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SUMMARY

Add1t1on of ammonia to Chlorella pyren01dosa .respiring in the dark

- followmg a per1od of photosynthes1s, causes a st1mulat10n of the flow |

of carbon into the synthe51s of amino acids sur_ular to that observed upon
addition 'o_‘f. ammonia during photos;;nthesis. In both cases, this stimulation

~ is due -"nb':t.o'nl'y to the Iin_c reased availé.ﬁbility‘ of ammonium ion for'redu‘cti'.v_e
arﬁinatio’n ef alpha ketoglutéfate to glut_amate bup..is also due to .stimulatidn
of the rate of conversion of phosphoenolpyruvate to pyr.uva.t.e.‘.‘ Addition of
ammonium ion in the dark cal.lses_a large increase in the’forrﬁétioh_of 6-
phosphogluconate, beyond_ the lincreé.se in 6-phosp‘hogluconate alreadyAseen
when the li_ght is turned off. When the hght is turned off, the level of sta.rch
begins to decrease,' and the rate of this decrease is not changed by the sub-
sequeﬁt a_ddltlon of ammonia. In contrast, the lev,el of sucrose becomes. neaxfiy
'consta.nt_\ when the light is turneci off, bﬁt begins ifnmediately to decline when
ammor)iia is added. As observed before, the le\./el of ATP drops tempofarily
7 when the light is turned off and then rises to a st‘e.ady state similar to that
seen in'the light. Upon the addition of 'a'mmonia,f a similar transient drop

' and?vre-.es’_cablishment in the level of ATP is seen.

| ‘T"hese' and othver reported resulte are discussed with respeet to sites
é.nd m,ech'anis'm.s of -light-da‘rk 'metabolic-regula.tion leadi_ng to increased flow
of carbon from carbohydra.’te reserves into mitocboﬁdrial metabolisrri in the

: '_dark, and the sites‘and mechanisms by which .afnmonia; affects. the rafe of |

~

this flow.



INTRODUCTION
Prévious kinetic studies of 14C—lla.belled vcor‘hpounds formed in -

. Chlorella phyrenoido'sa; photosynthesizing with 14CO2 and during

subs'eque’nt dark and light periods, revealed regulatory,'mechanisms
which control the flow of carbon during photosynthesis and respiration,

and regulate the flow of carbon from the photosynthetic ca.rbon reductlon
cy’cle to b1osynthet1c‘metabol1sm 1_ 3 These a.nd other studies (recently
rev1ewed4) indicated that w1th1n the chloroplasts principal control ‘points
are the carboxylatmn of r1bulose 1 5- dlphosphate, and the hydrolyses of
fructose-1, 6-—d1phosphate and sedoheptulose—1, 7-diphosphate (actlvated in
the light) and the oxidation of glucose-6-phosphate to 6-phosphogluconate
(activeted 1n the dai‘k). vThese. controls permit'e'x'clusiv\e operstion of the

| reductlve pentose phosphate (RPP) cycle 1n the 11ght and the oxidative pentose

phOSphate (OPP) cycle in the dark

Companson of flow rates and pool sizes in synchronoﬁsly-grown

Chlobre‘lla pyrehoidosa, at vvariousv s"tages in the ‘cell life cycle, suggested
that cha;nges in the activitles_ of the enzymes. mediating these contro_lled
reactiohs may play a role in_ the distribution of _reduced carbon from the
RPP cycle to biosynthetic metab_olism. > These changes we-re correlated
with ché.nges in the rates of flow of carbon into amino acids and acids of
the trlcarboxyhc acid cycle (low in small cells wh1ch had recently d1v1ded
in the davrk and high in rapidly growing cells) and rates of flow of carbon
into sucrose (high ih the small cells and low in the rap1dly _grow1ng cells).
The differences in rates of flow of carbon 'into amino acids were further |

correlate_d with the a.pp‘a'.ren_t'_ intracellular NHZ level. Thus, rapidly




‘was seen .o‘nly upon the addition of 1 mM NH

3.

growing cé-lls showed a high rate of amino acid.synthesis When supplied
with nitrogen in the form of NO, NO,, or NH}. Rapid amino acid
synthesis ih-_the small cells, which ‘lare unable to réduce NO;, or NO;‘,

Z to the cell suspension
medium. '
Examination of the changes in pool sizes of intermediate compounds

+
4

Chlorella pyrenoidosa photosynthesizing with

when 1 mM NH _was added to an unsynchronized cell suspension of

1

4tCOZ but with no added
nitrogen source in thé medium, demonstrated that the conversiori of
phosPhoenolpy'ruVate to pyruvate is an important control point in the flow .

of carbon ffom the RPP cycle' to amino acid biosYnfhesis. L Upon this

addition, the level of 3-phosphoglycerate and phosphoenolpyruvate dropped

suddenl'y. while the level of pyruvate increased and the rate of formation

of alanine increased, and the flow of 14C into lipids and into citrate, malate,

glutamate, aspartate and glutamine increased.
Similar effects have now been observed upon the addition of NH_Z to

algae respiring in the dark after a previous period of photosynthesis with
14 | v . : :
CQZ.

information about the nature of.light-dark regulation.

