
m

HOW TO EXTRACTAND (-IARAL-WERIZEDEHYDROGENASES
FROM WOODY PLANTS

i

Bruce E. Haissig, Principa/Plant Physiologist,
Rh/nelander, Wisconsin,

and Arthur L. Schipper, Jr., Principal Plant Physiologist,
• St. Paul, Minnesota

.

Forest biology research increasingly explores Best results have been obtained when enzymes
physiological mechanisms that control tree growth were extracted during or shortly after tree seed
in Order to discover physiological bases for germination, or when leaves were used (see
selecting strains that yield more or better wood earlier references). Woody tissues are difficult to
(Gordon 1971, Wolter and Gordon 1975). Such disrupt without physically destroying enzymes.
studies may require knowledge of metabolic Disrupted woody tissues release tannins and
changes that cause or accompany variations in phenols that promptly denature enzymes, either
growth of the tree and differentiation of tissues, directly or after enzymatic oxidation. Thorough
Metabolic changes can be estimated by various extraction and stabilization of enzymes from
means, which include quantifying variations in the woody tissues assume importance because diffi-
activities and types of enzymes (Firenzuoli et al. culties in disruption often make it impossible to
1968, Barnett and Naylor 1969). Interest has also use large amounts of tissue to offset deficiencies
recently increased in genetic analysis of trees in technique.

through study of isoenzymes {Co_n_k!e1971a,

1971b; Feret 1971, 1978; Feret and Stairs 1971a, Thus, we have extensively examined methods
1971b; Hamaker and Snyder 1973, Juo and for the extraction, stabilization, and characteriza-
Stotzky 1973). tion of dehydrogenases from woody plants.

Results and previously unpublished data are
• EnzYme analysis is possible only if enzyme summarized here as an aid to other investigators,extraction can be exactly reproduced and the

enzymes stablized for hours or days, as governed many of whom have contacted us seeking further,
more detailed information concerning application

by analytical methods. Extraction and stabiliza- of our findings.
ti0n of enzymes from animals, lower plants, and
herbaceous plants have been extensively investi-
gated because these organisms are long time Our studies have yielded methods for extraction
subjects of biological research. Only more recently and stabilization of dehydrogenases through
has interest arisen in the enzymes of woody prolonged periods of characterization. These
plants. Therefore, least is known of extracting and methods can be applied, with suitable modifica-
stabilizing'their enzymes, tions, to other enzymes.

Methods developed for securing and stabilizing The first section deals with methods, for those
enzymes from other organisms have been tried on readers who are interested only in technique; the
trees with limited success. 'Thus, most studies second section discusses the rationale for the
with woody plants have only involved enzymes methods, and cites supporting evidence. Pre-
that are relatively stable in crude extracts. Less viously unpublished supportive technique data
stable enzymes may prove more indicative of have been included, as have typical results to be
physiological status or genetic constitution, expected from various techniques.



ml of buffer (see below) and suspend the tissue

METHODS with a small spatula. Homogenize the sample for
30 to 45 seconds with a motorized (1100 rpm) glass

Collection pestle. A suitable apparatus is available com-
mercially (Kontes Glass Co.) or can be easily

Collect samples by clipping pieces or punching constructed. In either instance, the user must
out discs with, for example, a leather punch, supply a rheostat (Powerstat, Superior Electric
Immediately place tissue in standard lyophil Co., Bristol, Connecticut 06010) and timer

containers or in 4-dram screw cap vials. The latter (Gralab Model 300, Dimco-Gray Co., Dayton,
fit 1/2-inch diameter Virtis port fittings. Freeze Ohio 45402) to control speed and duration of
tissue in a mixture of dry ice and acetone (-86C), homogenization. Rinse tissue adhering to the
acetone-filled mechanically refrigerated bath pestle into the homogenizer with 1 ml of buffer.
(-90C), or, preferably, in liquid nitrogen (-196C). Mix contents Of homogenizer and decant into
Do not cover the samples with' water before centrifuge tube. Centrifuge at 40,000 to 100,000
freezing, or allow acetone to leak into the xg for 30 minutes at 5C. Transfer samples to 1
containers. Collect samples in the field by freezing dram screw cap vials. Certain homogenates
in powdered dry ice, or (preferably) in liquid contain lipid-like substances that float on the
nitrogen. Keep samples cool during transport, supematant, even after prolonged centrifugation

at 100,000 xg. Supematants can be freed of these
Lyophilize samples for 15 to 24 hours. Resinous substances by withdrawing supematant with a

tissue may require longer drying times unless syringe from below the floating layer.
containers are less than half full. Check the lyophil
for proper operation by lyophi!izing a water Buffers
Sampl e, which should remain frozen until the ice Use 100 mM Tris-HCl, 2 pH 7.5, containing 5
has sublimed. Melting indicates an improperly percent (w/v) glycerol, 100 mM EtSH, and 1 mM
Constructed or functioning unit. NAD (or NADP). Substitute 1 mM DTT for EtSH,

Storage and increase nucleotide coenzyme concentrationto 10 to 50 mM if electrophoresis will be conducted

Store samples, if necessary, at -20C or less in without prior removal of the higher concentration
plastic bags or jars that contain anhydrous calcium
sulfate ora molecular sieve. Samples store best in 1Mention of trade names does not constitute
a cabinet cooled with dry ice, or in a mechanically endorsement of the products by the USDA Forest
refrigerated ultra-low temperature freezer. Al- Service.
ways store over desiccant.

