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ABSTRACT
This paper describescell-freeenzymaticsynthesesof sucroseand
trehaloseusing partially-purifiedpreparationsof sucroseand trehalose
synthetase.The coupling of the regenerationof uridine-Sldiphosphoglucose(UDP-Glc)with synthesisof the disaccharideoffersa practical
route to millimol quantities of these carbohydrates.The syntheses
used pyruvate kinase, UDP-Glc pyrophosphorylase,and inorganic
pyrophosphatase,and the regeneratedUDP-Glc was cycledapproximately 10 times.
Index Entries: UDP-Glc, regenerationof; sucrose;trehalose.

INTRODqCTION
occurSucroseand trehalosearethe major nonreducingdisaccharides
ring in nature. Although these sugarsare readily isolatedin high purity
and in large quantitiesfrom natural sources(sucroseis ubiquitousamong
plants (1); trehaloseis abundantin fungi and insects(2)), their syntheses
are still difficult chemically. Their ready availability notwithstanding, the
a-glycosidiclink of trehaloseand sucrosestill presentsa significantsynsynthetic challenge (3,4).
*Author to whom all correspondence and reprint requests should be addressed.
This work was supported by the NIH through several grants, most recently
GM 30367.
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Enzyme-catalyzed routes to sucrose.

We have explored the practicality of enzymatic routes to sucrose and
trehalose based on partially-purified preparations of sucrose and trehalose
synthetases.We selectedwheat germ and brewer's yeast as the sourcesof
sucrose and trehalose synthetases, respectively, based on their availability
and low cost and on the simplicity of the enzyme isolation/purification
sequence and the stability of the enzyme (5-8).

SucroseSynthetase(EC 2.4.2,13; UDP-Glucose:
o-fructose2-glycosyltransferase)
Sucrose accumulation in plants results primarilv from the sequential
actions of sucrose-6-phosphatesynthetase (1,8) and sucrose-6-phosphate
phosphatase; this synthesis is driven by the hydrolysis of sucrose-6-phosphate (1). The direct route in which sucrose synthetase catalyzesa glycosylation of fructose by UDP-glucose (UDP-Glc), is reversible; its biological function may be to synthesize nucleoside diphosphate derivatives
of glucose (NDP-glucose). This enzyme has been partiallv purified from
numerous plant sources and purified to homogeneity from P. aureus.rice
seed and artichoke tubers (2). In general, most preparations exhibit rather
broad specificity for the nucleotide sugar and the ketoses. ADP-Glc and
TDP-Glc can serve as glucosyl donors. Fructose could be replaced by
ketoses, such as xylulose, sorbose, and rhamnulose, in a green pea enzvme
preparation (9). Sucrose synthetase from sugar beets allows L-sorbose,
levanbiose, 5-keto-D-fructose,fructose-6-phosphate,or tagatose to serve
as acceptor sugars (10).
The equilibrium of reaction 2 (Fig. 1) can be readily displaced toward
sucrose synthesis. High concentrations of UDP-Glc, low levels of sucrose,
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Fig. 2. Ceneral schemefor an enzyme-catalyzed
synthesisof sucrose
with UDP-glucoseregeneration.A:sucrose synthetase;B:pyruvate kinase;
C:UDP-glucose pyrophosphorylase;
and D:inorganic pyrophosphatase.
and high pH favor formation of sucrose. The following effectors selectively
enhance sucrosesynthesis: Mg2* (20 mM), glucose-1-phosphate(Glc-1-P),
glucose-6-phosphate(Glc-6-P), and nucleoside triphosphates (1). The response of sucrose synthetase to these effectors makes the catalytic reaction
suitablefor coupling to a UDP-Glc regenerationsystem (FiS.2).Acoupled
regeneration cycle is useful for two reasons: it provides the UDP-Glc required for synthesis in an economical way, and it drives the equilibrium
toward sucrose synthesis by maintaining a high ratio of UDP-Glc to UDP.

