7%
university of :/g,/ 7
groningen YL

R

University Medical Center Groningen

University of Groningen

Starch synthesis in potato tubers
Ponstein, Anne Silene

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1990

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ponstein, A. S. (1990). Starch synthesis in potato tubers. [s.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 04-06-2022


https://research.rug.nl/en/publications/8bb98703-1832-481c-b84d-35db34d2da99

CHAPTER 3:

SOLUBLE POTEINS RELATED TO STARCHV SYNTHESIS IN
POTATO TUBERS (SOLANUM TUBEROSUM L.).

Anne S. Ponstein, Janny G. de Wit, Minke E. Galama, Greetje H. Vos-
Scheperkeuter, Will J. Feenstra, Jack Preiss and Bemard Witholt.

ABSTRACT.

Patato tubers were shown to conain primed and unprimed soluble starch
synthase activity, which co-eluted in a single peak. from DEAErotlulose,
aminobutyl-Agarose, Superose-12 (FPLC) and cyclohexa-amylose-Sephatose,
suggesting - that potato tubers contain only one .soluble starch synthase.
However, .amall. differences in the elution profile of primed 'and ‘unprimed
soluble stasgh symthase activity, and two protein bands coinciding with enzyme
activity afier the :final purification step point to the existence of two isozymes
of soluble: starch.isynshase: activity.: The native molecular weights' of both
proteins were appmmy 229 kDa, the dtmatured molecular wmghm 78 and
85 kDa. seie 11 ot

Neutralization tcsts mtthum wsed against SSS~I from maize
(MacDonald and Preiss 198%).alsniisuggested the! :existence of two soluble
isozymes. The antibodies neutralized-usgiribmadbbnd (prithed soluble . starch
synthase activity catalyzed by SSS-1 from.maize but:failed to inhibit primed
soluble starch synthase activity catalyzed. by S8S8:II from maize. In potato
extracts a complete inhibition of unprimed and ‘2 30% inhibition of -primbd
soluble: starch symthase activity was observed, which can be explamed by the
existence of multiple: soluble isozymes. in potato.

Furthermore, .a comparison was made between the solublc and gra-
nule-bpund  starch synthases from potato. Since (§) the denatured: moiecular
weights of the starch synthases clearly differed (60 versus: 78 and 85 kDa),
and (ii) antibodies raised against the denatured geanude-bound starch synthase
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were not able to neutralize soluble starch synthase activity we conclude that
soluble and granule-bound starch synthase actlvmes are catalyzed by dxfferent
proteifis, - iii A R TS 0r D ol 0y

INTRODUCTION.

The synthesis of the oa-1,4 glucan linkages which are present in both
amylose and amylopectin molecules is catalyzed by starch synthases (EC
2.4.1.21). A substantial portion of the starch synthase activity in
non-photosynthetic plant cells is tightly associated with the starch granules
(Leloir et al. 1961, Perdon et al. 1975, Shure et al. 1983, Konishi et al. 1985,
MacDonald and Preiss 1985, Villareal and Juliano 1986, Vos-Scheperkeuter
et al. 1986, Imam 1989). This granule-bound starch synthase utilizes both
UDP-Glc and ADP-GIc as its in vitro ‘substrate (Leloir et al. 1961). In potato
tubers the major 60 kDa protein present in protein extracts prepared from
potato starch granules;. w@mmtiﬁe& a8 the granul&bonnd starch synthase
(Vos-Scheperkeniter ‘ot : alin$986):

The:gemainder: of :starch »:ynthase admity in non—photosyntheﬁc plam cells
is- soluble and exclusively ‘wiilizes ADP:Glc as the substrgte’ (Frydman and
Cardini 1964, Frydman et al. 1966, Hawker' et 'al. 1972} The ‘soluble starch
synthase has never been purified to homogeneity: from aaty plant species, and
the molecular weight of the dematured enzyme ' is:tonsequently unknown.

In maize endosperm, ‘both: :the “granyle-bound ‘and - the soluble starch
synthases appear: to: consist: of :two - types. In order of their elution from
DEAE-cellulose they are called type I and type II starch synthases (Mac-
Donald and Preiss ' 1985).: The type ‘I isozymes show  activity without the
addition of primer molocules; provided that sodium citrats is:present (Boyer
and Preiss 1979, MacDaonald!and Preiss 1985). Theappei II-'isozymes do not
show "unprimed" activity. Both types show prithéd sdluble starch synthase
activity although the relative priming emmency fef various primers differs
(MacDonald and Preiss 1985).

Ever since the demonstration of gmnuleebomd and soluble starch synthase
activities there has been speculation about their relationship: do these proteins
differ at the amino acid level, or do -they differ only in the extént of
post-translational ‘modification and/or in their intracellular localization? The
partitioning of granule-bound and soluble starch synthase activity in potato,
as a function of the extraction medium; (Mawker et al. 1979) favors the idea
that at least in potato, granule-bound and soluble starch synthases are different
states of the same protein. However, in maize differences are found in native
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molecular weights and immunological reactions (MacDonald and Preiss 1985)
indicating that soluble and granule«bound starch synthases are different
proteins.

The aim of the present work was to gain more insight in the enzymes
catalyzing starch synthase activity in potato:tuber. Our results favor the notion
that, as in maize, granule-bound: and. seluble:starch: synthases are different

proteins, and that possibly: multiple soluble proteins -are present.

Mammsaun METHODS.

Matenals.
All chemicals were of analytlcal grade.

Preparation of a crude potato extract.