2A bbreviations: EtSH--mercaptoethanol,
Milling DIECA --dieth yldithiocarbamate, DTT--dithio-

Mill samples to pass a 20-mesh screen of a threitol, NAD--nicotinamideadenine dinucleo-
Wiley mill. Very small samples can be collected by tide, NADP--nicotinamideadenine dinucleotide
aspirating th_ milling chamber (Haissig 1972). phosphate, AP--ammonium persulfate, TEMED

• ' Samples shouldbe milled just before homogeniza- --N,N,N',N', tetramethylethylene-diamine, PVP
tion, if possible. Milled tissue should be stored at --insoluble polyvinylpyrollidone (Polyclar AT),
the lowest possible temperature, over desiccant, G-3-PD--glyceraldehyde-3-phosphate dehydro-
in evacuated or inert gas-filled containers, such as genase (E. C. 1.2.1.12), G-6-PD--glucose-6-phos-
vacuum desiccators, phate dehydrogenase (E. C. 1.1.1.49), 6-PGD--6-

phosphogluconate dehydrogenase (E.C. 1.1.1.44),

• Homogenization MD--malate dehydrogenase (E.C. 1.1.1.37), PPO
--phenolase (E.C. 1.10.3.1), PR--peroxidase

Technique (E.C. 1.11.1.7}, MES--(2[N-Morpholino] ethane
All operations are performed at about 5C in a sulfonic acid, HEPES--N-2-Hydroxyethylpipera-

c01d room. Place from 10 to 50 mg of milled tissue zine-N'-2-ethanesulfonic acid, Tris--Tris {Hy-
in a V-bottomglass homogenizer (Duall, Kontes droxymethyl) aminomethane, BSA--bovine
Glass CO., Vineland, New Jersey 08360}1. Add 2 serum albumin.
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of EtSH. Affinity chromatography requires bur- Blue background and diffuse banding in gels
fers of low ionic strength. Use 10 to 25 mM can be reduced or eliminated by exposing gels to
HEPES - NaOH, pH 7.5, containing 20 percent stain for 15 to 30 minutes at 5C in darkness, then

j (w/v) glycerol and 10 mM DTT. decanting staining solution. A good scanning-
further reduction of dye for up to 15 hours at 5C in

Purification and Characterization darkness. Do not add water or buffer after
decanting staining solustion. A good scanning-

Numerous methods exist for the partial purifica- recording device markedly simplifies and im-
proves data collection (e.g., attachment to Pye-

tion and characterization of enzymes. The follow- Unicam SP 1800 spectrophotometer)
ing methods afford a starting point from which

more detailed analyses begin. Extracts sometimes do not contain sufficient

Acrylomide Gel E/ectrophoresis enzyme for a satisfactory staining reaction. In
" such instances, increase the volume of extract

Equipment consists of a Bio-Rad Model 150 added to the gel, or concentrate the sample by
(Bio-Rad Laboratories, Richmond, California (NH4)2SO4 precipitation (see later), Minicon B-15
94804) electrophoresis cell, or equivalent, and a or A-25 membrane concentrators (Amicon Corp.,
compatible power supply. Lexington, Massachusetts) (Hicks and Haissig

1974), or Molecular Separators (Millipore Corp.,
Allow gel solutions to warm to room tempera- Bedford, Massachusetts 01730).

ture. Add 25 mg of AP to 25 rnl of running gel
solution while the latter is being stirred. Quickly Sa/ting-out
add 1.2 ml of the solution to each 5 mm (I.D.) x Assay the crude extract for enzyme activity and

•125 mm acid washed gel tube and layer distilled measure the volume (v1). Add crystalline
'water over the acrylamide solution. Use a 5 ml (NH4)2so 4 to the cold extract. The initial percent-
plastic _syringe that has been fitted with a 6 cm age (w/v)of (NH4)2SO4 should not precipitate the
piece of 1/32-inch I.D. teflon tubing. After enzyme of interest but should precipitate many of
polymerization, add 0.2 mlof spacer gel solution the other macromolecules in solution. Usually
to each tube, and then withdraw the solution with from 50 to 80 percent (NH4)2SO4 effects initial
the syringe. Flush 25 ml of spacer gel solution precipitation.
with nitrogen gas for 15 seconds. Stir the solution
and add 25 mg of AP. Add 0.2 ml of this solution Allow the mixture to stand for several hours at
to the top of each running gel tube and layer with 5C to insure complete precipitation. Centrifuge
water. Allow polymerization. Install the tubes in (40,000 xg, 30 minutes), decant the supematant,
the cell, add electrode buffer, and apply sample, and save the pellet. Assay and measure the

volume of the supematant (V2). Dissolve the
From 100 to 400 _I of sample are added to each pellet in a measured amount of extraction buffer

tube with a micro syringe (Drummond Scientific (V3) and assay.
• Co., Broomall, Pennsylvania 19008). Apply about

150v until samples have entered the running gel, Make the supernatant 100 percent (at 5C) in
after which voltage can gradually be increased to (NH4)2SO4 again by adding crystalline salt and
about 250v (about 2.5 ma per tube). Colored allow the mixture to stand for several hours.
impurities usuaUyrun at the front, which obviates Centrifuge, decant, and save the supernatant.
need for a tracking dye. If necessary, add a small Save the pellet. Measure the volume of super-
amount of bromphenol blue to each sample or to natant (V4) and assay. Dissolve the pellet in 1 ml
the upper electrode buffer, of extraction buffer (V5) and assay.

|
.