Trehalose Synthetase
The predominantbiosyntheticpath to trehaloseis a two-step route
(2,77,12).Trehalose-6-phosphate
phosinvolving trehalose-6-phosphate
phataseactivity is found as a contaminantin most impure preparationsof
trehalose-6-phosphate
synthetase,and it is present at levels sufficientto
releasethe unphosphorylatedsugar (Fig. 3).A value of 40 for IGohas
been measuredfor this reactionat pH 6.1,(11).
In general,the trehalosesynthetasesaccommodateonly limited structural variationin either the nucleotidesugaror the sugarphosphate(2). A
by the transfer
cell-freebrewer'syeastextractproduced2-deoxy-trehalose
(13). Ivlycobacterium
trehalose
of a glucosylunit to 2-deoxy-Glc-6-P
smegmatis
synthetaseacceptedGDP-glucose,ADP-glucose,CDP-glucose,and TDPglucoseas D-glucosyldonors; galactose-6-phosphate
and fructose-6-phosphate were acceptorsugarsin the presenceof polyribonucleotides(14).
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UDPglucose
trehalose-6-phosphate

Fig. 3. Enzyme-ff;;"t routeto trehalose.
RESULTS
Purification and lmmobilization
of Sucrose Synthetase
Sucrose synthetase was prepared from untreated wheat germ by the
procedure of Leloir and Cardini (5). This procedure yielded approximately
0.01 U of purified enzymelgof wheat germ (Table1). The purified enzyme
preparation was unstable at temperatures greater than 4"C. The half-life
of sucrose synthetase activity in this preparation was 30 h in buffer solution at 25oC. The activity of the enzyme was not restored by the addition
of DDT. The sucrose synthetase preparations were immobilued on a crosslinked polyacrylamide (PAN) (15) gel to improve their stabilities. The
yield of enzymic activity retained upon immobilization was typically 35o/o.

Eynthesis of Sucrose
All sucrose-formingsyntheseswere carriedout in solutionsof pH 7.5
under argon at ambient temperature.Most glucosyltransfersto fructose
were completewithin 24h. Sucrosewas preparedusing UDP-Glc, both
stoichiometricallyand in a coupled reactionsystem,in which the UDP-Glc
was regenerated10 times using pyruvate kinase (16). Pyruvate kinase
and PEPwere chosenfor the phosphorylationstepbecauseof their stabilities in solution. Glc-6-Pwas also included in these reactionsto balance
Applied Biochemistrg and Biotechnolog g
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Table 1
Summary of the Purification Procedure
for Sucrose Synthetase from Wheat Germo

Fraction
I.
II.
III.
IV.

Volume,
mL

Crude Extract
].st Ammonium Sulfate
Manganous Chloride
2nd Ammonium Sulfate

265
157
155
50

Units

Protein,
mg

5.25

3577
1994

Specific Yield,
o/o
activity
0.0026

100

0.00il.c

21

h

L.1

1000

aThe enzyme preparation began with 90 g of wheat germ.
0The dark yellow color of this fraction interfered with the colorimetric assay for protein.
cThe large decrease in the specific activity reflects the rapid loss of activity after purification step IV.

the loss of Glc-1-P by a phosphoglucomutase present in the impure disaccharide-forming enzyme preparations. The relative concentrations of Glc6-P and Glc-1-P that were added to the reaction mixtures were roughly
proportional to their equilibrium constant (Kq:17-19) (17).During the
reaction, insoluble magnesium phosphate salts accumulated, and MgClz
was added every 3-4 d to provide sufficient levels of soluble magnesium
ion for activation of all four enzymes. The reaction times were typically
7 dto maximize the turnover number of UDP-Glc and compensatefor the
low sucrose synthetase activity. The syntheses were terminlted by removing the enzyme-containing gels from the solution.

Purificationand Immobilization
of TrehaloseSynthetase
Trehalosesynthetasewas preparedfrom a commercialsampleof dried
brewer'syeastby the method of Leloir and Cablb(7). Although this prothis activity
cedurehasbeenclaimedto removethe phosphoglucomutase,
was present in our trehalosesynthetasepreparations.The yield of the
partially-purified,trehalose-formingactivitywas 0.1 U/g dried yeast(Table
2). Trehalosesynthetaseretainedall of its originalactivityafter 12 d at 4"C
(0.02o/o
NaNa: 20 mM potassiumphosphate,7 mM EDTA, pH 7.2). Our
measuredactivity profile is consistentwith Leloir's observationthat 30o/o
of
the original activity was preservedafter 33 mo of storageat -20"C (18).
The trehalosesynthetasepreparationwas immobilizedin PAN gel (15).
Synthesis of Trehalose
Although the maximaltrehalosesynthetaseactivity is observedin 0.1lut
tris-maleate,pH 6.6buffer (25), we carriedout the trehalosesynthesesin
buffer-freeaqueoussolutions at pH 7.2 to facilitateproduct purification
and optimrzethe stabilitiesand reactivitiesof other enzymes.In a typical
synthesis,the turnover number of UDP-Glc was 10. After synthesisof
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Table 2
Summary of the Purification Procedure
for Trehalose Synthetase from Yeasta

Fraction
I.
II.
III.
IV.
V.
VI.

