobi-  
lization. 
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S status of  Pugwash (Podzolic) 
and Acadia (Regosolic) soils 

The total S content of  the Pugwash and Acadia soils was 
similar but the distribution of  S in these soils was quite 
different (Tables 3, 4). In the Pugwash soil, there was a 
significant increase in hydriodic acid-reducible S in S- 
amended treatments from fall to spring sampling, although 
there was no difference for the control (Table 3). Corre- 
spondingly, there was a significant decrease in the 
Ca(H2PO4)2-extractable S for the S-amended treatments. 
Since there was no significant difference in the total S 
content of  fall and spring samples, it appears that an over- 
all net immobilization of  S from inorganic to organic 
forms occurred. 

In the Acadia soil, there was no significant difference 
in the hydriodic acid-reducible S content of  three treat- 
ments over time; however, it is interesting to note the sig- 
nificant decrease in the Ca(H2PO4)2-extractable S for all 
treatments from falt to spring (Table 4). Perhaps this 
marshland soil underwent a reduction of  inorganic sulfate 
(SO]-) to sulfides ($2-), which may be followed by reac- 

Table 3 Distribution of S in Pugwash soil and in the <500 molecu- 
lar weight soil organic matter fraction (unhydrolyzed). HI hydriodic 
acid. Means in a column followed by the same letter are not statisti- 
cally different at P=0.05 

Treatment Soil 

Total S (%) 

Inorganic S 
in organic 

HI-reducible Ca(H2PO4) 2- matter frac- 
S (lag g-i) extractable tion (gg g-l) 

S (lag g-Z) 

tion with either Fe and Mn, or oxidation to organic S as 
sulfoxides (R-SO-R; Hoyle 1988). 

The quantity of  inorganic S in the <500 molecular 
weight fraction of  the soil organic matter, extracts was 
measured turbidimetrically (Bardsley and Lancaster 1960). 
This method did not precipitate sulfate from unhydrolyzed 
p-nitrophenyl sulfate solutions, so it seems unlikely that 
the measurement included any organic ester sulfates pre- 
sent in this fraction. It is interesting to compare the quanti- 
fies Qf inorganic sulfate in the <500 fraction of  organic 
matter extracts with the quantities of  Ca(HzPOo)2-extracta- 
ble sulfate in soils (Tables 3, 4). Ca(H2PO4)2-extractable 
sulfate includes water-soluble, adsorbed sulfates, and pos- 
sibly some organic sulfates (Alewell 1993), whereas the 
<500 fraction contains only water-soluble sulfates. 

The quantity of  water-soluble sulfate was substantially 
less than that of  Ca(HzPO4)2-extractable sulfate in both 
soils. In the Pugwash soil, only the K2SO4 treatment 
showed a significant decrease in water-soluble sulfate be- 
tween the fall and spring samples. There was no signifi- 
cant difference between the S-amended treatments and the 
control at either sampling time. In the Acadia soil, there 
was no difference in water-soluble sulfate over time for 
any of  the treatments, although the NH4NO3 treatment had 
significantly higher water-soluble sulfate than the control 
at both fall and spring sampling times. This may have 
been due to the readily available N from the NH4NO3 
which promoted microbial degradation or organic S forms. 
Ghani et al. (1992) found that the addition of  N increased 
S mineralization in soils incubated for 14 weeks at 30~ 

Fall 1993 
Control 0.023a 47.7a 24.4a 10.4ab 
Gypsum 0.026a 57.6a 55.3b 9.6bc 
K2SO 4 0.028a 56.4a 47.7b 14.5a 

Spring 1994 
Control 0.025a 47.4a ll.3a 6.1bcd 
Gypsum 0.026a 94.6b 12.8a 5.3cd 
K2SO4 0.027a 71.0b 22.7a 4.0d 

Table 4 Distribution of S in Acadia soil and in the <500 molecular 
weight soil organic matter fraction (unhydrolyzed). For further expla- 
nations, see Table 3 

Treatment Soil 

Total S (%) 

Inorganic S 
in organic 

HI-reducible Ca(H2PO4)2- matter frac- 
S (lag g-l) extractable tion (lag g-l) 

S (lag g-~) 

Fall 1993 
Control 0.026a 41.9a 41.1a 10.4bc 
Compost 0.029a 32.7a 37.7a 10.0bc 
NH4NO3 0.025a 42.0a 29.6a 15.4a 

Spring 1994 
Control 0.023a 44.4a ll.7b 6.6c 
Compost 0.027a 43.0a 17.1b 10.8abc 
NH4NO 3 0.029a 49.4a 15.0b 14.0ab 

Hydrolysis of  ester sulfate in soil organic matter fractions 
using the immobilized arylsulfatase reactor 

The optimum reaction time for the soil organic matter frac- 
tions was 120 min. The concentration of  ester sulfates in 
the extracts was lower than in the standard p-nitrophenyl 
sulfate solutions and so the longer reaction time was used 
for all soil organic matter analysis. 