Remove gels from tubes and stain by standard Calculate the total units of enzyme activity in V1
methods (Brewer 1970). Trials are necessary to through V5 in order to determine changes in
balance amount of sample applied and duration of activity at each step. If activity is found in V3 or
staining. Always include controls (eliminate sub- V4, adjusting (NH4)2SO4 concentrations will
strate or coenzyme) to check for non-enzymic rectify the situation. A suitable schedule places
reduction of tetrazolium dye. most of the initial activity in V2, then V5.

°
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V5 can be _freed of salts by dialysis against Fractions collected after electrofocusing, like
. extraction buffer, but this step is often unneces- those from gel filtration, can be further analyzed

sary. by electrofocusing, acrylamide gel electrophore-
sis, gel filtrations, or other established methods.

Gel Filtration

Columns of 75 cm x 2.5 cm and longer often Affinity Chromatography
yield the best results. Select a packing material,
such as Sephadex G-150 (Pharmacia Fine Chemi- Various proprietary media exist for affinity
cals, Inc., Piscataway, New Jersey 08854), with a chromatography of dehydrogenases (P-L Bio-
molecular weight exclusion limit greater than the chemicals, Inc., Milwaukee, Wisconsin 53205;
estimated molecular weight(s) of the enzyme(s) of Bio-Rad Laboratories, Richmond, California
interest. Hydrate the gel according to manu- 94804). Specificity of the media varies and may
facturer's instructions in extraction buffer. Decant profoundly influence the quality of results, so care
the fines several times, and thoroughly degass the should be used in selection.
room-temperature gel suspension with an aspira-
tor. Coenzymes can be excluded from buffer in Purification of G-3-PD from jack pine seedlings
preparation of the gel and packing of the column is a typical example of affinity chromatography.
to reduce cost.

Agarose-hexane-NAD Type 1 (P-L Biochemi-
Stabilize the gel bed by pumping buffer through cals) is washed free of glycerol and sodium azide

the column ,overnight. The peristaltic pump with extraction buffer. The agarose is then
should be set: for a flow rate that will not collapse slurried into a column constructed from a 5 ml
the gel bed but will give a suitably fast elution, disposable plastic syringe barrel. A porous,
These conditions are determined empirically, hydrophilic, polypropylene disc at the bottom of

the syringe barrel retains the agarose (Bolab, Inc.,
' Apply about 1 ml of enzyme solution to the Derry, New Hampshire 03038). Commercial col-

colUmn and elute at the predetermined flow rate umns are also available (Isolab, Inc., Akron, Ohio
with fleshly prepared extraction buffer. Collect 44321). Settled medium is further washed with
fractions of about 5 to 10 ml volume, extraction buffer to stabilize the bed. Settled bed

volume is about 4 ml.
Assay the fractions for enzyme activity, and do

electrophoresis on samples from desired tubes. Samples are homogenized and the crude extract
Concentrate samples, if necessary or desired, by is assayed for enzyme activity. A known volume
(NH4)2SO4 precipitation or with membrane con- (about 2 ml) of crude extract is applied to the
centrators, column after the buffer in the column has been

mn almost into the bed. Crude extract is then run
Column E/ectrofocus/ng slowly into the bed, and the column is washed at

full flow rate with about 25 ml of extraction buffer.
• We use LKB equipment, which includes 110 ml Effluent volume is measured and enzyme activity

• column, amph01yte solutions, power supply, frac- determined. The column is then eluted at full flow
ti0n collector, gradient mixer, and peristaltic rate with extraction buffer that contains 10 mM to
pump (LKB Instruments, Inc., Rockville, Mary- 25 mM NAD. Fractions of 1 or 2 ml volume are
land 20852). A Radiometer model 26 pH meter

collected and assayed for enzyme activity.
and 0-14 pH miniature combination electrode are

used to measure pH of each fraction at the Enzyme activity at all stages is recorded as total
collection temperature (London Co., Westlake, /_OD min( AOD/min/0.1 ml x number of 0.1 ml
Ohio 44145 and Sargent-Welch Scientific Co., volumes per fraction). Thus total enzyme activity
Skokie, Illinois 60076).

can be accounted for at each step, and gains or
losses in activity will be apparent.

Our procedures closely follow the manufac-•

turer's recommendations, with important excep- Fractions are subjected to further analysis or
tions that are noted under Reagents. purification at once.
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ColumnsareCleanedforreuseby washingwith TEMED. Inserta glasselectrode,stir,and adjust
severalbed volumesof:50 mM MES-NaOH, pH pH ofthe solutionto6.7withconcentratedHCI,

5.5,containing2.0M NaCl and 0.1percentBSA; thendilutetoIliter.The resultingsolutionis500
then,50 mM Tris-HCl,pH 8.5,containing2.0M mM inTris.Refrigerate.
NaCI and0.1percentBSA; and finally,extraction
buffer:Columnsthustreatedcanbe reusedmany

times. Periodic resuspension ofthe medium with Electrophoresis Running Gel
nitrogen gas aids removal of foreign materials and
prevents marked decreasesin flow rate.

Dissolve 60.6 gm Tris in 750 ml of distilled
water. Add 80 gm Cyanogum-41, and I ml

REAGENTS TEMED. Insert a glass electrode, stir, and adjust
Extraction Buffer pH of the solution to 8.5 with concentrated HCI,

• thendilutetoIliter.The resultingsolutionis500

Weigh 50ginofglycerolintoa 1000ml beaker, mM inTris.Refrigerate.
Add 750ml distilledwater,12.1gm Tris,and 7.0
ml EtSH. Inserta glass electrode,stirthe ElecirofocusingDensityGradient
solution, and adjust the pH to 7.5 with concentra- Solutions
ted HCI. Make up to 1 liter with distilled water.
The resultingsolutionisI00mM inTris,5 percent Heavy Fraction

inglycerol,and 100mM inEtSH.Storefrozenat Weigh 36gm glycerolintoa 100ml beaker,and-20C.
• add 25 ml of distilled water. Stir in 0.4 ml EtSH

Add NAD or NADP to a portion of thawed and 1.8 ml of pH 3-10 ampholyte (LKB)solution.
buffer just before use. Do not store buffer Make up to 50 ml with distilled water.
containing NAD or NADP.