Crude Extract
1st Ammonium Sulfate
2nd Ammonium Sulfate
Dialysis
Heating at 30oC
Acetone

Volume,
mL

Units

Protein,
mg

450
150
125
180
345
50

157
M
38
34
42
25

1,4400
4800
3750
2520
2475
625

Specific Yield,
activity
Vo
0.011
0.009
0.01
0.013
0.017
0.04

100
28
24
22
27
16

aThe enzyme preparation began with 240 g of Brewer's Bottom Yeast.

L.5 mmol trehalose, the solution was separatedfrom the insoluble enzymes
by centrifugation and the solution was worked up to isolate and purify
the disaccharide. The immobilized enzymes were washed and resuspended in another fresh, reactant-containingsolution. Trehalose synthesis then resumed at a rate of 75o/oof the reaction rate in the previous cycle.

DISCOSSION
The majoradvantageof theseenzymaticpreparationsof disaccharides
is their avoidanceof protectinggroups(19).Thepreparationsof trehalose
and sucrosesynthetasesinvolved relativelyrapid and simple manipulations. The impure fractionsappearto be more stablethan pure protein.
Highly purified sucrose(10)and lactose(20)synthetasepreparationswere
much less stablethan crude preparationsof eachenzyme. Theseimpure
enzymepreparationshave the disadvantagesthat they havecontaminating
activities(especiallyphosphoglucomutase)and their low activitiesrequired
large volumes of gel. Wheat germ and brewer's yeast provide inexpensive sourcesof the enzymes,and their preparationscould probablybe improved. The MEECtechnique(21)might be more convenientthan covalent
immobilizationin polyacrylamidegel for theselow-activity preparations;
we have not, however, exploredits use.
Despitethe disadvantagesof a partially-purifiedenzymepreparation,
these enzymelsubstratesystems are probably still simpler and less expensive than the classicalchemicalsynthesesto the disaccharides.The
most important aspectof the enzyme-catalyzeddisaccharidesynthesis,
although not explored in this work, is the potential for synthesis of a
variety of disaccharideanalogs. Specific trehalose (73,14) and sucrose
synthetasepreparations(1,9,10)have revealedmoderateflexibility in this
regard. Enzyme-catalyzedsynthesesof disaccharidesthat incorporatea
nucleotide-sugarregenerationscheme should compete favorably with
chemicalroutes to naturally-occurringand unnatural disaccharides.
Applied Biochemistrg and Biotechnologg
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EXPERIMENTAL
General
Reactionswere maintainedat constantpH with a pH controllercoupled
to a peristalticpump. Centrifugationswere carried out as part of the enzyme purification proceduresin a refrigeratedSorvall RC5 Superspeed
Centrifuge.Nucleotideanalyseswere performed on a WatersHPLC system using a pbondapakC-18 reversephase cartridge and UV detector.
Carbohydrateanalysesby HPLC used a differentialrefractometerdetector
column.
and a 30-cmstainlesssteel pbondapak-carbohydrate

Materials
All biochemicals,enzymes and cells (wheat germ and brewer's yeast)
were obtained from Sigma Chemical Co., St. Louis, MO. PAN-1000 was
prepared as previously described (15). Inorganic salts were purchased
irom J. T. Baker Chemical Co., Phillipsburg, NJ. Electrophoresis-grade
ammonium sulfate, ion exchange resins, and gel permeation beads were
obtained from Bio-Rad Labs, Richmond, CA. Water was doubly distilled
from a Corning Model 38 glass still. Welding grade argon was used as an
inert atmosphere in all syntheses.

Assays
Unless otherwise stated, all activities are reported in units of mol/min
at25'C. UDP-Glc was measured by reduction of NAD* to NADH, catalvzedby UDP-Glc dehydrogenase (EC 1.1.22)(22). Sucrosewas measured
using invertase (EC 3.2.1.26)(23). Trehalose was measured by trehalasecatalyzed hydrolysis to glucose, followed by analysis for glucose (24). Inorganic phosphate was determined calorimetrically (25,26).Phosphoenol
pyruvate (27), pyruvate (27), and pyruvate kinase (28) were determined
by standard procedures.