Potato tubers cv. Producent, Promesse and Hooglandster ‘were bought
locally and stored at 4 to 10°C before use. All further operations were catried
out at 4°C. Potatoes (500 g) were peeled, washed with cold water and homo-
genized in a Waring Blender (4-6 perieds for 15 'seconds; separated by one
min. intervals); iin: 250 . mb. 100 s0M: Tris-HCL: pH 7.5, containing 110 mM
EDTA, 25 mM B¥T and 01 .9 {wiv). sodium: dithianite. . The homogenate
was filtered: through symthelic. cloth -and starch gransles ‘were collected by
centrifugation. (10 'min; " 10.000g): and - further ' purified : as . described by
Vos-Scheperkeuter et "al. (1986). Ammoniuvm - sulphate was added to the
supernatant to give a final concentration of 40-% saturation. Insoluble proteins
were collected by centrifugation (30 min, 20.000g) and solubilized in 50 mM
Tris-HCl pH 7.5 containing S mM EDTA and 2.5 mM DTT (FED buffer) ami
dialyzed agamst the same solution for 16 h.

DEAE-cellulose fractnonatlon.

The crude iextracts: from Producent, Promesse and Hooglandstex potatoes
were applied to a 50 mL column of DEAE-cellulose (Whatmann) equilibrated
in TED buffer. The column was washed with TED buffer (300 mL) and
eluted with a linear: gradient.cof .0 to 0.5 M NaCl in buffer (300 mL).
Fractions of 8 mL each were ¢pllected and assayed. for citrate stimulated -and
glycogen primed starch synthase activity. Fractions showing enzyme activity
(fractions 36 to 48 in Figure 1) were pooled and concentrated: by ammonium
sulphate precipitation (0 to 50 % saturation). This pteparatlon is further
referred to as the DEAE/SSS pool. : :
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Aminobutyl-A@m chromatography. : :

- The  DEAE/SSS: ipool :obtained from: Producem potatoes (Figure 1) was
dlssolved in TED buffer containing 10 % (v/v) ethylene glycol and dialyzed
against ‘the: same: buffer for 16 h. The protein -solution (624 mg-in 55 mL)
was divided: into 7 portions which were applied t0 a 1.5 x 16:5 ¢cm column
of amineobutyl-Agarose (P.-L. Biochemicals Inc. Milwaukee, USA), equilibrated
in the former: buffer. Several runs were’peiformed to avoid overloading.
Fractions of 5 mL were collected at a flow rate of 6 mL/hour and assayed for
primed and unprimed soluble starch synthase activity. Soluble starch synthase
activity was loosely bound to: the column. The addition of 1 M maltose to the
buffer overcame the weak binding (Figure 2A and Figure 5 lanes D and E).

Ten pL of every second fraction was used to assay for primedand
unprimed soluble starch synthase activity. Active fractions (fractions 13 to 33
in Figure 2A) were pooled (ABA/SSS pool), concentrated by ammonium
sulphate precipitation (0 to 50 % saturation) and dialyzed against: either TED
cnntaining 100 mMMi dts%25vaafBi*s-'l?tisr=pHe 7.1,-conwmining 2.5 mM

FPLC Superme-lz chmmatography o ’

*.‘Gelfiltration chromatography was performed with a FPLC Superese—lz
calnmn ‘(Pharmacia, Sweden) equilibrated in TED:buffer (10. mM EDTA)
containing 100 mM NaCl: The column was calibrated with 200 pL of each
of the:fellowing solutions: 1.3 mg/mL $-amylase (206 kDa), 2 mg/mL alcohol
dehydrogenase (150 kDa) and 4 mg/mL BSA (68 kDa). Fracnons (. 5 mL)
were coHested at a flow rate of 0.4 mL per min.

Part of the ABA/SS8 :pool (200 L containing 2 mg pmtem) was dmlyzed
against ‘the: abbve ‘buffer, and applied to the: FPLC: gelfiltration ' column.
Several runs were performed and fractions were monitored for primed and
unprimed soluble starch synthase activity. The addition of salt to the above
buffer (up to 500 mM NaCl) did not change the:¢lution patiern. The fractions
showing soluble stazch’ synthase aetmey fmctwns 12 4\0 15+in Figure 3) were
pooled (Sup-12/S88: ‘pool). - ?

Cyclohexa-amylose-Se’pharose affinity chromatography.
-Cyclohexa-amylose (= a-eyclodextrin)-Sepharose was prepared according -
to Vretblad et al. (1975). The column (1.5 mlL) ‘was equilibrated in 50 mM
Tris-HCl pH 7.5, containing 10:mM EDTA, 0.5: M sadmm ¢citrate and 2.5
mM DTT. :
Samples (either part of the DEAE/SSS pool- from' Produccm potatoes,
containing approximately S0 mg protein, or the Sup-12/SSS pool containing
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approximately 4 mg protein) were pre-equilibrated in the same. buffer by slow
addition of half the volume of 1.5 M sodium citrate in the above: buffer over
a period of 30 min. Precipitated material was collected by centrifugation (20
min, 30.000g) and the supematant fraction was applied to the column with a
maximal flow .rat¢:6f 3@l per h. The .column was washed with:10:10:15:mL
of the above buffer, and proteins were eluted with a decreasing gradieat (30
mL) of 0.5 t0 0.0:M:sedium. citrate in buffer. :Fractions (1:mL -each) were
collected ‘and - monitored .for enzyme  activity.: Part -of :all the: fmmm was
duésud m!mt wam' lmfnm gielecmphorems ‘was. perfomd. i

Mom Q lon-exchange Qheraphy :

Part. .of .the DEAE/SSS: poel-iobtained. afmm Promesse potames (128 mg
pmtem in’ 2 mL 10 mM Tris-HCL-(pH<7.5) containing 1:mM EDTA and-1
mM DTT) was applied to a: FPLC :Meno: Q columni(Pharmacia, Sweden). The
ion- exchange column was washed: with 9:-mi. of :the: above: buffer. Fractions -
(0.5 mlL,) were eluted with a 0.1 to 0.4 M NaCl gradient (16 mL) in buffer.
Twenty-five pL. of .each fraction was. used to. msasure the amount:of primed
soluble starch synthase activity per fraction.