' However, there are some differences which provide additional

EXPERIMENTAL

Chlorella pyrenoidosa was cultured aseptié'ally using the turbidostat8
at 252 with a stream of air plus 4% CO2 (v/v). Cell density was kept
constant at 0. 5% by adding culture medium (modified Myers m_édium)s_

automatically.



The cells were harvested “washed once w1th 0 1 rnM KH PO4 (pH 6. 0)

_and res,uspended (1%) in ) this medlum.- Slxty ml of the suspension and

about 5 mC of 32Pl were pured 1nto the steady state apparatus The pH

was adJusted to 6.0 with 0. 1 N.NaOH. After 30 m1n of photosynthesm at .

20° with 1. 5% COZ’ 14ICOZ was added fror_n a sma‘ll loop to the closed system.

S'amples‘ (approx. 1 ml) were taken into 4 rhl of methanol at intervals, as
indicated iri:the RESULTS. |
At 25 min after the introduction of CO into the sYste‘rn', the light
~ was tur'_ned off. At 12 min from turning off the light, 1 ml of 0. 04 M
N_I-I4Cl" was .‘inj‘ec;ted into the suspension and the sampvl.ingbwas continued
forx ano‘tﬁer 413 min. The pH did not _change appreciably during the experimental
run, andvadju/str.nent was unneeessai'y,. Tile partial pressure of CC)2 at
the statt of the experiment Was '1. 7% (specific activity, 12. 4 uC/uM)and
- it was '1 1% at the end of. the hght perlod The detailed method of the steady -
state experlment has been descrlbed eISe where 3,9
Three 500 p1 portions qf each sample were analyzed \bSr two—dimensional
pap'erl‘ chromatography, first with phenol‘—.acetic a'.'c_id—water and s—‘econd with
Butanol_-piopiohic acid—Water. 10 .One of the chromatograms vwas' developed
24 h in. each direction for 'anal'ysie of the secondary products of phetosynthesie.
The -seeond .chrematogram was developed 48 h in each directi’on in order to
sveparate the intermediates of the .photosynthetic: carbon reduction cycle and
other phospho'rylated compounds. The third chromatogram was developed
72 h in each dire‘ction'withvo..v_i. pmole each of authentic UTP, VUDP" UDPG,
ATP ahd ADP added to the origin as markers. . .
A 200 pul portion of the sample was defatted w1th methanol dned
hydrolyzed for 1h at 100° and an ahquot (correSpondlng to 20 1 Qf.the
 original) was analyzed by two—dlmensmnal chromatography _(eacld direction

for 24 h) for starch-glucose analysis.
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Location_of3the labeled metaebolites wa§ detected by radicautograms

14 32

C”and P was determined semiautomatically, as has

3

‘and the content of
been deacr1oed in deta11
For ana]ys1s of pyruvate and a- ketog]utarate a 2 m1 port1Jr of

the samp]e w1th added authentic ketoacids was coupled with 2,4-dinitrophenyl-
hydrazine;'extracted and'chrcﬁétographed usfng n¥bﬁtanol¥ethanoi—0.5 M‘

NHZ (7:]:2.by volume) in‘the_dark,‘as described.in'prevf:us ex:eriments.?
chever;'aftervcntting'the spot of pyruvéie hydrazone, further 24 h cnroma-
'togr;phy Qith the same so]vent‘ﬁas necessary fof'q-ketOQ}Utarate'hydrazone

to separate completely from the radioisotope contaminant near the origin.

ReSULTS
_uheh'fhé ]ight was'tufned off, the levels ofrphosphog]yceraté
T (Fig. 1), phosphoenolpyruvate (Fig. 2) and pyruvate‘(Fig; 3) in the aigae
S which baﬁjbéen photosynthesizing without added ﬁftrogen fn the ~edium
_each;rqse'rapid]y, neaked, and dropped béck'to levels comparable to the
steady{staté Tight levels (pyruVauévand,phqsphoeno]ﬁyruate) or iower
'(thspnéglycerate). The beaks for phosphoenb]pyruvate (PZPA) and pyruvate
were heached slightly later than the peak for ﬁhosphOg]ycerate_
vuﬁoh éddition of.NHZ, the levels of phbsphog]ycerate'aqd.of_PE?A
czclinad fapid]y to new, Téwer steédv-state ]eve]s, while the level of
pyruvate rose "apidiy; nassed tnrough'a oLa\, and thew stabitized ai o
¢ level more than twice as hich as in the previous periods of pnotésyh-