Light Fraction

Add 2.38 grn HEPES to 750 ml distilled water Add 0.6 ml of pH 3-10 ampholyte solution and
that contains 200 grn of glycerol. Insert a glass 0.4 ml EtSH to 20 ml of distilled water. Add a
eieetrode,: stir the solution, and adjust pH to 7.5 measured amount of enzyme extract and make up
with 1.0 N NaOH. Make up to 1 liter. The to 50 ml with distilled water.
resulting Solution is 10 mM in HEPES and 20
percent in glycerol. Store frozen at -20C. Add 77.2
mg ofDTT per 50 ml of thawed buffer just before DISCUSSION
Use. The resulting buffer is 10 mM in DTT. Check Collection
pH. Do not store buffer containing DTT for more
than a day. Under many circumstances, samples are too

numerous, or are collected too far from the

Electrophoresis Electrode Buffer laboratoryto allow extraction of flesh tissues. It
may be easier to transport tissue frozen in dry ice
or in liquid nitrogen and lyophilize at the

Dissolve 12.1 gm Tris and 58.0 gm glycine in laboratory. Lyophilization of samples eliminates
1500 ml of distilled water, and make up to 2 I. The problems connected with sample milling and
resulting buffer is 50 mM in Tris. Dilute each part storage, as long as the enzyme of interest is not
of buffer with 9 parts of distilled water before use. cold labile. Moreover, fast freezing of tissues
Insert a glass electrode and adjust pH of the before lyophilization increases extraction of cer-
solution to 8.3 by adding crystalline Tris or tain enzymes or does not markedly lower ex-
glycine. . tractedactivity(Haissigand Schipper1972).

ElectrophoresisSpacer Gel Successfullyophilizationdepends upon very
fastfreezingof the sample and a perfectly

Dissolve60.6gm Trisin 750 ml of distilled functioninglyophil.Sample containersmust be
water.Add 40 gm Cyanogum-41 and 1 ml rapidlyaspiratedso thatsamplesremain frozen

• _ . .. ....
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until all moisture has sublimed. The condenser
must effectively collect water vapor so that Homogenization
samples dry thoroughly before removal. Samples
are being vacuum dried, not lyophilized, unless Duall (Kontes Glass Co.) homogenization of
these conditions are met. milled, lyophi!ized tissues has proven superior to

homogenization of tissues that have been dehy-
drated or pulverized by other methods. Duall
homogenization is fast, reproducible, and yields

Storage quantifiable enzyme activities where suitable
extraction media are used (Haissig and Schipper

Enzyme activities decline in stored tissues, with 1972). In particular, quantifiable enzyme activities
the highest rates of decline related to elevated are obtained from very small samples (10 to 50
temperatures, moisture levels, and oxygen levels, rag) of even difficult to disrupt tissue such as
Assay of enzymes extracted from .samples readily xylem. The method is only semiquantitative, but
detects Such decline. However, our observations exceeds other methods in enzyme recovery
indicate that qualitative changes apparently occur because the sample is well contained, and easily
in enzyme molecules 'upon storage even though transferred to centrifuge tubes. More sample is
activity has not detectably declined. Qualitative lost adhereing to the surface of a conventional
variations may markedly influence electrophoretic mortar and pestle than is required for Duall
characterization. Isoenzyme bands become in- homogenization. In addition, samples need not be
creasingly diffuse with prolonged storage of strained beforecentrifuging. However, the meth-
tissue. Lyophilization magnifies the problem, od requires practice. Inexperience in operation of
apparently because of freezing. Whatever the the Duall homogenizers invariably results in too
reason, lyophilization somewhat decreases the little or too much homogenization, with con-
sharpness of electrophoretic separations, commitent low yields of enzyme activity. Practice
Enzymes extracted from flesh tissue produce the until a peak enzyme activity can be reproduced for
best electrophoretic results, but practicality may a given type of sample.
necessitate devising a storage method that is

applicable to the tissue and enzyme of interest. In addition, homogenizer size must be exactly 3
ml. Smaller pestles do not withstand the needed
force, and larger homogenizers are difficult to

Milling keep cool. If needs dictate more extract, super-
natants should be pooled after homogenization, or

Homogenization of whole tissues, other than another method of homogenization should be
leaves, root tips, and buds, has proven impractical developed.
(Haissig and Schipper 1972). Enzyme activities
are lost or markedly lowered before woody tissues Extraction Media
•are fully disrupted. Enzyme activity may be
Obtained in such extracts, but never the highest The extraction medium solubilizes and, hope-
attainable activity. Fracturing tissues frozen with fully, stabilizes the enzyme molecules. Any

• liquid nitrogen or an acetone-dry ice mixture is component of the extraction medium that does not
generally less effective and more expensive than have a demonstrable effect on solubility or
milling (Haissig and Schipper 1972). stabililty should be eliminated (Haissig and