Chromatofocusing.

~Mano P (Pharmacia, Sweden) chromawgmphy was performed ‘with:a. small
amount,,(l mg, in 0.6 mL) of the ABA/SSS. poeol, dialyzed against 25 mM
Bis-Tris: pH 7.1 containing 2.5 mM DTT. Proteins were eluted with Polybuffer
74 (Pharmacia, Sweden) pH 4, containing 2.5 mM DTT. :Fractions (1 mL)
were collected and screened for protein-content. Since soluble starch synthase
acfivity .was_labile in the Polybuffer used to elute the proteins (data not
shown), 1. mL, of a saturated ammonium sulphate’ solution was :added to each
fraction . immediately . following collection, The insoluble  proteins: :were
collected by centzifugation (40 min, Eppendorf centrifuge) and solubiliged in
125 pl. - TED buffer.containing 10 rather than 5 mM EDTA. Twenty-five uL
of each fraction was assayed for. pnmcd soluble starch syndnw aonvuy

Isolation ef the somﬂe ﬁateh synthases from maize -

Both soluble starch. synthases: from maize were isolated fmm waxy maize
kemels and partly purified by ammnonium sulphate precipitation and DEAE-
cellulose chromatography as:described by Pollock and Preiss: 6198(})
SDS-gelelectrophoresis and immunoblotting. - =

Protein samples were heiled imdenaturation: huffer (5 mm) and analyzed
on 8 or 10 % SDS-polyacrylamide gels: (Laemmli 1970). The gels were:either
stained (Wray et al. 1981) ar screened for immunolagical cross-reactions by
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Westem blot analysis (Hovenkamp-Hermelink et al. 1987), with antiserum
raised-against the potato gwmma scarch symhase (Vos—Sehtperkemer et
al. 1986).

Geleleetrophoms under mndemtwmg condmms followed: by aetwity
staining,-~

Analysis under ma-deaatumg cmdttions was performed essennaﬂy like
SDS-gelelectrophoresis, excépt that ‘SDS: was- replaced by 1 mM EDTA and
1 mM B-mercapto-ethancl in all-buffers. Furthermiore; glycogen was added to
the resolving gel to give a final concentration of 0.08 % (w/v). Gels were
prerun for 30 min at 30 mA and 4P(;:}edded: with: pretein (10 to 20 puL
containing 5 to 10 mU primed soluble starch’synthase activity) 'and run at 20
mA and 4°C. Once gel-electrophoresis was -completed ‘rélevant lanes were
excised from the gel and incubated separately in 2 ‘mL assay-mixtute (ds
below, except that glycogen and radio-active ADP-Glc were omitted) at 30°C
for 16 to 20 h. The gels were soaked afterwards in 7 % (v/v) acetic acxd and
stained for carbohydrate with iodine (Schiefer et al. 1973).

Neutralization and immunoadsorption experiments.

IgG was isolated from both the preimmune serum and the anti-GBSS
serum-as described by Vos-Scheperkeuter et al. (1989). The provedure yielded
1.1 mg IgG per mL preimmune and 6.4 mg IgG: per mL antiseruim. The
preimmune- and antiserum against SSS-1 from maize were obtained from Dr.
Jack Preiss and were previously specified (MacDonald and Preiss 1985).

- For. neutralization experiments with anti-SSS-I serum; the DEAE-cellulose
fraction containing the peak amount of maize: S$SSI activity ‘was used (per
incubation approximatsly 0.25 mU primed:soluble: stirch synthase activity).
For the: potato, fractions 14' (Figure 3) and 33 (Figure 4) were used (con-
taining 0.15 mU primod soluble: starch: synthasé ‘activity). The protein samples
were incubated with an increasing amount of antiserum IgG (and a decreasing
amount of preimmune IgG so ‘that 23 pL was added in each case) for 30 min
at room temperature. Immediately following incubation duplicate samples (10
ML) were assayed for seluble: starch synthase activity. The activities were ex-
pressed as a percentage: of ‘the: onginal amount of soluble starch synthase
activity.

For neutralization expeﬁments wnh anu-GBSS serum 8 pLoof a crude
potato extract (containing 0.21 mU primed soluble- starch ‘synthase activity)
was incubated with an increasing amount of antiserum IgG (diluted with
preimmune IgG so that 12 pl. was added in each case) for 30 min at room
temperature. Duplicate samples (8 puL) were subjected to the assay for soluble
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starch synthase activity.

Immunoadsorption experiments were performed with anti-GBSS semum as
described previously (Vos-Scheperkeuter et al, 19,39), followed by meas
ments of the residual soluble starch synthasc activity in the supqmagam The
activity found thh antiserum was expressed as a percentage of the activity
found with pre-immune coqted SaCI ;;ells .

Assay condiﬁqns

Assays for unprimed and pnmed soluble starch synthase activity and
granule-bound starch synthase activity were performed as .described before
(Ponstein et al. 1990).

Protein determlnathps.

Thc amount of protein was dctennmcd by absorption measulemenu at 280
nm or according to the method descnbed by Lowry (1951) using BSA as the
standard.

RESULTS.

