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The formation of a stable complex between glutamyl-IRNA synthetase and the first erzyme of chlorophyll biosynthesis glutamyl-tRNA reduclase
was investigated in the green alga Chlamydontonas reinhardtii. Apparently homogenous enzymes, purified afier previously established purification
protocols were incubaled in various combinations with ATP, glutamate, IRNA“" and NADPH and formed complexes were isolated via glycerol
gradient centrifugation. Stable complexes were detected only after the preincubation of glutamyl-tRNA synthetase, glutamyl-tRNA reductase with
either glutamyl-tRNA or free IRNAS“, ATP and glutamale, indicaling the obligatory requirement of aminoacylated IRNAS" for complex
formation. The further addition of NADPH resulting in the reduction of the tRNA-bound glutamate lo glutamate 1-semialdehyde led to the
dissociation of the complex. Once complexed to the two enzymes IRNA®™ was [ound to be partially protected from ribonuclease digestion.
Escherichia coli, Bacillus subtilis and Synechocystis 6803 IRNAS"™ were efficiently incorporaled into the protein-RNA complex. The detected
complexes provide the chloroplast with a polential channeling mechanism for Glu-tRNAY" into chlorophyll synthesis in order to compete with
the chloroplastic protein synthesis machinery.

Chlorophyll biosynthesis; Glutamyl-tRNA synthetase; Glulamyl-IRNA reductase; Complex formation; tRNA channeling

1. INTRODUCTION

In the green alga Chlamydomonas reinhardtii 5-ami-
nolevulinic acid (ALA), the general precursor for chlo-
rophyll biosynthesis is synthesized from aminocacylated
glutamyl-tRNA (Glu-tRNAY) [1-3]. Glutamyl-tRNA
synthetase (GluRS) initially forms Glu-tRNA®" for
chlorophyll- and protein biosynthesis [4-6] before glu-
tamyl-tRNA reductase (GluTR) reduces the activated
glutamate to glutamate l-semialdehyde (GSA) [7.8].
Glutamate l-semialdehyde aminotransferase (GSA-
AT) finally transfers in a pyridoxal 5-phosphate-de-
pendent reaction the amino group located at the C2
atom of GSA to the Cl position releasing 5-aminolevul-
inic acid (ALA) [9,10]. All three enzymes from C. rein-
hardtii have been purified and characterized previously
[4,7.9,11]. Partial amino acid sequences of the GluRS
demonstrated its structural relationship to known
prokaryotic GluRS enzymes [6]. The tRNAS" cofactor
has been isolated and sequenced and two duplicated
genes were cloned from the chloroplast genome of C.
reinhardeif [12,13]. In vitio transcription of one of the
genes was independent of its 5’-region and did not seem
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to be regulated by light [14]. All isolated C. reinhardtii
chloroplastic tRNACY species equally sustained chloro-
phyll and protein biosynthesis [6]. Purification of
GIuTR was difficult due to its low cellular abundance
[7.8]. These findings raise the question of how chloro-
phyll synthesis can compete with plastitic protein bio-
synthesis for aminoacylated tRNAY"Y, The availability
of purified enzymes and tRNA led to the investigation
of a potential channeling mechanism via complex for-
mation between the different enzymes and the tRNA.
This communication describes the formation, isolation
and initial characterization of complexes between
GIuRS and GIuTR in the presence of aminoacylated
tRNA®Y, which may provide the basis for a tRNA
channeling mechanism into chlorophyll biosynthesis.

2. MATERIALS AND METHODS

Biochemicals were from Sigma Chemical Co. ["*C]Glu (285 mCi/
mmol) and [*PJATP (400 Ci/mmol) were obtained from Amersham.
Purified £. coli IRNAS"™ was purchased from Bochringer Mannheim.
Synechocystts IRNA was a gift from Dr. G.P. O'Neill. Purified B.
subiilis tRNAS was « gift from Dr. Y. Ishino. For the tests of the
various (RNAs in the C. reinhiardtii system 15 pmol [*C]Glu-tRNASY,
previously aminoacylated with homologous GluRS, were employed
[8). The C. reinhardrii cell wall reduced strain CC-400 cw-15mt+ was
a kind gifl from Dr. Elizabeth H. Harris, Duke University, Nerth
Carolina, USA. C. reinhardrii cells were grown in the light and a
cell-free extract was prepured as described in detail before [4,14].
GluRS, GluTR and GSA-AT were purified from a cell free extract as
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described [4,7.9]. All employed enzymes were concenirated by addi-
tional chromatography on Mono-Q to # final concentration of 5-10
mg protein/mi [4], Isolation of C reitthardtii tIRNAY on Mono-Q wus
perfeeaied us descrided ceceadly ((5-( 7 Eadlabelled (PPURNA was
oblained by standard methods {15}, GluRS and GWTR activities were
assayed as described [4,8]. Complexes composed of purified compo-
nents were formed in GluTR assay buffer (20 mM HEPES, pH 7.0,
10 mM MgCla, 3 mM DTT, R (v/v) glycerol) al 30°C for 15 min.

