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Abstract

Chloroplast glyceraldehyde-3-phosphate dehydrogenase (phosphorylating, E.C. 1.2.1.13) (GAPDH) of higher
plants exists as an A; B, heterotetramer that catalyses the reductive step of the Calvin cycle. In dark chloroplasts the
enzyme exhibits a molecular mass of 600 kDa, whereas in illuminated chloroplasts the molecular mass is altered in
favor of the more active 150 kDa form. We have expressed in Escherichia coli proteins corresponding to the mature
A and B subunits of spinach chloroplast GAPDH (GapA and GapB, respectively) in addition to a derivative of the B
subunit lacking the GapB-specific C-terminal extension (CTE). One mg of each of the three proteins so expressed
was purified to electrophoretic homogeneity with conventional methods. Spinach GapA purified from E. coli is
shown to be a highly active homotetramer (50-70 U/mg) which does not associate under aggregating conditions in
vitro to high-molecular-mass (HMM) forms of ca. 600 kDa. Since B4 forms of the enzyme have not been described
from any source, we were surprised to find that spinach GapB purified from E. coli was active (15-35 U/mg).
Spinach GapB lacking the CTE purified from E. coli is more highly active (130 U/mg) than GapB with the CTE.
Under aggregating conditions, GapB lacking the CTE is a tetramer that does not associate to HMM forms whereas
GapB with the CTE occurs exclusively as an aggregated HMM form. The data indicate that intertetramer association
of chloroplast GAPDH in vitro occurs through GapB-mediated protein-protein interaction.

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CTE, carboxy-terminal extension; HMM,
high molecular mass; ATP, adenosine triphosphate; 3PGA, 3-phosphoglycerate; 1, 3bisPGA, 1,3-bisphosphogly-
cerate; HMM, high-molecular mass

Introduction chloroplasts (EC 1.2.1.13) occurs as an A,B, hetero-

tetramer. Chloroplast GAPDH has been extensively
Eubacteria, archaebacteria, non-green algae and characterized with respect to structure and function for
non-photosynthetic eukaryotes possess homotetramer- a number of plant sources [7, 9-12, 23, 30]. The A and
ic glyceraldehyde-3-phosphate dehydrogenase (GAP- B subunits of chloroplast GAPDH (GapA and GapB,
DH) enzymes [8, 13, 14]. By contrast, NADP- respectively) are known have arisen via gene dupli-

dependent GAPDH of the Calvin cycle in higher-plant

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases
under the accession number L76552 (GapA) and L76553 (GapB).
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cation during chlorophyte evolution, their amino acid
sequences share roughly 80% amino acid identity [6].
GapB differs from GapA (and all other GAPDH sub-
units) by the presence of a highly negatively charged
C-terminal extension (CTE) of roughly 30 amino acids
in length [6, 18], but the precise functional role of the
B subunit has not been clarified.

The A;B; enzyme from spinach chloroplasts has
been studied in particular detail. It is activated by light
in a redox-dependent manner [1, 12, 26] and the amino
acid sequence of the purified enzyme is known [12].
Light activation of the spinach enzyme correlates to
changes in aggregation state of the enzyme in isolated
intact spinach chloroplasts. In the dark, the less active,
ca. 600 kDa form of chloroplast GAPDH (probably
a tetramer of tetramers) predominates that is partially
converted in the light to the roughly four-fold more
active, 150 kDa (tetrameric) form [1, 2, 26]. Conver-
sion to the activated 150 kDa form in vivo is mod-
ulated under reducing conditions (electron pressure,
thioredoxin) in the presence of ATP and 3PGA primar-
ily by the resulting 1,3-bisphosphoglycerate (1, 3bis-
PGA) concentrations and is accompanied by a 20-fold
increase of the affinity for the substrate 1, 3bisPGA
[1, 2]. Aggregation of active chloroplast GAPDH to
ca. 600 kDa forms can also be induced in vitro by
addition of 140 uM NAD™ [2, 24], and this property
laid the foundation for the development of an efficient
purification procedure [8].

It was recently shown that limited proteolysis
in vitro with Vg endoprotease removes C-terminal
residues of both A and B subunits which might be
involved in tetramer aggregation [31; R. Scheibe and
E. Baalmann, unpublished]. In order to determine
whether homomeric forms of chloroplast GAPDH are
active and to clarify the function of the GapB-specific
CTE, we have cloned and expressed mature spinach
chloroplast subunits GapA, GapB, and GapB lacking
the CTE under the control of bacteriophage T7 pro-
moter in E. coli. The plant enzymes so expressed were
purified to homogeneity. Here we report the enzymatic
activity of these homomeric proteins and their capacity
to undergo NAD™ -induced intertetramer association.