Ratio of soluble to granule-bound starch synthase activity as a function of
the homogenization medium.

Potato tubers were homogenized in different buffers to study the effect of
sodium dithionite, DTT and B—mcmapto—cthanol (B-ME) on the distribution of
soluble and grapule-bound starch synthase activity. DTT and P-ME. were
added to all buffers used throughout the isolation. e. Sodium dithionite
was prescnt only during tissue hamoscmzamn and ﬁmther‘ ification of the
starch granules, and was not added to the soluble fraction after amumoninm
sulphate pn;cxgxtanon (in _these experiments 0 to 30 % satugation), -

The activities of the solubls and the granule-bound starch synthases were
determined and are Ssummarized. in Table I The ameunt of
starch synﬂ;ase activity is roug

y constant but the amount of solnbl; stm;eh
synthase activity depends, pg the, _Sxiraction medium used. The results indicate
that soluble starch symha,sq activify. is destroyed in the absence of sodium
dithionite. DTT serves as a_better. sulfhydryl reagent than P-ME. The
distribution of granule-hound anq ,§0luble starch synthase actxvxty seexmd to
be independent on the homogem;anon lwfter used,
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Table I: Soluble aﬁd‘,ﬁlﬁéb' wand starch synthase activities qﬂe b ‘mogentmtian of
MMmc M “tiabers tin‘% buﬂen. Potato tubers’ (50 ) ‘Were hoﬂwgemzed in
di_ﬂérem‘“ Sugfersi i sa}dy ‘the’ éﬁé of ‘sevérdl Buffer compouents‘ 3n‘ ﬂ& tfi‘ftriburi'oh of
soluble’ and grailebbind “Sakch Syﬁth&s abtivity. Sdreh granules (15 'y mgg were
assayed for granule-bound starch syn:has‘i" di:tivfty ‘and’the soluble protein’ sampfes”ﬁ;ére
assayed for glycogen primed starch synthase (SSS-A) activity. Soluble protems were preczpu

tated from solunon by the addition of solid ammonium sulphate to give a ﬁnal cancenir&tion

bf§0 ﬁi 4 n. Al dthef' opéradbrw Wére cﬂﬂﬁﬂ q% ﬁs iiesérhbed for the prepér*dtwn
of &' éruds pokdte extrace. TV Ll NI S
- homogenization . » GBSS (WU/ [ teirij S8S-A (mu/
: buﬁbr RN R mg stﬁrehj }gl#\L");'wfﬁfgﬂprbtéirq)r
TsE oD, pH 8.5 433 99 < 01
TsE D, pH 8.5 + Na,S,0; .. 618 53 42
TyEB-ME, pH 8.5 + Na,S,0,  '58.1 2.3 2.8

Purification of the soluble starch 'synthase frwm potato tubers
A crude’ protein e%tttaot o' Producent ‘potatoés ‘was' applxed to a
DEAE-ééllulose column o separate the soinme starch synthases (’Haw!cet et
al. 'Y972). ‘Sbltible starchi and branching enzyme activities weré fourid fo elute
separately’ (Figm 1)."The' sifigle peak of pritied solubie starch” synthase
coincided with unprimed sohible starch synthasé’ ‘activity (Figute '1)."Simifar
results were found for Promesse and Hoog’landmfpdtawes {dara not shown)
~The pool of soluble’ starch- synthias’ actmc& obtairiéd by DEAE-cellulose
chrotatography was further' purified by Hydrophobi¢ ‘triteraction chromatogra-
phy ‘over an aminobxityl-AParte Coffiirin (Stifiel and’ Br-E1 1973, Pollock
and Preiss 1980y Thé o ;w;&wfeﬁf%% dly Bound 16 the coluptin (Figure
’2&) bu‘c a’ ‘HHBH“ reldss i s pec i:"”erémiﬁs}‘f ‘wds acmeved by ‘the
loyiert oF4'1oW Aiow dft butfel: The pis ahd iprimed soluble starch
ynthidse ‘adeivities “etored s‘frghtly 3fﬁ‘éi‘eﬁt”yov8¥ ﬁlté’ 'Colami, ‘Branchmg
enzyme activity was bound and Elited i the presetice 'of 1M mattose. The
fractions containing soluble starch synthase activity (fractions 13 to 33 in
Figure 2A) were pooled and further purified by gelfiltration over Superose-12
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60 6 T B % NV B L @ % 60 6 0
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Figure 1: DEAE~cellulose ckwmatagrapky of starch synthesizing enzymes from Producent
potatoes. A crude potatp exfract was prepared and the 0 to 40 % ammonium sulphate
precipitate (78 mgr) was dissolved in TED buffer, and loaded onto a DEAE-cellulose
column. The-column was washed with 300 mL TED buffer (50-mM Tris-HCI, pH 7.5,
containing 5 mM EDTA and 2.5 mM DTT) and eluted with a linear salt gradient (0 to 0.5
M NaCl in buffer). The protein concentration (A,s, —) and the conductivity (---) of the frac-
tions were determined and 1 UL of each fraction was used to assay for primed (o) and
unprimed (o) soluble starch synthase activity. Ten UL of each fraction was used to measure
branching enzyme acnvny ).

(FPLC). Both primed and unprimed soluble starch synthase activity eluted as
single, a rather sharp peak (Figure 3) with an estimated molecular weight of
200 to 220 kDa. '

After gelfiltration chromatography relevant fractions were analyzed by
SDS-PAGE. No protein band was found coinciding with soluble starch
synthase activity (Figure 3).