Measurementof Glc-6-P,Glucose'
Fructose and Glc'1'P
These four reagentswere sequentially measured in one assay sample.
Glucose-6-phosphate was measured first with the addition of Glc-6-P (29)
dehydrogenase (1 U) to a cuvet that contained the following reagen_ts:
0.4M triethanolamine buffer, pH 7 .6 (a00 pL); distilled water (500 pL);
0.5M MgClz (20 p"L);62.5 mM NADP* (15 p.L); and 0-50 p.L of the sample. The change in optical density was proportional to the quantitv oj GlcO-p in the sample. Hexokinase (1 U) and 0.1M ATP (10 pL) were added to
the above assay mixture and the change in optical density was related to
the concentration of glucose (31) in the sample. Fructose (31) will also
undergo phosphorylation by hexokinase to form fructose-6-phosphate. If
phosphoglucolsomerase (EC 5.3.19, 5 U) is added to the assay solution,
Applied Biochemistryand Biotechnologg
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the enzyme will rapidly isomerizeFrc-6-Pto Glc-6-P,and the changein
absorbanceis proportional to the fructose concentrationin the sample.
Finally, Glc-1-P(32)is convertedto Glc-6-Pby addition of phosphoglucomutase(5 rrl-)to the assaycocktail.

Enzymes
All proteins used in syntheseswere attached to a water-soluble,
crosslinkedpolyacrylamidegel by the method of condensationpolymerization developedby Pollaket al. (15).Ammonium ions competewith the
amine groups of triethylenetetraamine(TET) and lysine residuesof the
protein during the crosslinkingreaction;therefore,all commercialenzymes
obtainedas suspensionsin ammonium sulfatesolution were centrifuged
(15,0009,L5 min, 0oC),and the supernatantswere removedas completely
as possible.The pelletswere dissolvedin HEPESbuffer (300mM HEPES,
15mM MgClz,pH7.6) to a proteinconcentrationof 0.5to 2.0 mg/ml. Enzymes obtained as pure protein lyophilateswere dissolvedin the same
HEPESbuffer; lyophilates that containedbuffer salts were dissolvedin
distilled water. Those enzymesthat were isolatedin the laboratorywere
dtalyzedat SoCagainst severalliters of the appropriate buffer to free the
dialysateof ammonium ions from prior ammonium sulfatefractionations.
Protein concentrationsof partially purified enzyme preparationswere
measuredby the Lowry method (33).
Measurement of Enzyme Stability:

UDP-Glc Pyrophosphorylase
and InorganicPyrophosphatase
These two enzymes were monitored by periodic removal and assay of
small aliquots ( - 50 pL) of the immobilized gel. One milliliter of the gel was
stored in a small, capped vial equipped with a magnetic stirring bar. No
measure was taken to exclude dioxygen from these samples.

Disaccharide-Forming Enzymes
Owing to the low specificactivitiesof thesedisaccharidesynthetases,
their stabilitiesas immobilized catalystswere best estimatedby their performancesin synthetic reactions.The reaction conditions are described
under the "synthesis of Sucrose(Trehalose)"section.One-millilitersamples of the solubleenzymepreparationswere storedin capped,glassvials
at ambienttemperatureand 4oC. Aliquots were removed at various time
intervals and assayedfor activity by procedures describedunder the
"Assay of Sucrose(Trehalose)Synthetase" section.
HPLC: Analyses for Sucrose and Trehalose
The standard mobile phase for all carbohydrateanalyseswas acetonitrile:water, 75:25(v/v) at a flow rate of 1.8 ml/min. CarbohydratestanApplied Biochemistry and Biotechnologg
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(w/v) solutionsof eachsugar (34),were used to analyzethe
dards, 0.15o/o
compositionof the reactionmixture. Aliquots (0.5-1.0mL) from synthetic
mixtures were routinely mixed with anion exchangeresin (AG1-X8-bicarbonateform). The supernatant was passed through a O.22-micron
Millex filter before injecting the solution into the HPLC sample port. The
retention times for the standardswere: fructose, 4.4 min; glucose,5.0
min; sucrose,7.2 mtn; and trehalose,8.8 min.

Preparationof SucroseSynthetase
Sucrosesynthetasewas prepared from wheat germ (Sigma)by the
procedureof Leloir and Cardini (6). Ninety gramsof the untreatedwheat
germ was suspendedin 300mL of 50 mM potassiumphosphaste,1 mM
EDTA buffer, pH 7.2, and homogenizedin a Waring blender for 5 min,
with pulsed blastsat 30-sintervals.Centrifugation(16,0009,2"C) yielded
210 mL of crude extract,which was dialyzed against 2x4 L of distilled
water for 6 h. The dialysate(265mL) was treatedwith 93.4g of solid ammonium sulfate (0.5 saturated).The ammonium sulfate suspensionwas
15min,2"C).
stirredin the cold for 30 min beforecentrifugation(16,0009,
The pellet was suspendedin 100mL of distilled water and dialyzedovernight against2x4L of distilledwater. One-tenthvolume of 1.0M manganous chloridewas addedto the dialysate( - 157mL) and centrifugedto remove the pellet. The supernatant(155mL) was fractionatedwith 33 g of
ammonium sulfate(0.3saturation).After centrifugation,the supernatant
was collectedand made 0.5 saturatedin ammonium sulfate. The pellet
collectedafter centrifugationwas suspendedin a minimal volume of distilled water ( - 30 mL). This clear yellow fraction was dialyzed for 12 h
against3x4 L of distilled water at 5oC. After dialysis,the enzymepreparation was immobilized immediatelv.
J