Material and methods

Construction of plasmids

Isolation and manipulation of cDNA clones were per-
formed by the methods described [21]. From a cDNA

library of light-grown spinach [15], fuli-size clones for
GapA and GapB were isolated by heterologous hybrid-
ization using the homologues from pea [6]. These
were subcloned into pbluescript vectors (Stratagene)
and sequenced by standard techniques [25].

PCR reactions were performed in 25 ul con-
taining 0.5 U TIi polymerase (Serva) in the sup-
plied buffer supplemented with 1 mM MgCl,, 50
pM of each dNTP, 1.5 uM of each primer, and
| ng of plasmid template. Thirty-five cycles of
I min/93 °C, 1 min/50 °C and 2 min/72 °C
were used. Primers used (5'-3") were: A-For,
TGCACCATATGAAATTGAAGGTAGCAATCAAT
GGA; A-Rev, GCATAGGATCCTTACTGCCATTTGT
TAGCAACAAT; B-For, TGCACCATATGAAACTTA
AGGTGGCAATCAATGG; B-RevS, GCAATGGATC
CTCACTTCCACTTGTTTGCTACCAAGTCTG:; and
B-RevL, GCAATGGATCCTTTACTCGTAAAGTTT
GCACTCC (restriction sites in bold face, underlined
in Fig. 1). PCR products were purified by electroelu-
tion and DE-52 chromatography, digested with BamHI
and Ndel and ligated into BamHI-Ndel cut pET-3a
[28]. Transformants in E. coli nm522 which gave PCR
products with the appropriate primers were sequenced
to confirm reading frame fusions. Three plasmids so
selected — pGapAM, pGapBM and pGapBMA € — encod-
ing the mature subunits of GapA, GapB, and GapB
lacking the carboxy-terminal extension, respectively,
were transformed into E. coli BL21 [28] to yield strains
21GapAM, 21GapBM and 21GapBMAC,

Induction and lysis

200 ml of LB medium [25] containing 200 pg/ml
ampicillin were inoculated with an over-night culture
and allowed to grow at 37 °C. At an ODggg of 1.2,
50 ml of fresh medium were added and cells were
induced with 0.4 mM isopropyl 3-D-thiogalactoside.
Two hours after induction, cells were harvested and
resuspended in 100 ml of buffer A (50 mM Tris-HCI,
pH 8.0,2 mM EDTA, 14 mM 2-mercaptoethanol) with
140 uM NAD™ and centrifuged. The pellet was resus-
pended in 25 ml buffer A with 140 uM NAD™ and 100
pg/ml lysozyme. After incubation for 15 min at 30 °C,
MgCl, was added to 10 mM and RNase and DNase
were added to 1 pg/ml each. After shaking for 20 min,
the suspension was centrifuged for 15 min at 4 °C and
10 000 x g.