Further purification of the soluble starch synthase was achieved by affinity
chromatography, with cyclohexa-amylose-Sepharose. An a-¢yclodextrin matrix
was chosen because cyclodextrins resemble the molecules which prime the
soluble starch - synthases (however without the non-reducing end group).
Furthermore, in the presence of 5 mM a- or y-cyclodextrin 50 % inhibition
of primed soluble starch synthase activity was observed. Accordingly, a
cyclohexa-amylose-Sepharose column was synthesized and tested as an affinity
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Figure 2: Aminobutyl-Agarose chromatography of primed and unprimed soluble starch
synthase activity (A) and the soluble 60 kDa protein (B). An aminobutyl-Agarose column
was loaded with part of the DEAEISSS poal obrained from Producent potatoes (fraction 36
to 48 in Figure 1; 90 mg protein) and washed with buffer (50 mM Tris-HCIl pH 7.5, contain-
ing 10 mM EDTA, 2.5 mM DTT and 10 % (viv) ethylene glycol. Fractions were collected
at a flow rate of 6 mL per h, and the protein concentration (—) was determined per fraction
(panel A). For further description, see next page.
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Ten UL of every second fraction was assayed for primed (o) and unprimed (o) soluble
starch synthase activity as well as branching enzyme activity (v), as shown in panel A. The
arrow indicates when 1 M maltose was added to the elution buffer.

An immunoblot of every second fraction (from fraction 2 to 24 shown in panel A in lanes
A to M respectively) demonstrated the presence of a soluble 60 kDa protein cross-reacting
with antiserum against the granule-bound starch synthase (panel B, opposite page).

_ ABCOEFGHJKLM
:‘_r:; 44020 s oy T —
8 i
|
‘f 20{{110 rf\ / o
EI% l \'\/

106

[ |

11—/ i ,L._I i

50 B
fraction rumber —— =

Figure 3: Gelfiltration chromatography of primed and unprimed soluble starch synthase
activity. The soluble starch Ssynthase pool obtained after hydrophobic interaction
chromatography (fractions 13 to 33 in Figure 2A) was partly (2 mg) applied to a FPLC
Superose-12 column, equilibrated in TED buffer and calibrated with B-amylase (206 kDa),
alcohol dehydrogenase (150 kDa) and BSA (68 kDa) in the same buffer. Fractions (0.5
ml) were collected and monitored for protein content (A, —), and assayed for primed
(#) and unprimed (o) soluble starch synthase activity (left panel), Five (L of each fraction
was wsed in each assay.

Twenty UL of each of the fractions 7 to 17 was separated on a 8 % SDS-PAA gel (right
panel lanes B to M). The proteins were visualized by silver staining. The lines in lane A
correspond with phosphorylase b (94 kDa), albumin (68 kDa), ovalbumin (45 kDa) and
carbonic anhydrase (30 kDa).
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matrix. It appeared that soluble starch synthase activity bound to the matrix
in 50 mM Tris-HCI, pH 7.5 containing 10 mM EDTA, 2.5 mm DTT and 0.5
M sodium citrate. This binding was specific since an unmodified Sepha-
rosecolumn did not retard soluble starch synthase activity under the same
conditions (data not shown). The soluble starch synthase was cluted with a
reversed citrate gradient (Figure 4). A solution of glycogen (20 mg/mL) in
the citrate containing buffer was not effective as an eluent (data not shown).

A B -
B - ‘
g 751 20~
g 2 161
g 154 2
-§ 104 f
E 5 ) A
E ‘ -

0 & 8 ® © 20 2 % R 3% 0 &

irachion number

B ABCDEFGH/K LMN




Table H: Pu)i[‘mtian ‘scheme of soluble starch synthase actlvlty _ﬁ-om Producenl polatoes.
m purmcarm of ihe saluble s‘tarch synmase frv" ?'rodiic'em potdro Iubers was followed

,,,,,,

thd&e ucnvrty

fmeﬁm Vohme Protein sESA SSS-B 88s- A/sss-B
S (g (mUkng)(mU/mE)

0-40 % (NH),80, = 105 2,010 328 3_‘7 o 89

DEAE-célhilose 55 = 624 452 106 = 43
aminobutyl-Agarose 1.8 163 327 188 1.7 -

17.2% 310 178%)
peak fraction Superose-12 2.0 047 1348) 909") 1.5

") expressed based on QD,, measurements (and taking that the absorption
coefficient to be 1 per cm per mg pmtem pex mL (Scopes 1987)).

Figure 4 (opposite page): Ammty chromfagraphy qf aa‘lable starch synthase activity. The
protein pool (fractions 12, 13, 14, and 15 in Figure 3} approximately 4 mg protein) obtained
after several runs of gelfiltration, was applied to a cyclohexa-amylose-Sepharose column.
The column was eluted with a reversed ciwrate gradient in TED buffer, and 10 uL of each
fraction (1 mL) was assayed for primed (#)-and unprimed (o) soluble starch synthase activity
(upper panel). The fractions 32, 33, and 34 were concentrated 10 times and 50 pL was
applied to a 8 % SDS-PAA f’géi (lanes L, M, and N respectively). Proteins were visualized
by silver staining.