Immobilization of Sucrose Synthetase
The sucrosesynthetasepreparation(45 mL,0.2 U) was mixed with 15
mL of 0.3M HEPES,15 mM MgC12,pH7.6 buffer, and 1.0M DTT (0.375
mL) in a 250-mLbeakerequippedwith a stirring bar. FifteenI of PAN-1000
was added, and the solution was vigorously stirred by hand with a thick
glassrod until the mixture was homogeneous.TET (0.5M, 12.75mL) was
added to the rapidly stirred mixture. The gel set within 10 s, then sat under
a moderatestreamof argon for 60 min beforeit was crushedand washed
by standardprocedures(15).The gel was storedin 0.3M HEPES,15 mM
MgClz, pH7.6, and 10 mM DDT buffer until use in syntheticreactionsat
which time the buffer solution was removed and the gel resuspendedin
deoxygenateddistilled water before added to the reaction mixture. No
enzyme substrates(i.e., sucrose,fructose, and UDP-glucose)were included in the immobilization reaction since the immobilization yields
were not significantlyenhancedwhen thesereactantswere included.
Applied Biochemistrg and Biotechnologg
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Assay of Sucrose Synthetase
Sucrosesynthetaseactivity was measuredby monitoring the disappearanceof UDP-Glc and fructoseor the appearanceof sucrose.Aliquots
(20 pL)were removed from a mixture containing:0.^/I potassiumphosphate pH7.6 buffer (100*+L);0.1.Mfructose(100y.L);50 mM UDP-Glc
(50 pL); distilled water (650 p"L); and the enzyme solution (100 pL). A
blank reaction containing all reagents except fructose was run during
each determination.

Synthesisof Sucrose
Sucrose syntheses were performed in a 1.-L, three-necked, roundbottomed flask equipped with a pH controller adaptor. The pH controller
maintained the reaction at pH 7.2with 2.0N KOH. Buffer-free immobilized
sucrose synthetase (170 mL) was suspended in a deoxygenated solution
(180 mL) containing UDP-Glc (90 pmol), fructose (2.1 mmol), Glc-1-P
(80 pmol), Glc-6-P (2.L mmol), PEP (2.6 mmol; the solution also contained
0.9 mmol of pyruvate), MgClz (10 mmol), KCI (4.5 mmol), and 5 mL of 4o/o
NaNe. The reaction was charged with the regeneration enzymes: immobilized pyruvate kinase (5 U), immobiltzed UDP-Glc pyrophosphorylase
(5 U), and immobilized inorganic pyrophosphatase (28 U). The stirred
reaction mixture was kept at ambient temperature under a moderate
stream of argon. The reaction course was monitored by HPLC and enzymatic analyses. When necessary,depleted PEP and fructose levels were
restored to their initial concentrations. After 7 d, the reaction was terminated. The enzyme gel was removed by centrifugation, and the supernatant was worked up following the procedure used for the isolation of
sucrose.The gel was resuspended in 0.3M HEPES, 15 mM MgCl2, pH7.6,
and L0 mM DTT buffer briefly (ca. 10 min) to allow reactivation of any oxidized sucrose synthetase or UDP-Glc pyrophosphorylase. The gel was
centrifuged, and the resulting supernatant was decanted before suspending the gel in deoxygenated water prior to use in another reaction.