GapA

tcddgactcadgactcaagactcaagactcaagagcATGCCFQCLAACATGCTCTCTATC 60
S N M L s I

GCTAACCCGTCTCICCGGGTTTACAACAAGGGATTTTC TGAATTTTCTGGTCTACACACC 120
A N P S8 L R VY YNIKGF S EF 8§ G L H T

TCTTCCCTTCCCTTTGGTCGCAAGGCCTCTGATCGACTTGATGGCTTTTGTGTCCTTCCAA 180
$§ $§$ L P F G R K G S D DL M A F V S F Q

<}|>
ACTAATGCTGTTGGAGGGAAGAGAAGTAGCCAGAATGGAGTAGTTGAGGCAAAATTGANG 240
T N AV GG K R § S Q N ¢ V V E A KL K

M
GTAGCAATCAATGGATTCCGGAAGAATTGGAAGGAATTTCCTAAGGTGTIGGCATGGTAGG 300
V A I NG F GR I G RNTFULURUCWUHGR

AAGGACTCTCCCCTTGATGTTGTGGTGATCAACGACACTGGAGGTGTGAAACARGCTTCC 360
K b s P L DV V V I NDTGGV K QA S

CACCTTCTARAGTACGACTCCATCCTCGGAACATTTGATGCTGATGTTAAGACTGCTGGG 420
H L L K Y DS IULGTFDATDVZXTA G

GATAGTGCAATCTCTGTTGATGGCAAAGTCATCAAAGTTGTTTCTGACAGAAACCCTGTC 480
D §$ A I s V DG KV I KV V S DRN P V

AACCTTCCTTGGGGCGACATGGGCATAGACTTGGTTATTGAAGGAACAGGTGTGTTCGTA 540
N L P W GG DL MG IDULVIEGTGVF V

GACAGAGATGGTGCAGGTAAGCACTTACAAGCAGCGGCTAAGAAAGTGTTGATCACTGCC 600
D R DG A C K HLQQAGA AZ K KV L I T A

CCAGGAAAGGGTGACATACCAACCTATGTCGTTGGTGTCAACGAGGAAGGTTACACCCAT 660
P G K 66 DI PTVY V V GVDNZETETUGYTH

GCTGACACCATCATCAGTAACCCTTCCTGTACCACTAACTGCTTGGCTCCCTTTGTTAAG 720
A p T I I § NA S CTTDNTZCTULAUPF V K

GTTCTTGACCAGARATTTGGCATCATCAAGGGAARCCATGACTACAACCCACTCCTACACG 780
vV L. D Q K F 6 I I K GG TMTTTTH S ¥ T

GGAGACCAAAGACTCTTGGATGCAAGCCACAGGGATCTTAGACGTGCAAGAGCAGCATGT B840
¢ D @ R L L DA S HRUDILIRI RATRAALC

TTGAACATTGTCCCAACATCAACAGGTGCAGCTAAGGCTGTTGCATTAGTCCTTCCTAAC 900
L N I v P T STGAA AIZKOAV ALV L PN

CTAAAGGGAAAGCTTAACGGAATTCCTCTTCGTGTTCCAACACCAAATGTATCTGTGGTA 960
L K G K L NG I ALURV PTUPNUV S V V

GACCTTGTCGTACAACGTCAGCAAGAAAACCTTCGCTGAAGAAGTTAATGCTGCCTTCAGA 1020
D L VV VS K KTV FAETEVNAA-BATF R

CAGTCTGCAGACAATGAACTCAARCCGCATTCTCTCAGTCTGTGATCGAGCCTCTTGTGTCC 1080
E S A DNEIL XK G I L 8V CDEPTLV S

ATTGACTTCAGATGCACTGATGTTTCCTCAACTATTGATTCTTCATTGACCATGGTTATG 1140
I b F R CTDUV S S TTIDSSUL TMUVM

GGAGA’I‘GATATGGTCAAAG‘T’[}\TTGCA’I‘GG‘I‘A’I‘GATAA’I‘GAGTGGGG’I'I‘ACTCTCAAAGA 1209
G b DMV KV I AWYDNEWGY S Q

GTTGTTGATCTTGCTGACATTGTTIGCTAACABRATGGCAGTARat tcatctatcatgttaa 1260
vV VvV DL ADIV ANIZKWOQ *

tcasaaccaaactcactctttictetcattcatcatacttagtacgtacaattatcacca 1320
attttcccatgttgetactacttaattgttttecatetttttgtaataagagataacttte 1380

caaatttgtatagagca 1397
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GapB

taaaagaaccaacaATGGCTTCTCATGCAGCTCTAGCTCCTTCTAGAATCCCTGCAAGTA 60
M A S H A A L A P S R I P A ST

CAAGGCTLGCGTLTAAGGCTTCTCAGCAGTALlLLlllLllACTCAAAbLILLlllAAGA 120
R L A S K A o Q § FP L T Q €C 8§ F K R

GACTCGACGTAGCTGACTTTTCTGGATTACGATCCAGCAACAGCGTGACATTCACAAGGG 180
L b Vv ADVF¥¥ S L R S S NS VT F TRE

AGGCTTCATTTCATCATGTCATACGCTGCACAGCTAACCACCAAGCCTACAGGAGCAGCAC 240
A S FHDV I AAQLTTUEKPT G A AP
<||>
CTGTTAGGGGTGAAACAGTGGCCAMACTTAAGCTGGCAATCAATGGATTTGCGACGCATTG 300
VR G E TV A X L KV A INUGTFGHRTIG