Schipper 1972). Untested additives complicate
Unfortunately, milling increases surface area of buffer preparations, increase costs, and often

the sample, and thereby exposes enzymes to subsequently prove deleterious or valueless. In
oxygen, 'moisture, and air-borne denaturants, addition, additives may interfere with subsequent
Storage conditions for milled tissues must con- steps of purification or characterization. Additives
sequently be more rigorous than conditions for that have been tested singly may have different
unmilled tissue. Inert gases, such as welding effects when used in combinations.
grade nitrogen, adequately shield well dried,
milled tissues that are maintained at -20C or Similarly, pH, chemical composition, and ionic
lower, strength of buffers should be adjusted with



purpose, "never arbitrarily. Elevation of ionic amounts of PVP remove all tannins from aqueous
strength or use of monionic detergents may solution but not phenols (fig. 1). Moreover, PVP
release so-caUed bound enzyme fractions (Haissig treatment may enhance phenolase activity (table
and Schipper 1971, !972;' Shipper 1975), which 2) and reduce activity of desired enzymes (Haissig
may Or may not meet experimental objectives. At and Schipper 1975a). However, other methods of
times an arbitrarily selected buffer and ionic removing tannins and phenols, such as using
strength may inadequately buffer a tissue extract, anion exchange resins or celluloses, are less
as shown by pH measurements with a glass desirable than PVP either in removal of tannins or
electrode, phenols or in maintaining desired enzyme activity

(Haissig and Schipper 1971, 1975a) (fig. 2). Thus,
Extraction media for enzymes from plant adding PVP is a good starting point for enzyme

tissues have usually been designed to protect stabilization, except for particularinstanceswhere
enzymes from tannins (Goldstein and Swain 1965) it inhibits enzyme activity (Haissig and Schipper
or phenols Orfrom polymeric brown pigments that 1975a).
form after the oxidation of phenols by phenolase
(Haissig and Schipper 1975a and references A further step in enzyme stabilization consists
therein). Plant tissues usually contain sufficient of blocking formation of brown pigments by
phenols and phen01ase so that, in the presence of continually reducing quinones that are generated
molecular oxyge n, brown pigments form in from phenols by phenolase. Reduction of
extracts, and co-precipitate with enzymes (table quinones prevents their condensation and pre-
1). The pigments may not form immediately in vents formation of brown pigments as long as

•tissue extracts of some species, but in others, such sufficient reducing agent is present (fig. 3).
as extracts of So]ix fragilis stem tissue, distinct
browning occurs during homogenization. Con-
sequently, enzymes may be completely denatured 240
before an initial assay can be done unless
preventive measures are used.

200 N

Various methods have been used to prevent I_
formation Ofbrown pigments (Haissig and Schip-
per 1971, 1972 1975a). Of these, addition of -_,e0

• (_ ASPEN EXTRACTinsoluble PVP has been widely employed. PVP _,
adsorbs tannins and phenols. Reasonable

.J

O

Table 1. "Estimation of phenolics {as phenol) and _z12o o
phenolase (PPO) activity in woody and
herbaceous plants o

. ' 80 PHENOL SOLUTION
• .

: : Phenolics : PPO

Species : Type _ _g +_ S.E. :Units + S.E.
: of tissue : per mg dry :per gm dry

• : weight : weight --- 40

Woody [

Aspen Dormant twig 32 -+ 0.7 348 + 12 TANNIC ACID
• Black walnut • ." " 20 -+ 0.4 84 -+ 24 so L UT I O N

Barberry " " 16 _+0.5 144 +_ 0 &_A_..... _&Red pine ' " " 15 + 0.1 167 + 24 0
Sugar maple " " 14 + 0.5 36 + 0
White spruce " " 13 + 0.5 312 + 48 0 4 8 12 16
Silver maple .... 10 -+ 2.0 276 -+ 53 _ PVP (W/V)

Nonwoody Figure 1.--Effect of P VP during tissue homo-
Collards Leaves , 22 + 0.7 252± 21 genization on removal ofphenolics from aspen
Spinach " 17 +-0.7 288 +_ 2
Barley " 5 -+ 0.2 1,064 + 98 extracts and on removal of phenol and tannic

Sweet potato Tuber 4 + 0.1 156 +_ 67 acid from aqueous solution. The decrease in theTomato Stem & leaves 4 _+0.i 347 +_ 14

level of phenolics in the aspen extract between 0
Control

Mushroom Cap 13 -+ 0.3 2,988 ± tot and 1.7 percent (w/v) PVP probably results
from the removal of tannins.
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Table 2.--Comparison ofphenolase (PPO) activity PHENOL SOLUTION
in extracts of woody and herbaceous plants -_1oo
prepared with and without 1.7 percent (w/v) :_tY

polyvinylpyrrolidone (PVP) _ 80 _e_ -- e- _
: : Ratio units "J60 -

0
• Species : Type :per g= dry weight z: of tissue : + PVP UJ

: : - PVP :z: 40_ _ _ f't

20Woody
Sugar maple Dormant twig 6.0
Black walnut " " 5.9 v- 0
Aspen " " 2.4 _ ASPEN EXTRACT

White spruce " " • 1,3 20Barberry .... 1.2 ¢>

Silver maple " " O.9 0 __
Red plane .... 0.8Ginkgo "' " 0 7 15 F_

• e_0= --D
Herba.ceous uJ

Tomato Stem b leaves 2.4 _ I0 VC A -VR S ATe O

Sweet potato Tuber 2.0 -_• 0
Collards Leaves 2.0 z
Spinach " i •4 " 5
Barley " 0 8 r•