Purification of Sucrose
Anionic reactants and coproducts were removed by batchwise treatment of the reaction solution with washed and filtered anion exchange
resin (AG1-X4, bicarbonate form). The suspension was filtered through a
Btichner funnel to remove the ion exchange resin. The filtrate was concentrated by rotary evaporation and lyophilized. The lyophilate was suspended
in 50o/oaq. ethanol to a concn. of - 200 mg/ml. Precipitated inorganic salts
were removed by filtration, and the supernatant liquor was again lyophilued. The lyophilate was suspended in 3 mL of distilled water and treated
with activated charcoal to decolorize the solution. The concentrate was
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applied to a Bio-Rad P-2 gel filtration column (1.5x46 cm) as three fractions. The samples were eluted with distilled water and collected in fractions of 6 mL. Each fraction was analyzedbv HPLC for the sucrosecontent;
those fractions containing only sucrose (friction s 9-72) were pooled, concentrated, and lyophilized. The solid was dissolved in a minimal volume
of 600/o(v/v) aq. ethanol, then concentrated to a syrupby rotary evaporation. The syrupy mixture was treated with hot absolute ethanol and rapidly
stirred until crystalline product appeared. After concentration and lyophilization of the solution, the quantity and purity of sucrose that remained
in the mother liquid were estimated by HPLC as 95 mg and 90o/opure, respectively. The crystals were washed with ethanol and ethyl ether before
diying inaacuo;-p:184-786"C, lit. rnp:185-86"C (35). HPLC and enzymatic analyses indicated that the product of 98o/opurity was free of glucose
and fructose. 13CNMR (D2O): 6 105.2, 93.7, 82.9, 77.9, 75.5, 74.0, 73.9,
7 2 . 6 , 7 0 . 7 , 6 3 . 9 , 6 2 . 9 ,a n d 6 1 . 7 . T h e r e s o n a n c e so f a l l t w e l v e c a r b o n so f
sucrosewere resolved and corresponded to those of an authentic sample.

Preparationof TrehaloseSynthetase
Brewer's bottom yeast (2a0 g) was suspended rn 720 mL of distilled
water (19).The mixture was vigorously stirred at ambient temperature for
t h before cold storage (4"C) for 20 h with occasionalstirring of the viscous
cell suspension. Centrifugation (15,000g,20 min , 2"C) yielded 450 mL of a
crude extract. The murky supernatant was treated with an equal volume
of cold 50o/oammonium sulfate solution (for 500 mL of solution: 250 g of
solid (NH+)zSO+,0.5 mmol EDTA, pH adjusted to 7.5 with NH+OH),
then was stirred for 30 min at 4oC. After centrifugation, the pellet was
suspended in lmM EDTA (100 mL). One volume of cold 50o/oammonium
sulfate solution was added to the enzyme suspension. The mixture was
stirred for 30 min at 0oC, then was centrifuged to yield a whitish-gray
pellet. The pellet was dissolved in 100 mL of lmM EDTA. If the solution
was turbid, the suspension was centrifuged to remove the insoluble
material before dialysis at 4oC against 2x4 L of lmM EDTA for 6 h. The
dialysate was mixed with an equal volume (180 mL) of 40 mM MgSO+ and
stirred in a water bath at 50'C until the solution temperature reached 36oC.
The flask was rapidly cooled in an alcohol/ice bath until the solution temperature was 2'C. After centrifugation, the supernatant was placed in a
1-L Erlenmeyer flask that was immersed in a bath at - 4 "C until the temperature of the cell fraction liquid reached OoC. Over a period of 20 min,
0.35 vol of cold acetone (-4"C) was slowly dropped into the stirred solution. During this period, the temperature of the solution was allowed to
drop to - 3 oC before centrifugation (20009,L0 min, - 5 "C). The pellet was
dissolved in 20 mM potassium phosphate, pH7.0 buffer (35-40 mL). The
resulting yellow solution was dialyzed overnight against 2x4 L of the
same buffer.
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Immobilization of Trehalose Synthetase
Trehalosesynthetasedialysate(a5mL) and 15 mL of 0.3M HEPES,15
mM MgC12,pH7.6 buffer, were mixed in a 250-mLbeakerequippedwith a
stirring bar. PAN-1000(15S)was vigorously stirred into the enzyme-buffer
solution. Immediatelyafter homogen:z,ingthe PAN mixture, DTT (1,.0M,
0.375mL) and TET (0.5M, 12.75mL) were added. The gel was allowed to
set for t h under a rapid streamof argon, crushedinto fine particles,and
washedsuccessively
with the following: L x 1 vol of 50 mM HEPES,50 mM
(NH+)zSO
n, 10 mM MgClz, pH7.5 buffer; 2x1,vol of 0.3M HEPES,15 mM
MgCl2, pH 7.5, 10 mM DTT buffer. The immobilized enzyme remained
suspendedin the final wash buffer until use in a reaction.For use in syntheses,the immobilizedenzymewas washedfree of buffer and suspended
in deoxygenateddistilledwater. Immobilizationyields were not increased
by the inclusion of UDP-glucose,Glc-6-P,or trehalosein the imm oblhzation reactions.