©nesis and‘réspiration without a nitrecgen source in tae mediun.




o -6"{_ )
Khen the Tight was turned off, the 1eve1"qf ma:']_:a-te (Fig. 4) dip-
_bed Tor several minutesvand then roée to a-highef'jeve] than befbre; The
Jevel of citrate peaked dufﬁng the first hihﬁfes,-ahd.théh}stabiiized at
a higher steady-state level than in the light. The levéi_of malate was
cely éffected‘by the‘additidn»of NHZ (1h confraéﬁ to the result in
the 1unt, where it rose substantialiy ), while the 'i'véi'of citrate
rose quick?y to a much higher,steady—state level. -
Nith~thevlight off, a-ketog]utarate rose to a higher level, glutamate
rose and continued to rise, and G]Utcnlne vas rearTJ.uhaffected (Fig. 5‘);
\fter #HZ- add.tlun, ketoglutarate level declin ed but beczn to rise

used &

I -

zoain toﬁérds the end of the experiment. The addit1on'of Nn,.ca
aomenta%y ¢ip in thg'leve1 of glutamate, followed by'g sustained risz.
utaa1re 1eve1 rose rap1dly | . |
The levels of anan1ne and gspartate (C1g 6) rose S]TOQL]Y witn
- darkdes’g,serlne leve] dec11nec s]ow]y b‘th NHZ the alanine pool
.iﬂcreas'd very rapidly and- 1mm°u1age]y, that of aspar»ate first iz‘ed
and en rose rap1d|y
1

£S reported before, ATP level fifst drobped'about 4Oi7mﬁaf the

:ight was turned of (Clg 7) and then rose back to a higher steadyfstate
1eve]'an the dark than in thD 1ight. Surokisihg]y, a very similar, though.
smatie transvent d1p occurrLd v th the 00d1t10u of qu | The'chghges in
P 1z ~?;'ere rec1proca1 bu Vma]]er than in ATP labelling, eve: igkfﬁg
into account the ratwo q. phosphorOus atoms per’mbﬁecu)e.
_ : :

As found previous]y,l the level of 6- ohosphocldconuv- {Fig. §;

~ises immzdiately upon darkening of the_cel]s.'An even more Dronouniec

~ise “ollowed the addition of X°.. The -reater rise in 3%p Tabel ceni:vad
it 77C dn this and other coapounds during the dark part of the extzr:-



'c viaad oy *he spec1f1c acL,v1cy of the cu:]ﬂlStQFEG ]4CO

7.

‘ment i]]ustrates the‘reSpiration of endogenous starch and sugars which

cennot be fu]ly 1abe11ed with 14

C, even after 35 min photosynthesis with
S . . . . | .
14 ‘ ' :

Q- ’. o }
“As ‘noted ear]ier;] the levels of Sedoheptu]osee],7—diphosphate‘and,

fructose-] ,6~-diphosphate drop almost inStantly when.the light s tuhned.

off and then rise to new and h1gqer Tevels in the dar& {Fig. 9). Iith

the a 1t1on of hH the 1eve1s of both compounds f1rst droa and theh

4
rise again, dec]1n1ng again ]at r in -he experiment. The leveis cf

ocntose monophosohate and of d1hydrox1acecone phosphate (Fig. 10) show
SEmllar_out sma]]er effects.
" The ]evelpof_QIUCose moncphosphate (glucose-6-phosphate plus glucose-

]fphosphate) oeaks Just after the ]ight is turhed1o“ and tnzn ceclines

:

(Fig. ]l)._T e 1eve] of fructose-6 -phosphate f1wst dips, ti en peaks (both

very small) and,then dec]ines s]ow]y. The ]4C ]abe] of botq comacunds

contxnues to dec]1ne slowly after ado1o1on o‘ NHA.
hen the light is tarned o ff, starch accumulation ceases (Fig. 12),

andv*ﬁe store of starch dec]1nes at a rate which remains cons t'ﬂ‘ Tor

the duration of ‘the experﬁment and 1is unaffected by tnhe addition-of NHZ.