Part of the protein pool obtained after DEAE-cellulose chromatography (fracuon 36 to
48 in ‘Figure® TV ‘approximately 50 “nig protem) ‘was alsa K p]ued to a cyclo-
hexa-amylose-S’tpﬁaroée ‘colimn. The colimn was eluted and 15 uL of the ﬁacnons sﬁowmg
soluble ‘starch synthase ‘activity was applied to a8% SDS PAA gei whzch was sxlver
stained. The corré!pondlng ‘label incorporations in’ the assay far pnmed soluble starch
synthase ‘were 3.6'% (fahe A), 128 % (lane C), 188 % (lane E) '30.9 % (lane F), 280 %
(Iane G) 105 % (Iana’H) 2‘% (Iane J) and 3.3 % (lane K) per 25 pL The Ianes L and

kDa), ovalbumin' (45 ¥Dd} dnd ‘carbonic anflydrare (30 kD‘a and running on ihe front)
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The first steps used to purify the soluble starch synthase are summarized
in Table I. After passage through Superose-12 the spegific activity of primed
iand \mgnmcd solyble starch synthase activity. increased 41 and 246 fold

pcctxve,ly However, the Fecovery. of enzyme. activity was low (less than 2
and 10 % respectively), so that the actual purification factor may be higher.

Passage of the Sup-12 pool (fractions 12 to 15 in Figure 3) through
cyclohexa-amylose-Sepharose, followed by SDS-PAGE of the fractions
showing starch synthase activity revealed two major protein bands of 78.and
85 kDa coinciding with enzyme activity. A large amount of enzyme' activity
(80 to 90 %) was lost during the addition of sodium citrate. Passage of the
DEAE/SSS pool from Producent potatoes through cyclohexa-amylose-
Sepharose gave somewhat more contamination with other proteins, (Figure 4), -
but the 78 and 85 kDa proteins were- gaslly reeogmzed and . appearcd to be
more res1stant to gactlvanqn; : ‘,

. 5SS-activity e o conéel)

Figure 5: Neutraltzatwn qmd immunoadsorptzon of primed and uupnmed soluble starch
synthase acavuy by anusemm aggmst the granule-bound starch synthase. Crude potata
extracts obtamed afzer qnynomwn sulphate precipitation (consaining 021 mU primed soluble
siarch .\'ymhase acuvuy) were incubated at room temperature without IgG (lanes A and D),
with pretmmune lgG (lanes B, E and G) or with specific 13G against the granule-bound
starch syuthase from potato tubers. (lanes C, F and H). The amount of glycagen primed
(lanes A, B, C, G and H) and unpnqu (lanes D, E and F) starch synthase activity was
recorded zmmedmtely (Ims A 10 F)-ar after the removal of antibody-antigen complexes by
adsorption to protein A (lanes G and H).
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Immunological comparison of the soluble and the granule-bound starch
synthases from potatoes.

Antibodies raised against the denatured granule-bound starch synthase
(Vos-Scheperkeuter et al. 1986) were tested for their ability to recognize the
soluble starch synthases. First, they were used to neutralize soluble starch
synthase activity in in vitro assays. Primed soluble starch synthase activity was
not neutralized by the antiserum (Figure 5A, 5B and 5C). Furthermore, no
immunoadsorption of the protein occurred (Figure 5G and 5H), indicating
that the native soluble starch synthase was not recognized by polyclonal
antiserum against the denatured granule-bound starch synthase. Comparable
results were found for unprimed soluble starch synthase activity (Figure 5D,
5E and 5F).

Fractions obtained by DEAE-cellulose chromatography were used to test
for recognition between antiserum against the denatured granule-bound starch
synthase and the denatured soluble starch synthase. Both the Promesse
fractions and the Producent fractions were separated on 10 % SDS-PAA gels,
transferred to nitrocellulose and screened for cross reacting proteins. The
fractions exhibiting soluble starch synthase activity contained a 60 kDa pro-
tein cross-reacting with the antiserum, in both cases (data not shown).

The protein fractions obtained after passage through aminobutyl-Agarose
were also screened for the presence of the 60 kDa protein. The results (shown
in Figure 2B) indicated that the cross-reacting 60 kDa protein was separated
from soluble starch synthase activity. No additional cross-reactions were found,
indicating that the granule-bound and soluble starch synthases from potato do
not contain common epitopes recognized by the rabbit polyclonal antibody
against the granule-bound starch synthase.

Attempts to separate primed soluble starch synthase activity.

Crude potato extracts contained several distinct protein bands catalyzing
primed soluble starch synthase activity, as shown by native gelelectrophoresis
followed by activity staining (Figure 6, lane B).

It was investigated whether these proteins could be separated due to
differences in their affinity for DEAE-cellulose, as in maize (Boyer and Preiss
1979). Primed soluble starch synthase activity eluted in a single peak from
DEAE-cellulose (Figure 1) and all the protein bands staining for starch
synthase activity after native gelelectrophoresis were recovered (compare lanes
B and C in Figure 6) except for the smallest and weakest one (indicated by
an arrow in lane B). Subsequently, no separation took place during
aminobutyl-Agarose chromatography (compare lanes C, D and E). Since
comparable activity patterns were found after eluting enzyme activity from the
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Figure 6: Zymogram paiterns of fractions containing soluble starch synthase activity at
several stages of the purification procedure. Fractions from Producent potatoes (10 1o 20
WL containing 5 mU primed soluble starch synthase acrivity) were loaded on 8 % PAA
gels, and stained for protein (lane A) or primed soluble starch synthase activity (lanes B
to F). The protein and soluble starch synthase activity pattern of the ammonium sulphate
fraction is shown in lane A and B respectively, and the activity pattern obrained after
passage through DEAE-cellulose is shown in lane C. Further purification by
aminobutyl-Agarose gives the patterns shown in lune D (retardation) and E (elution with 1
M malrose in buffer). After Superose-12 chromarography the parttern shown in lane F was

Sfound.

column, with buffer and buffer containing 1 M maltose, all active fractions
were pooled and subjected to affinity chromatography.