•
Control _ , ,
Mushroom Cap 0.9 0 I 2 3

PERCENT CELLEX-D (W/V)

i |1

• Figure 2.--Effect of DEAE
.7". PPO t cellulose on removal of

• phenol from aqueous solution•6 - .
and aspen extracts. Extracts

.s - o., M ETSH T,EATEO t_ were prepared with buffer
LVOPH,L'ZEO PPO containing 0.1 percent (w/v)

z .4 CONT.O- PPO \* * bovine albumin and DEAE
o / *= © • cellulose and were (TCA) or

04 '/_1 L LYOPHILIZED PPO *ci .3 . . * were not treated with an
0 _/ . * equal volume of 10 percent

12 .(_ ******* trichloroacetic acid beforephenolics were estimated.
***

.I

• O_;* * * * * * * * * * * * * * Note that more than 1 per-
" cent (w/v) DEAE cellulose

' ' ' ' ' ' removes differences between
-0 60 120 180 240 300 360 TCA- and non-TCA-treated

T IME (MIN)
aspen extracts, which indi-

Figure 3.--Influence of mercaptoethanol (EtSH) cares removal of bovine

on mushroom phenolase (PPO) activity. Full albumin from non-TCA
enzyme activity is restored by lowering the con- extracts.
centration of EtSH by lyophilization. The effect

of low levels of EtSH and other reducing agents,
is Overcome after quinones generated by PPO

activity oxidize the reducing agent.
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Cysteil_e,DIECA, EtSH, and DTT reduce
quinones.However, cysteinetends to auto- [*'., o....[]co.•_o
oxidize, which greatl_r shortens the life of buffers _-lo *% ,-_-, o., m o,_ c,
thatcontaincysteine.DIECA may reduceactivity _ e
of desiredenzymes in comparison with no > %

_O mlmmlmOmOllmlllmllUmOmlmlllllmlmmlllmm•

t treatment (fig. 41 or EtSH or DTT treatment
(Haissigand Schipper1975a)(fig.5).In our
experience,about10 mM EtSH or 1 mM DTT _ 5

prevent formation of brown pigments, even ,,= _,
duringprolongedexperiments,but highercon-

Centrationsareoftenrequiredtomaximizedesired _ o,
enzyme activity(Haissigand Schipper1975a, > .,_N

1975b)(fig.6). NeitherEtSH or"DTT inhibit ,zldesired enzyme activity in concentrations of at
least100 mM.

- _ I_ OomuomooO 100 mM fTSHo L_ I'-']_"_'J ''-] CONTROL OR

°[_ t O.1M OIECA
Combined PVP-EtSH treatments have proved ._ _.

effective in securing and retaining dehydrogenase 2 t "'-_,
activity, except .G-3-PD activity (table 3). PVP

treatmentstronglyinhibitsG-3-PD activityinit- __ "%'%ially or speeds loss of activity in comparison with _o--_, ...........-.......•..............o,....
EtSH alone"Otherdehydrogenasesmay perform 0 6 12 18 24T IME (HRS)
similarly. • Figure 5.--Comparative influences of dieth yldithiocarbamate

(DIECA) and mercaptoethanol (EtSH) in the extraction

buffer on the activity of glyceraldehyde-3-phosphate

" ' (G-3-PD, upper graph) and glucose-6-phosphate (G-6-PD,

121 '_o
)_ G-3-PD lower graph) dehydrogenases in aspen extracts.

G-3-PD] /I-I_ 14 /100 mM ETSH
| mM DIECA

I-

_ 8 12 _£/I mM EI"SH

a
>.

_;6 a 10
O=' _;gJ •

UJ

,, _. _. a/CONTROL

Z.
m 2 >"NZ• I- _ .100 mM OlECA

, _" 6
o _.

G-6-PD
0

l,. 2 , /t mM DIECA G-6-PDI-

• " _ -I • /! mM ETSHO_1OOmM DIECA 1
0 A

- /
0 2 , 4 CONTROL

0 2 4

TIME (HRS)

Fi'gure4.--Influence of diethyldithiocarbamate (DIECA) in Figure 6.--Influence of mercaptoethanol (EtSH) in the

the extraction buffer on the activity of glyceraldehyde-3- extraction buffer on the activity of glyceraldehyde-3-
phosphate (G-3-PD) and glucose-6-phosphate (G-6-PD) phosphate (G-3-PD) and glucose-6-phosphate (G-6-PD)
dehydrogenases in aspen extracts, dehydrogenases in aspen extracts.
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Table 3.--Influence of insoluble polyvinylpyr-
rolidone (PVP) and mercaptoethanol (EtSH) on
decay of sweet potato dehydrogenase activity

: _ unitsl per gram dry weight by en_zym_e and time
Treatment : 6-PGD • G-6-PD : G-3-PD • MD

o h_-_ h_iOh_-_ h_:Oh_-_ h=_0h_;T2h=_

Control 0 0 0.2 0 0 0 O. 7 0

1.7 percent PVP 0.6 0 4.0 2.5 2.0 1.0 3.5 2.8

3.3 percent PVP 0.6 0 5.4 3.0 1.7 1.1 5.0 3.4

I00 mM EtSH 2.3 1.9 8.7 1.2 67.7 31.4 13.0 1.6
i00 mM EtSH +

1.7 percent PVP 2.4 2.2 9.8 2.9 70.4 18.1 15.4 13.6
i00 mM EtSH +

3.3 percent PVP 2.2 2.1 9.4 3.5 62.6 15.5 14.0 13.2

IStandard errors of means did not exceed _+7 percent.