It was difficult to examine ester sulfates in the <500 
fraction of  the organic matter extracts because this fraction 
contained a large amount of  inorganic sulfate, which was 
found to be inhibitory to the immobilized arylsulfatase re- 
actor. Attempts were made to precipitate the excess sulfate 
with Ba 2§ but this was not entirely satisfactory. According 
to the molecular size of  this fraction, it could contain ester 
sulfates bound to 1-3 phenolic groups; however, ester sul- 
fates in this fraction are probably small and highly labile. 

The 500-10000  and >10000 molecular weight organic 
matter fractions of  the two soils were hydrolyzed by the 
immobilized arylsulfatase reactor. Statistical analysis 
showed that sampling time had no effect. This implies that 
either (1) hydrolyzable ester sulfates are fairly stable 
(minimal turnover through mineralization during proces- 
sing and storage of  the fall samples) or (2) the proportion 
df these compounds in soil is relatively constant. Pooled 
means were reported for the sampling time and compari- 
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Fig. 1 Ester sulfates hydrolyzed in Pugwash soil organic matter ex- 
tracts by immobilized snlfatase reactor. HMW >10000 molecular 
weight, LMW 500-10 000 molecular weight. Bars carrying the same 
letter are not significantly different at P=0.05 

NH4NO 3 Compost Control 

HMW ~ LMW 

Fig. 2 Ester sulfates hydrolyzed in Acadia soil organic matter ex- 
tracts by immobilized sulfatase reactor. For further explanations, see 
Fig. 1 

sons were made for the two molecular weight fractions of 
each treatment. 

In the Pugwash soil, there were significantly higher le- 
vels of hydrolyzable ester sulfates in the >10 000 molecu- 
lar weight fraction than in the 500-10000 fraction 
(Fig. 1); however, there was no difference between treat- 
ments in the quantity of hydrolysable ester sulfates for the 
>10000 fraction. S amendments produced significantly 
higher quantities of hydrolyzable ester sulfates than con- 
trols in the 500-10 000 fraction. This corresponds with the 
results of other researchers, who have found that the addi- 
tion of S amendments in arable and pasture soils (Keer et 
al. 1990) and forest soils (Vannier and Guillet 1994) re- 
sults in a large proportion of hydriodic acid-reducible S 
compounds, referred to as ester sulfates, in the fulvic acid 
fraction (low molecular weight); however, it contradicts 
the supposition of Houghton and Rose (1976) that natu- 
rally occurring low molecular weight sulfate esters do not 
accumulate in soil. It appears that the most recently incor- 
porated ester sulfate compounds are found in the 500- 
10 000 molecular weight fraction. This may be a very im- 
portant pool in terms of S cycling and plant availability. 
Freney et al. (1975) found that the majority of 35SO42- 
added to two soils was transformed into hydriodic acid-re- 
ducible S (ester sulfates). Plants grown on these soils 
derived all their radiolabelled 35S from this fraction. 

Distribution of the hydrolysable ester sulfates in the 
Acadia soil was less distinct (Fig. 2). The NH4NO3 and 
control treatments had a significantly higher quantity of 
hydrolysable ester sulfate in the >10 000 molecular weight 
fraction than the 500-10000 fraction, while the compost 
treatment displayed no difference between the two frac- 
tions. Microbial degradation of organic S compounds in 
the compost treatment, which contained about 0.4% S, 

would have resulted in less hydrolysable ester sulfate in 
the >10000 molecular weight fraction than the NH4NO 3 
and control treatments. 

Hydrolysable ester sulfates comprised 35-55% of the 
total hydriodic acid-reducible S for treatments in the Pug- 
wash soil and 45-55% for treatments in the Acadia soil. 
The measurement of hydriodic acid-reducible S employs a 
mixture of strong acids which cleave S from ester sulfates 
(-C-O-S), sulfamates (-C-N-S), sulfamides (-C-N-O-S), 
and the second S* of S-sulfocysteine (-C-S-S*) (Freney 
1986). Hydriodic acid-reducible S is often equated with to- 
tal soil ester sulfates; however, this is likely an overesti- 
mate of the quantity of these compounds in soil. 

Although soil organic S is expected to participate in hu- 
mus formation, McGill and Cole (1981) considered it unli- 
kely that ester sulfates would become covalently incorpo- 
rated into humic materials and suggested a weak associa- 
tion with the humic component. Hydrolysable ester sul- 
fates are likely limited to ester groups on the external sur- 
faces of humic polymers (Lou and Warman 1994). The 
measurement of ester sulfates using the immobilized aryl- 
sulfatase reactor may be a more natural representation of 
the availability of these compounds for hydrolysis in soil. 

Even though ester sulfates are considered to be the 
most easily mineralizable form of organic S in soil, hy- 
driodic acid-reducible S has not been well correlated to 
plant-available S (Freney et al. 1975; Tabatabai 1982; Ger- 
mida et al. 1992). It seems likely that only a portion of the 
hydriodic acid-reducible S is potentially available for 
mineralization and release as inorganic sulfate. An under- 
standing of the mineralization of organic ester sulfates to 
inorganic sulfate in soils is of great interest, particularly in 
S-deficient soils. The hydrolysable ester sulfates identified 
in the present work may be a substrate for endogenous 
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soil  arylsulfatase enzymes .  Fur ther  research is be ing  car- 

f led out  to examine  this hypothesis .  