Assay Methodsfor TrehaloseSynthetase
Method A:
Indirect Measurementof TrehaloseSgnthetaseActiuity
The rates of changein UDP-Glc and Glc-6-Pconcentrationsin the
presenceof the enzymepreparationwere measuredand set proportional
to trehalosesynthetaseactivity.The ratecurvesfor UDP-Glc and Glc-6-P
were similar. This procedureservedas a reliable-although not a foolproof-test for the presenceof trehalose-formingactivity. The reaction
componentswere UDP-Glc (29 mM,50 pL), Glc-6-P(50 mM,50 trt"L),
0.125MMgSO+,5 mM EDTA (50pL) and 50-100pL of the enzyme preParation. At 1-h intervals, Glc-6-P and UDP-Glc concentrationswere
measuredby the previously describedspectrophotometricmethods.
Method B:
Direct Measurementof TrehaloseFormatton Using Trehalase
Trehalase(EC 3.2.L28) catalyzesthe hydrolysisof trehaloseto glucose.Glucoseconcentrations
were measuredaftertreatmentof a reaction
samplewith a trehalasepreparation(seenext section).The specificactivity
of the trehalaseDEAE-cellulosefractionwas very low, and the reactionwas
allowed to run for long periodsto ensurethat all trehalosewas degraded.
Typically aliquotsfrom the trehalose-formingreactionswere diluted 4- to
2Ofoldwith the enzymesolution (0.0008U trehalase/l0Ommol trehalose).
Under theseconditions,the hydrolysisreactionwas completewithin 12h.
Blank control reactionscontaining the reactionsamplediluted in 50 mM
sodium phosphate,pH 5.6, 5 mM cysteinebuffer were run, but thesecontrol reactionsindicatedthat for times up to 30h, Glc-1-P,Glc-6-P,and trehalosedid not undergoany detectablenonenzymichydrolysesto glucose.
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heparation of Trehalase from Baker's Yeast
Three 6-ounce packages (54 S) of Fleischman's comPressed yeast
were broken in small pieces into a 500-mL Erlenmeyer flask (36,37). The
yeast cells were macerated with a mixture of toluene (20.5 mL) and 0J,M
sodium acetate,pH 5.6 (21.6 mL), in a water bath for 2 h. After cooling
the warm flask to 10oC, the cell suspension was diluted with 54 mL of
cold distilled water and left at 5oC for 3 d with occasional stirring. The top
layer of toluene and yeast stromata was siphoned off as completely as
possible. The aqueous suspension was centrifuged (29,0009,10 min, 0"C)
to yield 93 mL of supernatant. Solid cysteine was added to a final concn.
of 5 mM. Trehalase activity was precipitated by the addition of 53.5 g of
ammonium sulfate to 93 mL of enzyme solution. The mixture was stirred
for 30 min in the cold before centrifugation. The supernatant was discarded, and the pellet was suspended in 0.1M sodium acetate,pH 5.7,5
mM cysteine buffer (12 mL), then centrifuged to remove any insoluble
material. The yellow solution was applied to a Sephadex G-25 column
(1.5x50 cm) and eluted with the acetate-cysteinebuffer. The effluent was
collected in 7.5 mL fractions and assayed for trehalase activity (seenext
section). Fractions 4 and 5 were combined, centrifuged (29,0009,10 min,
0'C) and applied to a DEAE-cellulose column equilibrated in 50 mM
sodium acetate,pH 5.6. When the enzyme solution had completely entered
the cellulose matrix, the column was washed with approximatelv 10 mL
of the equilibrating buffer before eluting the protein with 200 mL of a 03.0M sodium chloride gradient in the same buffer. Fractions (3.75 mL) of
effluent were collected and tested for trehalase activity. The trehalase activity eluted in two peaks. All fractions containing greater than 0.0001 U
of trehalase activity were combined, then dialyzed against 3x4 L of 50
mM sodium acetate, pH 5.6, 5 mM cysteine buffer for \2 h at 5oC. The
colorlesssolution (35 mL, 0.171U) was stored at -20oC in 4-mL fractions.
A trehalasefraction used for trehalose analysiswas stored at 5"C for 3 wk
with no significant loss of activity.