Preimedoation mixes (.1 nil) conizinea> pmdrGndii,d pmdiGuiid,

7-14 pmol ["*C]Glu-tRNA or [“PtRNAS" or 2 nmol ["*C]|Glu, 0.5
Aag C. reinhardtii IRNAS™ and 2 mM ATP. In some experiments, 2
mM NADPH or 20 pmol GSA-AT and 0.1 mM pyridoxal 5-phos-
phate were added. Purified enzymes, tRNAs and protein-RNA com-
plexes were stpariied by tenn urenon Throngn Yo-035% diveero gra-
dients formed in GluTR assay buffer in a Beckman SW 50.1 rotor al
45,000 rpm ang A°C Tor 13.5 b as detsided before }5.7.8,13). The
positions of the enzyres were determined by activity tests. Aminoacyi-
ated [M'CIGlu-tRNAS" and endlabelled [“PtRNAS"Y were identified
and quantified by acid precipitation and scintiliation counting {4], For
the RNuse A protection assays samples containing 10 pmol GluRS,
10 pmol GIUTR with either 25 pmol [*C]Glu-1IRNAS" or with 0.2 A4,
IRNAT™, 500 pmol [C]Glu and 2 mM ATP were incubated for the
time points indicated before 5 gg/ml RNase A were added. RNase A
treatmen! was perlormed for 5 min on ice before the formed complexes
were sedimented through a glycero! gradiont and the smount of ami-
noacylated tRNA in the complex containing fruction 13 of the gradi-
ent was determined as described above,

3. RESULTS AND DISCUSSION

3.1. GIuRS and GIuTR form a stable complex in the
presence of aminoacylated tRNAS"

During the initial characterization of purified GluTR
from C. reinhardtii stable compiexes between the en-
zyme and Glu-tRNA®" were isolated by glycerol gradi-
ent centrifugation {7]. In the course of the experiments
higher molecular complexes were observed while incu-
bating crude enzyme [ractions containing both GluRS
and GluTR activities in combination with free tRNAS",
ATP and glultamate (discussed in [7]). In order to gain
further insights into the nature of those complexes, ex-
periments with purified GluRS and GIuTR were per-
formed. The same analytical system of glycerol gradient
centrifugation was employed. Single marker runs with
purified components revealed the sedimentation posi-
tion for free endiabeiied TRNA, GiuRS and QTR n
fractions 3, 6 and 9, respectively (Fig. 1A). Parailel
centrifuged marker proteins of M, = 66,000 (bovine
serum albumin) and 116,000 (8-galactosidase) were de-
tected in fraction 6 and 9, confirming the previously
observed M .-vaiues for GIuRS (62,000) and GIuTR
(130,000} from C. reinhardtii (data aot shown). Preincu-
bation of GluRS, GIuTR and endlabelled tRNAS" in
the presence of ATP shifted part of the employed tRNA
into the position of the synthetase, indicating its com-
plexation with the enzyme (Fig. 1B). Similur results
were observed earlier with GIuRS from E. coli [18]. In
good agreement with earlier experiments, no binding of
thee Tree TRONA "oy UniYR was opserved ). Mroreover.
we failed to detect the formation of a stable complex
between the two enzymes in the presence {Fig. }1B) or
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Fig. 1. Isolalion ol complexes between C. reinhardisi GluRS and
GIuTR in the pres~nce of aminoacylated IRNA™ by glycerol gradient
sedimentation. Amounts of emplioyed enzymes, cofactors and tRNAs,
conditions of preincubation, separation via glycerol gradient centrifu-
gation and the determination of the posilion of the enzymes and
IRNAS are given in detuil in section 2. (A} Saparate marker centrifu-
galions wiih purified GluRS, GIUTR and [“PILRNAS", (B) Separa-
Yomeh pratadeutnd TS, Ot R wrd PR RN A () Seprration
or'preincudated GTuRS, Glu TR and IRNASY, (*C[Glu and ATP, (D)
Same as (C) with the addition of NADPH.

absence (data not shown) of free tRNA%", Addition of
glutamate to the preincubation, allowing the ami-
noacylation reaction to proceed, drasticaily changed the
sedimentation position of the employed components. A
new high molecular weight complex of approximately
M, = 200,000 was detected in fraction 13 consisting of
GluRS, GIuTR and aminoacylated tRNAS" (Fig. 1C).
Almost all aminoacylated tRNA and most of the em-
ployed enzyme activities were part of the complex. Sim-
ilar results were obtained with the preincubation of
GluRS, GIuTR and [“C]Glu-tRNAY" (data not
saowry, tncubation of partiaity purified O refndardlil
chloroplastic methionyl-tRNA synthetase with GluTR
in the presence of tRNAM* methionine and ATP failed
to produce detectable complexes and served as control
for the specificity of the complex formation (data not
shown).