N
GTAGGAATTTCCTTAGATGCTGGCACGGCCGCAARGACTCACCCCTTGATGTTGTTGTTG 360
R N F L RCWHGRZKXKD S P L DV V V V

TCAACGACAGTGGAGGTGTCAAGAGTGCAACACACTTGCTCAAGTATGACTCCATACTAG 420
N D S G GV K S A THTILTLIRKYD S I L G

GAACCTTCAAAGCCGATGTGAAAATTATTGACAACGAGACCTTTTCCATCGATGGCAAGC 480
T F K A DV XK I I DNZERTTF S I DG K P

CTATCAAGGTTGTCTCTAACAGGGACCCTCTTAAACTTCCTTGGGCTGAACTAGGCATTG 540
I K v vV S NRDUPULIKTLUZPWAEULGTI D

ATATTGTTATTCAGGGAACAGGAGTCTTTGTTGATGCCCCTGGAGCTGGAAAACACATTC 600
I vIiIEBEGTU®GV F VDG?P G AGIZ KHTI Q

AAGCTGGTGCCAAGAAAGTAATCATCACTGCTCCGGCAAAGGGTTCTGATATCCCGACCT 660
A G A KKV I I TAUPA AIKGSDTIU®PTTY

ATGTTGTTGGGGTAAACGAGAAAGACTATGGTCACGATGTTGCAAACATCATAAGCAATG 720
vV vV G VN E K DY G HDV ANTITI SN 2a

CTTCTTGCACCACCAACTGTCTGGCTCCATTTGTGAAGGTCTTGGATGAAGAATTAGGAA 780
s ¢ T TN CLAUPUVFV XK VL DETETLGI

'TGTGAAGGGGACAATGACCACCACTCACTCCTACACTGGTGACCAGAGGCTGTTGGATG 840
vV K GGTMT T THS Y TG D Q RL L D A

CTTCTCACAGGGAC‘I‘TGAGAAGAGCCAGGGCTGCGGCA’I'I‘GAACA’I‘AGTCCCAACCAG TA 900
R R A R A A A L NI T 8 T

CTGGTGCAGCCAAGGCTGTATCTCTAGTCTTACCCCAACTTAAGGGAAAGCTCAATGGAA 960
G A A KAV S5 L VL P QUL EKGI XKILNG I

TTGCCCTTCGTGTCCCAACACCTAACGTGTCTGTTGTTGATCTTGTTGTCAACATTGAGA 1020
A L RV P T PNV SV VDLV VNTITE K

AGGTAGGTGTCACAGCTGAGGACGTAAACARATGCCTTCAGGAAAGCAGCAGCAGGTCCAT 1080
v 6 vV T A E DV NNAT FRZXAAAG P L

TGAAGGGTGTGTTGGATGTGTGCGACATCCCCCTCGTGTCAGTTGATTTCAGGTGTTCTG 1140
K ¢VvVv L DV CCDIUPILVSVDFRTCS D

ATTTCTCATCTACAATCGATTCATCACTCACTATGGTAATGGCTCGTGATATGGTTAAGG 1200
F 8§ s T I DS 8§ L T M V MG G D MV K V

TCGTTGCTTGCTACGACAATGAGTGGGGTTACAGCCAACGGGTGGTGCACTTGGCAGACT 1260
V A W Y DNZEWGY S QR V VDL ADTL

CCGGGATTGGAGGGATCAGTTGCAAGCCGAGATCCATTGGAAG 1320
VANKWPGLEGSVASGDPLED
X *
ATTTLTGCAA(:(:ACAACCLTGCTGATGAGGAQZ!G_CMCIIEAEAGIAAaaaaagatgt 1380
FCKDNPADEECKLYE
+ - - + -

gatcaactttacacttccttttggttattctgtatttggcctattacaaggctgtacatt 1440

tgattttatagcatcagetteteattrta 1669

Figure 1. Sequences of spinach GapA and GapB and proteins expressed in E. coli. Primer target sites are underlined. Amino acid differences
to in vivo mature subunits are indicated in bold. Noncoding regions are indicated in lower case. Transit peptide regions are indicated in italics,
precursor processing sites as known from the sequence of the isolated proteins {12] are indicated with ‘<}|>’. Stop codons are indicated with

asterisks, positively and negatively charged residues in the CTE of GapB are indicated with ‘+’ and ‘—

Purification of expressed enzymes

All steps were performed at 4 °C. The cleared super-
natant was applied at 1 ml/min to a red Sepharose
column (Procion Red, Merck) equilibrated in buffer A.
The column was washed at the same rate with 20 ml of
buffer A containing 5 mM NAD, proteins were eluted
at the same rate with 20 ml of buffer A containing 5 mM
NADP™. All fractions of the eluate with absorbance at

’

, respectively.