We tried to enhance the separation of the primed soluble starch synthases
by employing higher resolution techniques, like FPLC ion-exchange
chromatography and chromatofocusing. Therefore, part of the DEAE/SSS pool
obtained from Promesse potatoes was applied to a FPLC Mono Q column.
However, primed soluble starch synthase activity eluted in a single peak from
the column (Figure 7). Furthermore, no separation of primed soluble starch
synthase activity was observed after the application of part of the ABA/SSS
pool from Promesse potatoes to a FPLC Mono P column (Figure 8). Thus,
other parameters had to be employed to investigate whether potato tubers
contain multiple soluble starch synthases, like other higher plants.
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Figure 7: Mono Q chromatography of primed soluble stareh’ mthau activity. Part of
the soluble starch synthase pool obeined after DEAE-¢ellilose chromaivgrapky of Promesse
potatoes (corresponding to fractions 3 to 48 in Figure 1 and containing 12.8 mg protein)
was applied to a FPLC -ion-exchange m};m Protein concentration (—) and conductivity
(---) were determiped. Soluble starch symbase activity was assaye{ (25 ML of the fractions)
with glycogen as the primer molecuk (1)

& ' 8
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Figure 8: Ckmaufocusmg of pnm ‘soludle  starch’ synfhase activity qﬂer passage
through aminobutyl-Agarose. Mono P chromatography was performed with a small amount
(2.mg) of the $S8 pool obsained after amincbityl-Agarose chromatography of Promesse
potatoes (fractions 43 to 33-in Figure 2A). Frictions (I ml) were collected and protein
content (As,, ~) and- grimed solible starch synihase activity (e) were measured.
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Cross-reactivity between antiserum raised agamst the SSS-I from maize
and potato starch synthase activities.

Purified IgG against the SS8-I from maize (MacDonald and Preiss 1985)
was used to neutralize primed as well as unprimed soluble starch synthase
activity from the SSS from potato (after Superose-12 and cyclohexa-
amylose-Sepharose chromatogeaphy) and the SSS-I from maize. The unprimed
and the primed activity catalyzed by the SSS-I from maize were totally
inhibited by the antiserum as shown in Figure 8A. Unprimed soluble starch
synthase activity from potato was also totally inhibited by adding antiserum,
but 70 % of the primed soluble starch synthase activity was resistant to
neutralization by IgG- against the SSS-I from maize (Figure 8B). These
differences in neutralization experiments suggeét the involvement of at least -
two soluble starch syiithasés in potato: one subject to neutralization, catalyzing
both primed and. unprimed. stasch. .symthase «activity.-and one: resistant. to
neutralization, catalyzing only.primed soluble: starch synthase activity.

enzyme activity {% control)

304

0 5 0 52 50 5 0 6 20 %

: " lortiserum} (L)
Figure 8: Inactivation of soluble starch synthase activity by antiserum against the SSS-
1 from maice. The DEAE purified SSS-1 from.maize. (panel A) and the Superose-12 (solid
line) and cyclohexa-amylose- Sepharase (dotted ling) purified soluble starch synthases from
potato (panel B) (exhibiting 0.25, 0.15 and Q.15 mU.primed soluble starch synthase activity
respectively) were incubated with increasing amounts of 13G against the 55S-1 from maize.
The extent of neutralization. was determined using the glycogen primed assay (e) as well
as the citrate stimulated assay (o).
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DlSCUSSiON.
The soluble - stareh symmm mte. o

In -this paper. we:. shew Mthcmmd and primed - soluble starch
synthase. agtivities -from posato: co-migeted-on DEAE-cellulose (Figure 1),
aminobutyl-Agarase . (Figure - 3A);and:-during gelfiltration .on. Supetose:12
(Figure. 3). . The ienzyme: hetivities -also . ca-elyted 1from: cyclohexasamiylose-
Sepharosge (Figuze 4), The above data might indicate that potato tabess contain
only one seluble starch synthase. However, we think that potato fubers contain
at Jeast two soluble starch synthases, since (i) two protein bands coprespan-
ded with enzyme activity after passage through cyclobexe-amylose-Sepharose
(Figure 4) and (ii) the primed and unprimed soluble starch synthases: réacted
differently in neutralization experiments with antiserum zaised. against SSS-]
from maize (Figure 8B); whereas both the primed and unprimed activities of
the SSS-I from maize were completely neutralized (Figure 8A) and the: primed
starch synthase activity .of SSS-H from maize was  resistant to. mhxhttm
(MacDanald and Preiss 1985). ~

Additional evidence comes from the changmg ratio of pn:md ‘yersus
unprimed soluble starch :synthass: activiky dwring the purification procedure
(Table II) and the differant. ehution pofilesiof the primed: and anprimed: ac-
tivities after passage throngh asinobutyl-Agarose (Figure 2A). However, these
changes may also be influenced by a changing amount of degradative enzymes
and/or a changmg ratlo of endogcnous pnmcr molccules versus solublc starch

Based on the results pnesented in Fxgure 8 we thmk thatahoth pmtcm bands
visible after cyclohoxa~amylose-Sepharose (Figure 4) exhibit primed, whereas
only one. band. exhibits: unprimed starch synthase activity. Since -unprimed
soluble starch synthase activity passed somewhat slower through Superose-12
than primed starch synthase activity (Figure 3) we conclude that the 78 kDa
protein represents the $SS-I and the 85 kDa the SSS-II from potato tubers.
The molecular weights of the spinach soluble starch synthases differed more
(70 and 94 kDa), but in this case SSS-I was also smaller than §8S-1
(MacDonald and Preiss 1985). :

From the differences in the native (200 ta 220 kDa) and the denatured (78
and 85 kDa) molecular weights of the soluble starch synthases we suggest that
both enzymes are multimers as in :the case of the E.coli glycogen synibase
(Fox ot al. 1976). In fact, the. fastest moving protein in Figure 6, lanc B
(indicated by an arrow) may resudt from a monomeric soluble starch synthase.