The combined PVP-EtSH treatment frequently when extracting woody tissue. A mode of purifica-
increases initial enzyme activities, but activity of tion must be sought that yields pure enough
some "dehydrogenases is retained over the long enzyme to meet experimental objectives and
term 0nlyby additional treatment. Our experience simultaneously yields a suitable quantity of
with these third-order treatments has been limited enzyme in an approp_ate volume of buffer.
primarily to dehydrogenases, but the principles Purification must usually be followed by concen-
probably apply equally to any enzyme that tration of enzyme because most methods of
catalyzes product formation from two or more purification dilute the sample.
reactants.

Membrane concentrators will reduce almost any
Addition of one of the reactants to the extraction volume of enzyme solution. However, concentra-

buffer stablizies long-term activity (Haissig and tion may wholly denature enzyme, or yield

Schipper 1975b). Although the actual cause G-6-Po
remains unclear, the extraction of dehydrogen- e
ases in the presence of PVP (3 percent), a

, 1,4, oR 8 mM NAC)Preducing agent (10 to 100 mM) and oxidized '_e/ ���4�J�,vs.
nucleotidecoenzyme (I mM or more) markedly _7
enhancesinitialand long-termactivityincompar- _ •
isonwith PVP-reducingagenttreatmentalone _6o
(Haissig and Schipper 1975b) (figs. 7 and 8).

Including a higher concentration of oxidized _5• 14,1

nucieotide_coenzyme(I0 to 50 mM) allowsa
tt$

_. reductioninconcentrationofreducingagent(Ito :_4
10 mM) Lower concentrations of reducing agent N" Z

• make possible the electrophoresis of samples, "_3
which, if prepared with 100 mM EtSH or 10 mM c°_.
DTT, wouldcausehighbackgroundin gelsthat z=
are stained with tetrazolium dyes.

Purification, Concentration,
Characterization

0 24 48 72

Purification invariably results in loss of enzyme TIME(HRS)
and an increase in specific activity. Unfortunately, Figure 7.--Influence of NADP in extraction buffer
loss of enzyme cannot be afforded when initial on G-6-PD activity with time in crude aspen
amounts of enzyme are small, as often occurs extracts.

10



G-3- PO Table 4. --Influence of lO-fold volume reduction40
by Minicon -.425 concentrators on enzyme
activity per unit volume of extract

41 OR 8 mM NAD
30 _ 7+o., . _:s.

_ : : Specific actlvlty I : Increasea Q • Enzyme : : in specific
: Species : Initial : Final :activity per

• . : : : :unit vol_,___2

-_, PR Aspen 66.5 + 1.2 442.0 + 31.8 6.6
tt Jack pine 10.9 + 0.1 62.8 + 9.0 5.8

• [ Paper birch 60.5 + 4.0 599.3 + 9.6 9.9
Black spruce 18.6 _+1.1 148.3 + 3.0 8.0

20 " White spruce 11.0 _+0.0 103.6 ± 8.0 9.4

Z ETSH' G-3-PD Aspen 15.1 _+0.2 76.9 _+ 0.6 5.1

Jack pine 0.7 + 0.0 2.2 + 0.2 3.1

[ _ Paper birch 0.3 + 0.0 0.0 + 0.0 0.0Black spruce 1.6 _+0.i 11.1 + 1.0 6.9

White spruce i.0 + 0.0 2.61± 0.4 2.6
0.1 M

lO .['1 HI) Aspen 8.6 _+0.3 118.8 ± 6.2 13.8
Jack pine 3.3 _+0.2 17.7 ± 1.3 5.4

I - _ I-I_ Paper birch 2.1 ± 0.1 8.5 _+ i.7 4.0Black spruce 1.2 _+ 0.1 22.7 _+ 2.1 18.9

I White spruce 0.6 _+0.0 10.1 _+ 0.0 16.8

G-6-PD Aspen 2.7 _+0.2 17.6 _+ 2.9 6.5
Jack pine 0.5 -+ 0.0 3.1 _+ 0.2 6.2

l I Paper birch 0.3 -+ 0.0 1.4 _+ 0.2 4.7

i 0 "_ 24 418 72 Black spruce 0.8 _+0.0 4.5 ± i.i 5.6
• White spruce 0.6 +- 0.0 3.4 +_ 0.1 5.7

t TIME (HRS)i
I 6-PGD 3

I Figure 8 --Influence of NAD in extraction buffer
" 1Mean units per gram dry weight per 100 pl extract ±

on G-3-PD activity with time in crude aspen standarderrors of threereplications.
' 2Experlmental condlclonsshould have CheoreClcallyyielded

extracts, a 10-fold increase in specific activity per unit volume because

[ the initial sample volume was reduced by one-tenth, and no
measurable activity losses occurred in unconcentrated

', solutions with enzyme activity that is out of po_t_o,,of theextracts during the experiment.SNo activity detectable in concentrated extracts.

proportion to the reduction in volume (table 4).
t Concentration may also produce syrups. Prelimin-

ary trials should test conditions of concentration
I so that desirable results are obtained.
, In addition, loss of enzyme occurs unless precise

Dialysis frees an enzyme of low-molecular- concentration_ of ammonium sulfate are deter-
. weight substances and may enhance specific mined for each fractionation step. In spite of
I activity upon removal of inhibitors. We have certain disadvantages, ammonium sulfate frac-

found dialysiS particularly useful in cleansing tionation works for small volumes of extract, once
extractsbeforefurtherpurification.Inparticular, acquaintanceisgainedwiththemethod.
dialysisseems to remove phenolicsthattend to
'limitlifeof gel filtrationcolumns.However, Gel filtrationyieldsbestresultswhen small
activitylossesduringprolongeddialysisoften volumesofrelativelycleanextractareused--for
exceed half of initial activity unless the buffer is example, enzyme purified and concentrated by
care_lly selected for stabilization characteristics ammonium sulfate fractionation. The method will
and flushed with nitrogen gas during dialysis, both purify and characterize and has a unique
Fast dialysis equipment can also be used. capability for approximating molecular weight.