280 nm were pooled and concentrated to 5 ml with
a 30K Microsep device (Filtron). The retentate was
applied at 1 ml/min to a Source 15Q column (Mer-
ck) equilibrated with buffer B pH 8.5 (20 mM Tris-
HC!, 14 mM 2-mercaptoethanol, 140 M NAD™) on
an FPLC system (Pharmacia). Proteins were eluted at
1 ml/min in a 40 ml gradient of 0 to 500 mM NaCl and
pH 8.5 to 8.0. Fractions of 0.4 ml were collected and
assayed for NADPH-dependent activity.
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Active fractions were pooled (and if neccessary
concentrated to <5 ml with a 30K Microsep device)
and subjected to FPLC gel chromatography on a
1.6 cm x 60 cm Superdex-200 column equilibrated
with buffer C (50 mM Tris-HCI, pH 8.0, 5 mM EDTA,
150 mM KCI, 14 mM 2-mercaptoethanol, 140 uM
NAD). Application and elution were performed at
1.5 ml/min. Void volume was 40 ml, 0.5 ml frac-
tions were collected. The column had been calibrated
using cytochrome ¢ (12.5 kDa), chymotrypsinogen A
(25 kDa), ovalbumin (45 kDa), bovine serum albumin
(68 kDa), aldolase (158 kDa), catalase (240 kDa) and
ferritin (450 kDa) as standards. Fractions containing
NADPH-dependent GAPDH activity were pooled and
concentrated with a 30K Microsep device. Glycerol
was added to 50% v/v and samples were stored at —
20°C.

Native molecular mass determination and enzyme
assay

200 pg purified enzyme was applied to an equilibrated
Superdex-200 column as described above. After a void
volume of 40 ml, fractions of 0.5 ml were collected,
assayed for protein amount by the method of Brad-
ford [4] (Serva) and for NADPH-dependent activity.
Spinach chloroplast GAPDH preparations for compar-
ison in SDS-PAGE were prepared as in [23]. Other
molecular and biochemical methods were performed
as described [25]. NADPH-dependent GAPDH activ-
ity was assayed by the method described in Baalmann
etal [2].

Results

From full-size cDNA clones isolated for GapA and
GapB expressed in spinach leaves, we amplified
regions encoding the respective mature chloroplast
subunits and brought these under the control of the
T promoter for expression in E. coli. Figure 1 shows
the sequence of spinach GapA and GapB cDNAs in
addition to the proteins expressed in E. coli strains
21GapAM, 21GapBM and 21GapBMAC. The deduced
amino acid sequences are identical to the sequences
determined directly from the isolated chloroplast
enzyme [12]. Strains 21GapAM and 21GapBM express
proteins corresponding exactly to the mature A and
B subunits of spinach chloroplast GAPDH, respect-
tvely, except that the N-terminal lysine residue is
preceeded by a methionine in each case. Strain
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Figure 2. Coomassie-stained SDS-PAGE of NADP -dependent
spinach chloroplast GAPDH subunits purified from expressing
E. coli strains in comparison to the ioslated in vivo enzyme. M,
molecular mass standards. Lanes GapAM, GapBMAC, and GapBM
contain 1 pg each of the purified NADP* -dependent GAPDH from
the corresponding expressing E. coli strains. Two ug of purified
chloroplast GAPDH prepared from isolated spinach chloroplasts as
described in [1] were coelectrophoresed in the right lane for com-
parison. GapBMAC migrates slightly faster than expected from the
calculated molecular mass. Sizes of molecular mass standards (kDa)
are indicated.

21GapBMAC expresses a derivative of spinach GapBM,
GapBMAC, which lacks the highly charged carboxy-
terminal extension characteristic of all higher-plant
GapB proteins {6, 18].

The spinach subunits so expressed were purified
from E. coli crude extracts by affinity chromatography
on red Sepharose, anion-exchange chromatography
and gel filtration. The E. coli BL21 strain lacking
expression plasmids possessed no detectable NADPH-
dependent GAPDH activity. The final preparations of
GapAM, GapBM and GapBMAC are electrophoretic-
ally pure as shown in Figure 2. The relative molecular
masses (M;) observed in SDS-PAGE for GapAM and
GapBM (Fig. 2, lanes 3 and 5) were indistinguishable
from those for the A and B subunits of the holoenzyme
purified from spinach chloroplasts (Fig. 2, lane 2).
Although it has a M, identical to that of GapAM,
GapBMAC migrates in SDS-PAGE with a M, of ca.
36 kDa (Fig. 2, lane 4), faster than expected on the
basis of the calculated M, of 39 kDa for the expressed
protein. All three proteins were somewhat less stable
in storage than the isolated enzyme from spinach, but
showed no signs of either proteolysis or loss of activity
during purification.