Multiple protein bands were observed after native gelelectrophoresis and
activity staining (Figure 6), indicating the existence of multiple proteins or

57



protein complezes catalyzing p. t starch synthase activity in potato
tubers. Since the major activitiy bands remained present throughout the
purification procedure, we assume thasitheodiazatic loss bf shzypme activity
(Table ) is not caused by l6ss:of oe ‘of the: tajor Soladle stirch synthases
but by enzyme' lability*aiid/or séparation from ! stimulating “enryme activities
(like: the branching: enzyiie). ‘As mentioned’ dbove' o 'separatidn | of primed
soluble starch:synthasscattivity ' was observed afusr DEAE-vellolbke &6 in' other
plants (Boyer anl Preiss 1981, Hawker et al. 1974, Matters angd Boyer 1981,
Boyer .and: Fisheri 1984, Boyer 1985). Bven higher resolution ‘technigues like
Meno Q. (FPLC) and Mone P: (FPLC) chromatagraphy: revealed single: peaks
of primed soluble: starch synthase activity- (igures 7 and: 8). Hawker -¢t al.
(1972) reported the separatiofi-of primed:solublé starch ‘synthase ‘activity from
potato tubers: after DEAE-cellulose: Indead; w: occusionally ‘found two peaks
of primed- soluble ‘starch:symthase activity hftor: DBAEbs]lulose ' chiromatogyd-
phy. However; firther analysisin: these: basds sowsd thas ithe separation’ was
artificial and caused by seme ksind rofiinliibittig dger; sinoe wislitple starch
synthase peak remained after reassaymg diluted Mbm*,f m&ﬁmm fbétween
the previous ones, i ouziwrds ol o csmien sooboo

«: How ‘our: results: reh%e nol ﬂle prinness depﬂident iwlubl& starch synthase
whwh wag partly purified by Baba etoal; (1990) is not! blear at-present, since
these . authors du! ‘ot use BEA,B‘-oenulhse ehm:;graphy as tﬁe initxal
pmficmon wp :

Relatlonslnp between the soluble and the granule-bound starch synthases
from potate tubers. “

‘It ' was previocusly demonstrated that the dlsmbution of sohtble and
grannlphbound :starch' synthase: activity  changes: ag & fusction :of the extraction
medium- wsed’ (Hawker and Downton- 1979). This ‘was uséd: as evidence that
soluble and granule-bound starch synthases are identical proteins which merely
differ in their cellular dccalization. We: were riot ‘able to reproduce these
results (Table I)-and sought for other parametersito examine the' relationship
of both ‘the starch symhases; We fouind:that () the molecular weights of ‘the
denatured soluble starch synthases (78 and 85 kD) differed from the mole-
cular weight of the denatiired": grahulesbommd 'starch - synthase (60 kDa;
Vos-Scheperkeuter et al. ! 1986)<(li) an' antibemamt against the deénatured
granule-bound starch synthase did not netitralize nor@dsert soluble starch syn-
thase activity (Figure 5); (iff) the cross-reaction'‘betwéen ! the 'antiserum: and a
denatured soluble 60 kDa protein did not coincide with: soluble ‘starch synthase
activity (Figure 2), and (iv) that this cross-reaction was not present in potato
tubers, successfully transformed with anti GBS8 sequences' whilé the level of
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primed and unprimed enzyme activities was unaffected (Chapter 2). These
. results indicate a total lack of common sequences between granule-bound and
soluble starch synthases and suggest that both enzymes are unrelated, as in
maize (MacDonald and Preiss 1985).

The soluble 60 kDa protein seems to be related to the granule-bound starch
synthase (Chapter 2). The enzyme failed to elongate glycogen (5 mg/mL) as
well as endogenous primer molecules in the presence of 0.5 M sodium citrate
(Figure 2A). Amylopectin (5 mg/mL), amylose (DP 200; 0.1 % (w/v)) and
maltotriose (250 mM) were also ineffective as primers (data not shown).
However, the enzyme is shown to be catalytically active when solubilized
from starch granules in the case of maize and suspension cultured soy bean
cells (MacDonald and Preiss 1985, Miyamoto et al. 1989). The lack of
enzyme activity in our case may be caused by proteolytic breakdown of the
protein, since the active site of the enzyme is probably located at the N-
terminus (Chapter 2). Altematively, other factors crucial for enzyme activity
(for instance the association with primer molecules), might be missing.

Conclusions.

Generally, two or even more isoforms of soluble starch synthase activity
are present in higher plants, including maize endosperm (Boyer and Preiss
1981), spinach leaves (Hawker et al. 1974), teosinte (Boyer and Fisher 1984),
pea (Matters and Boyer 1981) and sorghum (Boyer 1985), which can be easily
separated due to their different affinities for DEAE-cellulose. The only
exception to this rule is the castor bean in which one peak of soluble starch
synthase activity was found after ion-exchange chromatography (Goldner and
Beevers 1989). v

Here, we describe the latter situation for the soluble starch synthases from
potato tuber. However, further analysis demonstrates that potato tubers
possibly contain two (or more?) different isozymes. Both isozymes
immunologically differ from the granule-bound starch synthase (Figures 2, 5).

The purification of soluble starch synthase activity, as described in this
paper, will open up the possiblities to study the roles of the soluble starch
synthases in starch biosynthesis, in more detail.
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