Acknowledgments This research was supported by a grant from the 
Natural Sciences and Engineering Research Council of Canada. 

References 

Alewell C (1993) Effects of organic sulfur compounds on extraction and 
determination of inorganic sulfate. Plant and Soil 149:141-144 

Bardsley C, Lancaster JD (1960) Determination of reserve sulfur and 
soluble sulfates in soils. Soil Sci Soc Proc 24:265-268 

Bremner JM, Mulvaney CS (1982) Nitrogen-total. In: Page AL, Mill- 
er RH, Keeney DR (eds) Methods of soil analysis, Part 2. Soil Sci 
Soc Am, Madison, Wis, pp 595-624 

Dodgson KS, Powell GM (1959) Studies on sulfatase: 26. Arylsulfa- 
tase activity in the digestive juice and digestive gland of Helix 
pomatia. Biochem J 73:666-669 

Dodgson KS, White GF, Fitzgerald JW (1982) Sulfatases of microbial 
origin, Vol. 1. CRC Press Inc, Boca Raton, Fla 

Freney JR (1986) Forms and reactions of organic sulfur compounds 
in soils. In: Tabatabai MA (ed) Sulfur in agriculture. Soil Sci Soc 
Am, Madison, Wis, pp 207-232 

Freney JR, Melville GE, Williams CH (1975) Soil organic matter 
fractions as sources of plant available sulfur. Soil Biol Biochem 
7:21%221 

Germida JJ, Wainright M, Gupta VSSR (1992) Biochemistry of sulfur 
cycling in soils. Soil Biochem 7:1-54 

Ghani A, McLaren RG, Swift RS (1992) Sulfur mineralisation and 
transformations in soils as influenced by additions of carbon, 
nitrogen and sulfur. Soil Biol Biochem 24:331-341 

Houghton C, Rose FA (1976) Liberation of sulfate from sulfate esters 
by soils. Appl Environ Microbiol 31:969-976 

Hoyle J (1988) Oxidation of sulfoxides and sulfones. In: Patai S, 
Rapproport Z, Stifling C (eds) Chemistry of sulfones and sulfox- 
ides. John Wiley and Sons, Chichester, pp 969-1000 

Keer JI, McLaren RG, Swift RS (1990) Acetylacetone extraction of 
soil organic sulfur and fractionation using gel chromatography. 
Soil Biol Biochem 22:97-104 

Klibanov A (1983) Immobilized enzymes and cells as practical cata- 
lysts. Science 219:722-727 

Lou G, Warman PR (1992a) Labile ester sulfate in organic matter ex- 
tracted from podzolic soils. Biol Fertil Soils 14:112-115 

Lou G, Warman PR (1992b) Enzymatic hydrolysis of ester sulfate in 
soil organic matter extracts. Biol Fertil Soils 14:267-271 

Lou GQJ, Warman PR (1994) Characterization of ester sulfate in a 
gypsum-amended Podzol using an immobilized sulfatase reactor. 
Biol Fertil Soils 17:276-280 

Masoom M, Roberti R, Binaglia L (1990) Determination of phospha- 
tidylcholine in a flow injection system using immobilized enzyme 
reactors. Anal Biochem 187:240-245 

McGill WB, Cole CV (1981) Comparative aspects of cycling of or- 
ganic C, N, S, and P through soil organic matter. Geoderma 
26:267-286 

Robinson PJ, Dunnill R Lilly MD (1971) Porous glass as a solid sup- 
port for immobilisation or affinity chromatography of enzymes. 
Biochem Biophys Acta 24:659-661 

SAS Institute (1990) SAS Procedures Guide, version 6, 3rd edn. SAS 
Institute, Cary, NC 

Simon-Sylvestre G (1965) Annual evolution of sulfur in soil com- 
pared to that of nitrogen. CR Stances Acad Agric Fr 53:90-96 

Tabatabai MA (1982) Sulfur. In: Page AL, Miller RH, Keeney DR 
(eds) Methods of soil analysis, Part 2. Soil Sci Soc Am, Madison, 
Wis, pp 501-538 

Vannier C, Guillet B (1994) Sulfur forms in the organic fractions of 
an upland forest soil (Mont Loztre, France). Soil Biol Biochem 
26:149-151 

Warman PR, Sampson HG (1994) Effect of S additions on the yield 
and elemental composition of red clover and ryegrass. Commun 
Soil Sci Plant Anal 25:1471-1481 

Weetall HH (1971) Preparation and characterization of an arylsulpha- 
tase insolublized on porous glass. Nature (London) 232:473-474 

Weetall HH (1975) Immobilized enzymes and their application in the 
food and beverage industry. Process Biochem 10:3-12 

Williams CH (1967) Some factors affecting the mineralization of or- 
ganic sulfur in soils. Plant and Soil 26:205-223 