Typically, 0.4 — 1 mg of purified spinach subunits
were obtained from 600 mli culture. Interestingly, pre-
parations of each of the individual subunits were highly



enzymatically active with NADPH. GapA™ had a spe-
cific activity of 50 to 70 U/mg. Preparations of GapBM,
which possesses the charged C-terminal extension, had
15 to 35 U/mg (comparable to the activity of the unac-
tivated intact enzyme), whereas GapBMA€ prepara-
tions, which lack the C-terminal extension, contained
the highest specific activities observed, 110 to 130
U/mg (i.e. comparable to the activated intact enzyme
from spinach).

Purified enzyme preparations from the expressing
strains were subjected to FPLC gel chromatography
in buffer C containing 140 uM NAD™ on a calibrated
Superdex-200 column. GapAM eluted exclusively as a
150 kDa tetramer (Fig. 3), with no detectable 600 kDa
form. The same is true for GapBMAC. By contrast,
GapBM eluted exclusively as a high-molecular-mass
form of roughly 470 kDa, with no detectable 150 kDa
component.

To show that the aggregation of GapB™ is NAD*-
dependent and reversible, 60 ug of 470 kDa GapBM
were concentrated to 0.12 pg/ml, desalted on a NAPS
column (Pharmacia) with 1 m] of buffer D (50 mM Tris-
HCI, pH 8.0, 5 mM EDTA, 150 mM KCI) to remove
NAD™ and applied to the Superdex-200 column equi-
librated with buffer D. Protein and NADPT-GAPDH
activity eluted in buffer D exclusively as a 150 kDa
form (data not shown). The calculated specific activ-
ity of the most concentrated fraction was in the range
of 100-200 U/mg, but this value should be taken with
caution because the protein concentration (ca. 4 ug/ml)
in this fraction bordered on the detection level for the
method.

Discussion

During the course of plant evolution, the gene for
chloroplast GAPDH was transferred from plastids to
the nucleus, where it came under the regulatory hier-
archy of the nuclear transcription machinery, acquired
a transit peptide for reimport of the mature subunit
into the organelle of its genetic origin, and underwent
duplication entailing acquisition of the CTE by the B
subunit [17, 18]. Here the genes have been returned to
a eubacterial genetic apparatus, the transit peptid has
been removed and the CTE deleted.

Homomeric chloroplast GAPDH enzymes are active

Proteins expressed in E. coli corresponding to the
mature subunits of spinach chloroplast GAPDH (GapA

509

and GapB) in addition to a C-terminal deletion variant
of GapB which lacks the CTE all possess NADPH-
dependent GAPDH activity. The activity observed
can be attributed exclusively to the expressed spinach
proteins since (1) no NADPH-GAPDH activity was
detected in controls lacking plasmids, (2) endogen-
ous E. coli GAPDH is an NADT-dependent homotet-
ramer of 36 kDa subunits and [5] which possesses
no NADPH-dependent GAPDH activity {19]. Further-
more, since no contaminating E. coli GAPDH could be
observed in final preparations of the expressed spinach
chloroplast subunits (Fig. 3), we can conclude that the
NADPH-dependent activity derives exclusively from
homomeric forms of the spinach subunits, demonstrat-
ing conclusively that chloroplast GAPDH consisting
solely of A or B subunits can freely associate (at least
in E. coli) to active, functional enzymes.