Measurement of Trehalase Activity
Sincetrehalaseexhibitsmaximal activity at pH 5.6 (23), the trehalose
hydrolysis was not coupled to the indicator enzymaticassayfor glucose
9.2) (29). Instead,
(pH optima: hexokinase,T.5; Glc-6-Pdehydrogenase,
trehalasesamples (50 pL) were added to a reaction mixture containing
trehalose(0.1,M,100pL) and 0.IM sodium acetate,pH 5.6, 5 mM cysteine
(350pL) at 25"C. A sample containing no enzyme was run as a blank.
Aliquots of 20 pL were periodicallyremoved and assayedfor the product
glucose.
Synthesis of Trehalose
The syntheseswere executedin a 1-L, three-necked,round-bottomed
flask with a pH controller attachmentto enableautomaticadjustmentto
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and maintenanceof pH 7.Zwith 2.0NKOH. Distilledwater (180mL) containing UDP-Glc (0.1mmol), MgCl2(3.6mmol), KCI (2.3mmol), Clc-6-P
(0.55mmol), and sodium azide(0.04o/o)
was added to the reactionvessel
and thoroughly deoxygenatedwith a rapid streamof argon. The rapidlystirred mixture was charged with immobihzed trehalosesynthetase(50
mL, 0.124U) at ambienttemperature(-25oC) under a moderateflow of
argon. After 20 h, the UDP-Glc regenerationsystemwas coupled to the
main reaction by the addition of the following: immobihzed pyruvate
(5 mL,2.5
kinase(5mL, 1.9IJ),immobihzeduDP-Glcpyrophosphorylase
(3 mL, 8.7 U), PEP(0.69-0.8
U), immobilizedinorganicpyrophosphatase
mmol; containing0.12-0.16mmol of pyruvate);and Glc-1-P(0.23mmol).
Throughout the reaction, every component of this multiple enzymatic
sequencewas monitoredby enzymaticassay.When trehalosesynthesis
cameto a halt owing to the depletionof PEPand/or Glc-L-P,thesereactants were added in amounts necessaryto restorethem to their previous
levels.Trehalosewas synthesizedat a constantrate for 15 d. After 360h,
the reactionwas terminatedowing to the buildup of Glc-6-Pby phosphoglucomutaseactivity.In a subsequentreaction,the accumulationof Glc6-Pwas suppressedby periodicadditionof Glc-6-P(insteadof Glc-1-P)to
the reactor.Separationof the catalystsfrom the productswas achievedby
5 min, 2"C). The supernatantwas decantedand
centrifugation(10,0009,
the
worked up by
purificationproceduredescribedbelow; the gel catalyst
was resuspendedin distilled water and reused in another synthesis.
of the initial trehalose-formingactivity was recoverable.
Typically, 75o/o
Purification of Trehalose
The supernatantwas treatedwith an anion exchangeresin (AC1-X4,
bicarbonateform) in a batchwisemannerto bind the anionicreactantsand
filter funnel
coproducts.This mixture was poured through a glass-sintered
to removethe resin. Cationswere removedby stirring the filtrate in cation
exchangeresin (AG-50W, hydrogen ion form). After the removal of the
resin by filtration, the solution was concentratedby rotary evaporation.
The concentratewas lyophilized to a pale yellow hygroscopicfoam and
dissolvedin 50o/o
aq. ethanol(-200 mg solid/ml of solution)to remove
insoluble inorganic salts.The solution was concentratedby rotary evaporationto removeethanolbeforethe secondlyophilization.The lyophilate
(673mg) was dissolvedin a minimal volume of distilledwater (-2 mL)
and transferredto a Bio-RadP-2gel filtrationcolumn (1,5x46cm) in three
fractions.The sampleswere eluted with distilled water; fractions(6 mL)
were collectedand assayedfor trehaloseby HPLC. Trehalosewas the sole
carbohydratepresent in fractions8-12. For eachcolumn run, these fractions were pooled and lyophilized. The solidswere suspendedin boiling
aq. ethanol.Trehalosedid not readily crystalhzefrom thesesolutions.
80o/o
Crystallizationoccasionallyoccurredin the presenceof a pure trehalose
seed crystal: melting point of the crystallinesolid (67 mg) was 96oC;lit
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mp for a,s-trehalosedihydrate:96-97"C (38). In those instanceswhere
crystallizationdid not occur,the ethanolicsolutionswere concentratedby
rotary evaporation,lyophilized, suspendedin a measuredvolume of distilled water, and calibratedfor trehaloseconcentrationby HPLC andenzymatic assaymethods. HPLC showed the product (413mg) to be free of
glucoseand 93o/o
pure. 13CNMR (D2O):6 94.6(s, C "1); 74.0(s, C "3); 73.6
(2, C" 2); 72.5(s, C "5); 71.1(s, C "4); 62.0(s, C "6); and 50.2(impurity).
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