Two disadvantages of the method are the length of
Ammonium sulfate precipitation has proven time that is required to elute enzyme from large

useful because it simultaneously purifies and columns and the large effluent volume in which
concentrates the enzyme. Again, however, loss of enzyme is obtained. However, a high degree of
enzyme activity may be great because complete purification may be obtained and specific activity
precipitations at the various stages of fractiona- may increase, so that more activity is eluted from
tion require time during which enzyme denatures, the column than was applied (fig. 9).

I
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Figure 9.--Separation of G-3-PD from jack pine
seedlings (192 hours) on sephadex G-150. 1.92
U of G-3-PD were applied to column, and 2. 58 U
were recovered, for a 134 percent increase in
activity.

Column electrofocusing, like gel filtration,
Works best with clean enzyme preparations.

' Suitably prepared columns provide highly repro- -10
ducible determinations of isoelectric point and P,= s.s4s
enzyme or isoenzyme separations based thereon

(fig. 10). The primary disadvantages of the / -9

method that we have encountered are prolonged o 3- _ -8
times to properly focus enzyme and isoelectric x
precipitation of the enzyme of interest or other u_

-7molecules in the extract. In addition, half or more :)

of initial enzyme activity may be lost during the z z

long focusing times. And, of course, power ,_ 2- .H -6 _ne
failures of even short duration destroy separa- w

a. -5
tions. _ <

. <I
• .

-4

Affinitychromatography affordsa theoretically io

' superiormethod forenzyme purificationbecause P,=jT.4oo 3

highly Specific medium-enzyme combinations can 1
be used. Inaddition, purified enzyme is obtained ^ I -2

. in a relatively small effluent volume, which can be

less than the applied volume of enzyme solution 0- -1
(fig. 11). , ,o 25 s'o ,;o

. EFFLUENT VOLUME (ml)
Excellent separations can be obtained with

small columns, which allow working with small Figure l O.--Column electrofocusing of G-3-PD (7
volumes of extract, such as those volumes used for days, 2 percent LKB ampholyte, 30Or). 15.97 U
characterization by gel electrophoresis. However, of G-3-PD were applied to column, and 8.57 U
it cannot be assumed that affinity chromatography were recovered, for a 46 percent loss in activity.

....
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!_ o.o® @• _e °0 Figure 12.--Acrylamide gel electrophoretic
separation of G-3-PD from jack pine seedlings"0 5 10

EFFLUENT VOLUME (ml) (48 hours) showing three isozymes. Peaks S, R,
and F are start of spacer gel, start of running

Figure 11.--Affinity chromatography of G-3-PD gel, and frontal bands, respectively.
from jack pine seedlings. Wash contained 29. 4
percent of applied activity, effluent contained
69.5 percent and 1.1 percent was not accounted
for. apparently because the amount of power applied

automatically results in a high or even usable level denatures too much enzyme for use with extracts
of purification, as' might be predicted on a that are basically low in enzyme activity.
theoretical basis. First, impurities may elute at pH
and ionic strength similar to those that elute In general, crude extracts have been prepared
enzymeSecond, we have foundthatundersome and electrophoresedwithouteitherpurificationor

conditions,a largefractionoftheenzyme mole- determinationof activitybeforeassay.In our
culeSmay be irreversiblyor nearlyirreversibly experience,thisapproachhas seriousfaults,at
bonded to impuritiesduring extraction.This leastinthestudyofdehydrogenases.
fractionof the population,though bound to
impurities,may show highcatalyticactivityinwet Enzyme may be completelydenaturedduring
assays both before and after affinity chromato- electrophoresis, but presumed absent from the
graphy (Haissig and Schipper 1977). extract. Moreover, the degree of purity of enzyme

Best results may be obtained only by preventing in crude extract may vary with developmental
bonding of impurities to enzyme during extraction stage of the plant, organ, or tissue from which
or by removing impurities before chromato- enzyme was extracted. Thus, the density and
grapby. A workable approach at these stages may, number of isoenzymes found may vary with
however, be vexing to obtain. As an alternative, developmental stage or physiological status, but
,enzyme of high.purity(presumablythe uncon- notbecauseofatruerelationbetweentheenzyme
taminatedportionof the population)may be and metaboliclevelsor rates.Rather,the new
obtainedby collectingtheearliestelutionvolume chemicalcompositionof the crudeextractmay
withactivity.Allfractionswithactivitycannotbe havemodifiedthestructureorcatalyticabilityof
pooledusingthisapproach,and much enzyme is theenzymetocreatean artifact.Suchoccurrences
lost. arepossible,forexample,when levelsofpheno-
Gel elect,rophoresis,and modificationssuchas licsvary in crude extracts.However, other

gelelectrofocusing,havebecome standardtech- low-molecular-weightchemicalsmay alsomodify
niques for the simultaneous purification and structure or catalytic activity.
characterization of enzymes in woody plants and
other extracts. Discontinuous acrylamide disc gel The basic approach to electrophoresis must be
electrophoresis provides good resolution of cautious. Available methods of purification seem
isoenzymes (fig. 12). Slab acrylamide gel electro- to preclude the need to use unassayed, crude
phoresis has been much less useful to us, initial extracts.
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