Spinach GapAM expressed in E. coli and puri-
fied to homogeneity differs from the native chloro-
plast GapA subunit at the most by the presence of
an additional methionine at its N-terminus. The N-
terminal methionine is removed from many but not
all proteins expressed in E. coli [20]. The specificity
of the E. coli aminopeptidase for Met-Lys-, present
in the proteins we expressed, is lower than for oth-
er substrates [3]. Thus the aminoterminal methionine
may still be present in the expressed GAPDH pro-
teins, although we did not determine this by sequen-
cing. Pure GapAM associates to a homotetrameric
holoenzyme (Fig. 3) and possesses a specific activ-
ity of 5O0-70 U/mg, roughly two-fold lower than that
of the activated, 150 kDa form of the native spinach
A;B; enzyme (120 U/mg) [8] . Somewhat surpris-
ingly, GapBM associates to an enzymatically active
form. The specific activity of the BM enzyme puri-
fied from strain 21GaPBM (15-35 U/mg) is roughly
four-fold lower than that of the activated form of the
enzyme in chloroplasts [1]. Gel filtration of active BM
forms reveals that this subunit readily associates to a
high molecular mass multimeric form of the enzyme
(Fig. 3). Since GAPDH enzymes require a minimum
of four subunits for activity (i.e. monomeric, dimeric
or trimeric species are completely inactive), activity of
BM indicates the presence of (aggregated) BM, species.
Although the M, determined for BM aggregates in gel
filtration (ca. 470 kDa) is lower than that observed for
the heterotetramer isolated from spinach chloroplasts
(ca. 600 kDa) [1, 26], we cannot tell whether this is
due to association of less than four homotetramers,
or whether (BMy)4 (i.e. ca. 600 kDa) aggregates exist
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Figure 3. Superdex—200 elution profile of spinach chloroplast GAPDH expressed in E. coli. Conditions were as described in Materials and
methods. Triangles, GapAM; Squares, GapBMAC; Circles, GapBM; A 200 pg portion of purified enzyme was applied in each case. A (left).

Protein elution profile. B (right). Activity elution profile.

which however possess an anomalous chromatograph-
ic behaviour, mimicking a ca. 470 kDa form.

The CTE permits GapB aggregation to HMM forms

The three dimensional structure of GAPDH from
numerous sources is known (see [29] and references
therein), and in each case both N-terminus and C-
terminus of each subunit are found exposed at the
surface of the tetramer. It is thus very unlikely that
the additional single N-terminal methionine possibly
present in GapAM, GapBM and GapBMAC influences
subunit interactions within tetramers. The conspicu-
ous location of the highly charged CTE, at the surface
of tetramers suggested to us, however, that it might be
involved in tetramer interactions. Since GapBM readily
aggregates to multimeric complexes, we asked: Does
GapBM without the CTE also aggregate?

GapBMAC differs from BM in that the CTE of the
spinach B subunit was removed and replaced by a
single lysine residue at the position corresponding to
the in vivo C-terminus of GapA (Fig. 1). Most surpris-
ingly, GapBMAC forms homotetramers (Fig. 3) which
possess a specific activity equal to that of the het-
erotetramer isolated from spinach chloroplasts (110-
130 U/mg). Yet, in contrast to GapBM, GapBM4¢,
does not aggregate to forms of >150 kDa under aggreg-
ating conditions (Fig. 3). Since both GapBMAC, and
AM, are active but do not aggregate in the presence of

NAD™, whereas BM does, these findings very strongly
suggest that the ability of electrophoretically homogen-
eous preparations of spinach (and probably all higher-
plant) chloroplast GAPDH to form NAD™-induced
aggregates of >150 kDa is mediated exclusively by the
CTE of the B subunit. Interestingly, the roughly four-
fold difference in specific activity observed between
GapBMAC, and the aggregate (ca. 470 kDa) form of
BM is very similar to that observed between activated
(150 kDa) and unactivated (600 kDa) forms of the
enzyme isolated from spinach chloroplasts.

Higher-plant chloroplast GAPDH: A3B; and A4 or
only A2By?

The present findings indirectly address the still unre-
solved question of whether or not A, forms of the
enzyme occur in planta. Whereas earlier work on puri-
fied chloroplast GAPDH from higher plants had indic-
ated that two isoenzymes exist (isoenzyme I, an A;B,
heterotetramer, and isoenzyme II, an A4 homotetra-
mer) [8], the (still widely held) view that A4 forms
exist was questioned as evidence accumulated favoring
the view that ‘isoenzyme II” arises through partial pro-
teolysis during preparation, and is merely an ‘A;B’y’
heterotetramer in which the 29 amino acid carboxy-
terminal extension (CTE) of both B subunits has been
removed [6]. Indeed, partial proteolysis in vitro of the
B subunit yields a product which is electrophoretically



indistinguishable from the A subunit [31; R. Scheibe
and E. Baalmann, unpublished]. The CTE of the B sub-
unit is shown here to confer upon GAPDH tetramers
the ability to aggregate to higher molecular mass forms.
Since 150 kDa forms of the enzyme are not found in
dark spinach chloroplasts, rather only 600 kDa forms
[1, 26], it would appear that the A;B, species predom-
inates in spinach. On the other hand, the present data
indicate that highly active AM,4 chloroplast GAPDH
(‘isoenzyme I’) is readily formed in E. coli. GapA,
tetramers might exist in vivo. But, since in vitro pre-
parations of isoenzyme I may contain proteolytically
produced A,B’, forms which copurify and/or mimick
Ay species, clarification of the subunit composition of
the enzyme in vivo will require antibodies which can
discriminate between A and B subunits.