3.2. Dissoctation of the GluRS-GluTR-RNA complex
upon addition of NADPH

Almost no GluRS-GIUTR-Glu-tRNA®" complexes
{fraction 13) were detected when NADPH was present
during the preincubation. The enzymes sedimented as
single proteins into fraction 6 (GluRS) and 9 (GIWTR)
as sSpown ¥ YD, Adihbon &5 NAYDED 4Dpwed he
reductase reaction to proceed and lead to the deacyla-
tion of tRINA®® with the subsequent release o GSA as
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described earlier {7,8). This result suggests that the pre-
viously discovered necessary integrity of the aminoacyl
bond between tRNAY" and glutamate for the efficient
recognition and binding of tIRNA®™ by GluTR alone |7}
is also a basic requirement for its higher molecular com-
plex with GluRS and GIuTR.

Complex formation of purified C. reinfardtii GSA-

A eiifier wit tie gl motecular compiex aescridea’

above or at least with GIuTR alone might prevent the
release of GSA, which is unstable under physiological
conditions. However, attempts to integrate GSA-AT
ACCIvICy [T1¢o any Kid of stadile complex daied,

3.3. Complex formation protects iRNA from RNase
digestion

For an initial characterization of the process of com-
plex formation the sensitivity of complexed Glu-
tRNA®M (o digestion by RNase A was analyzed at var-
ious time points during complex formation as outlined
in section 2. The detected complexed tRNA in frac-
tion 13 of the gradient after 15 min preincubation time
without the addition of RNase served as control and
was defined as 100%. All other obtained values for com-
plexed tKNA in fraction 13 of the gradient were related
ok, Complas formenion for 12 woin prosased wp e
35% of tRNAY™ from RNase A (data not shown). This
result was used in the time course of Fig. 2 to measure
complex formation by protection of the complexed
tRNA from RNase digestion. Moreover, the experi-
smnent compared complex formation of previpusiv ami-
noacylated tRNAS" with the reaction of free tRNA and
glutamate in the presence of ATP. Fig. 2 shows that
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Fig. 2. Time course of complex formation analyzed by the protection
of (RNA from RNuse A digestion. Samples (0.1 mi) containing
GIUTR, GluRS and either [MCIGIu-IRNAS® (x—x) or [*C]Glu,
tRNASM and ATP (0—o0) were incubated under standard conditions
outlined in section 2. RNase A was added at the indicaled times afler
theqreinenbadionsdariand conglexes waraisalated iy, gycesal goadic
ent centrifGgarion. THie amount or ragidacnve amihoacyrated XA
in fraction 13 of the gradient was determined and related to samples
withouws RNase treaimens {=100%) as described in section 3.
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Table 1
Transler RNA specificity of complex formation

Souree of PUTIOMARNASY Complered (CIGIARN AN

(pmol}
C. reinhiarcdtii 12.3
E. coli 13.1
Sl SN 2
B. subtilis 8.4

Assays (0.1 ml) conlaining 15 pmol [*C]Glu-tRNAS™, 20 pmol C.

reinhardtii GIURS and GIUTR were carried out with additions and

wiraky” sardand Comaiins ay Gainibd i sanibny 2 Sompilerey were
isoluted and auantitated as described in detail in section 2.

complex formation with previously aminoacylated
tRNA occurred after 3-4 min while complex formation
from free tRNA and glutamate takes approximately 5
min longer due to the initial aminoacylation reaction
required for the formation of Glu-tRNA%™, These re-
sults demonstrate the tight nature of the complex and
emphasize again the importance of aminoacyliied
tRNA for its formation.

34, Frawgfor RNA spanifaiy of she compiler fonmanion

Complex formation withi aminoacyiated tRNASH
from various species was tested in order to gain insights
to the tRNA specificity of the reaction. The amount of
complened aminoadyiated SRANATY served 29 an indice-
tion of its uceeptance by the enzymes. The C. reinhardtii
enzymes formed a complex with all of the charged
tRNAs tested, although the degree of complex forma-
tion varied slightly (Table I). These findings are in good
agreement with the broad tRNA-specificity of the C.
reimhardrli enzymes {1.4,191.

3.5. Complex formation for tRNA channeling into chio-
rophyll synthesis

C. reinhardrii GIUTR seemed to be of low cellular
abundance [7]. Both chloroplastic IRNAS" species sus-
t2in proteln and chlovophwll syatiesis egqually well 61,
If aminoacylated tRNAS" was released from GluRS,
then GIuTR would have to compete with the abundant
protein synthesis machinery for the Glu-tRNA", The
highly specific complex between GIUTR and GIuRS
that was detected in the presence of aminoacylated
tRNAS" could be the basis for a tRNA channeling
mechanism into chlorophyll synthesis in order to satisfy
the tRINA requirements for this biosynthetic route. This
is similar to the proposed channeling of arginyl-tRNA
into the ubiquitin-dependent protein degradation sys-
tem in mammalian cells [20].
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