A regulatory function for the CTE

We have shown that NAD'-dependent GAPDH
aggregation is mediated by the CTE of the B subunit.
If this NAD*-dependent GAPDH aggregation mimics
the aggregation seen in vivo which is thought to be
light-regulated, then a very clear testable prediction
would ensue. Namely, one would expect chloroplast
GAPDH enzymes from plant sources which diverged
from the higher-plant lineage prior to the gene duplic-
ation which gave rise to GapA and GapB of higher
plants (1) (obviously) not to possess a GapB subunit
and (2) (importantly) not to be regulated by light. The
red algae Chondrus crispus and Gracilaria verrucosa
possess chloroplast GAPDH enzymes which diverged
from homologues for higher-plant GapA and GapB
prior to the GapA/GapB split [16, 32]. The Gracilaria
enzyme appears to consist of a single subunit (Ay),
does not possess a CTE and, as was recently shown by
Pacold et al. [22], is in fact not activated by light, and
neither red algal enzyme is activated by DTT.
Although Pacold er al. [22] attributed those find-
ings to the lack of specific ‘conformation stiffening’
(i.e. reducible and thus activating) cysteine residues
in the GapA protein, their results would also be fully
compatible with the view that the B-subunit mediates
light activation via its CTE. The inactive, aggregated
enzyme from dark spinach chloroplasts requires DTT
or light-driven reduction prior to activation, implic-
ating cysteine residues in this mechanism [1]. The
CTE of known GapB sequences contains, in addi-
tion to other conserved sequence motifs, two con-
spicuous, strictly conserved cysteines (Fig. 4). It is
possible that these cysteines in the CTE serve as the

S11

Spinach GapA ..NKWQ*
Tobacco " LNQWK*
Arabidopsis " ..NWK*
Pea " LWNWK*
Spinach GapB ..NKWPGLEGSVASGDPLEDFCKDNPADEECKLYE*
Tobacco " ..NKWPGSC-STGSGDPLDEFCKTNPADEECKVYE®*
Arabidopsis * ..SKWPGAE-:AVGSGDPLEDFCKTNPADEECKVYD*
Pea " ..NKWPGTP-KVGSGDPLEDFCETNPADEECKVYE*
cee cesee o csvese o o
- --c ———C+ -
<====C-Terminal Extension====>

Figure 4. Comparison of GapA and GapB C-termini and align-
ment of published carboxy-terminal extensions (CTEs). Sources of
sequences are spinach (this paper), Arabidopsis [27], pea [6], and
tobacco (published sequence corrected according to [6]. Stop codons
are indicated by asterisks, <’ indicates a gap. Conserved residues
are designated by ‘®’, conserved charges by ‘~’ and ‘+’. The two
conserved cysteines in the CTE are given in bold face.

Specific

Chioroplast Subunit Expressed in E. coli Subunit Activity
Association  [U/mg]

GapAM [ NAD(P)-Binding | Catalytic | Tetramer 50-70
GapBMAC [ NAD(P)Binding | Catalytic | Tetramer  110-130
GapBM [ NAD(P)Binding | Catawtic [CTE| 12-16mer  15-35

~CysCyst

Figure 5. Summary of results for spinach chloroplast NADP-
GAPDH subunits purified from expressing E. coli strains. Schematic
representations of the functional domains in the protein and the con-
served characteristics (charges, cysteine residues) of the CTE are
indicated.

targets for redox-dependent priming of the enzyme for
1, 3bisPGA-mediated dissociation and activation. A
schematic comparison of structure and specific activit-
ies of chloroplast GAPDH subunits expressed in E. coli
here is summarized in Fig. 5. If the CTE-cysteine
residues are in fact instrumental in light activation of
the enzyme in vivo, we would predict them to be found
in the GapB subunits of all light-activated chloroplast
GAPDH enzymes.

Although in both regulation models (subunit-
cysteine vs. CTE-cysteine-mediated aggregation) elec-
tron pressure (redox state) is involved in chloroplast
GAPDH activation, our model would posit the neces-
sity of the B-subunit and its CTE for light- dependent
activation. To our knowledge, a CTE-mediated, asso-
ciative mechanism of light-dependent activity modu-
lation suggested here for chloroplast GAPDH has not
been described for any other enzyme. It may represent a
unique regulatory process of higher-plant chloroplasts.
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