14

The rate decrease in "°C label in starch in the dark was 1.8% mincles

s . . 3 . . : i . ) .
'C pen minutes cm” of algae, while the rate of decline of sucrcse lzbed
IV Dy - 14, . o e e

avter hH, addition was 0.85 umoles ! C per min. Note that in tnis and
1 all data given in this paper we are following our previously adcated

14 14

2rotocol” of expressing asvpmoles € the amount of '7C found in ucuries

1204
and 7C0, axpresse

(RS

Ve
[



:‘- 8_ . N ..
as curies per“umo}e cfitota] qarbbn._The su¢rose_and égpecfa]]y-tne ;tarch
cannot be expected to be comp]efe]y']abe11ed'("éaturéted") after 25 min -
photosynthesfs, so that the écfua] rate of diéappearante of carbon fron
these carbohydrate réserves-is presumably higher than the rates just

‘reoorted - | | o
.The 1evL1 of ADPg]ucose (Fig. 14) deciihéd veéy rapidly-tdtbeidw
défectab]e‘]eve]s? when the ]1ght_was;furneq off}_ No FD g,ub03e WaS'SVG
for'the'duration of the experiment; Ih contrast, the Tevel Qf UDPglucose
dip?ed sligntly after the 1ight was turned oif { and again with the eddi--

tion of ‘\H+ (F1g 15).

DISEUSSION

Starch and Sucrose Metabolism.

~ The general pattern of carbon flow and its regulation emarging from

1 2 ]], byt the present

thece data 1s s1m1]ar to that estab]xshed prev1ous1v
znlormatapn is more comp]ete.' It 1is now.c]ear that in the absence of

addad pitrogen source in the medium, much of the carbon for reSpifation

is derivéd from starch as soon as thne ce]]s'are,darkened. That this utiliza-

tion of starch was comp]ete]y unafiected by the addition of AH, while

the brea&down.of sucrose was]stimu]ated by Nh4 and was unaffectied by

et
W

Zar.iaing 15 furtner evidence TO” the proposa' tba- the recuiatery sites

a

or “the metabolism of starch and of sa;rcse are .quite differcrt.

cempletely Stopped the increase in-sucrose . but

it addition of NH
) 4
e

a the r

o

te of starch Tormation abcut 40%. This Lzc to the

'J'y
vy\

tugzzsticn that tha addition of NHQ to the medium in some way cau

“nntsition of sucrose phospnaLe syrnthetase (E.C. 2.4.1.14). Heosever,



..9-; :

ent_cxaervmcnt indicates a st1mu1at10n in the breakdown of sucrese

the e

+ w

upon NHA add1t1on. It may be that the breakdown of sucrose proceeds via'
a different: path and at a d1fferent site than-its synthes1s The most
likely path for sucrose breakdovn would seem to be tne reaction nedwatrd
by'Uﬁ?glugqseﬁ D-Tructose'Z-QIUCOSV1transferase (E.C; 2.4.1.3) in wnich
sucr-"'c 1nd-UfZ)? are converted i UD Pgldcose and frucro.e.: Presumabiy; this
reacticon m]ont occur 1n the cytopxasn and wou]d be stimulated upon the

vyt . .
acd1tton ot Ni to the ce]]'susoens1on in the dark.' Accord1nﬂ to a

a
o 12
rocent report ” the isolated enzyime from Phase oTus aureus s 1nb101ted

oy NADPH. Other data to be d1acussed 1n the present study Fig. 8)
strongiy sUggest that both-darkness_‘and-NH4 addition cause a,decrease

o7 the level“of NADPHVin Ch}ore]]a.pyﬁenoidosa.

' The ‘simplest 1nterpretat1on for the smal] dips in the othervise
constant.:evel of UDPglucose OCCJPP1ng when the ]1ght is turnnd ff and
: when‘NHZ- is added :s that the level of UDDg1ucose is TEflLCL]Hg the
~ lavel of ATP (Fig.'7) with the reactions converting ATP'and UDP to £DP
and " UTP, and g]wcose—] phodphate and TP to Ung]ucose and pyroo%osdnate
ba 1ng ranwd]y reversible under all cond1t1ons of the exoer1rent._

Tne sndden drop in the ]eveT of ADP g]ucose to below detecta hle
Tinits (%ig. 14) and the fact that'it is not seen at any time later in
the dirk despite the h1nh st ady state ]cve]s of ATP and o]ucgse mnong-

uSD’“*CS orovides st"ong supoort for. tne 1mportanCe in vivo of the



-10-
regulatory role in starch synthecis of the enzyme ATP -D- g]uco,h-1-
phosnhate uridy1y1transférase (£.C. 2.7.7. ) which mediates ‘the reaction

of gluccse-1-phosphate with ATP to give ADPglucose and pyrophoszhate

'z . : . o Ca 13-16
Stucdies of the Dropert1es o7 the 1so]ated enzyne from leaf chleoroplasts'™

showed act1vat1on by phospnog]yuerate and fructose Dhosdxg.e and inhibi-

tion oy inorganic phosphate. Howaver, in the present stucy, as-in soma
nrevious studiés]’zg the level of neither phosphog]yceraie nor fructose-
6—pha$phate‘apbeaf to change enocugh to effect the changé_in enzyiric acti-
vity suggesﬁed oy the in vivo drop in ADPglucose attivity. The IeVe} of

inorganic phosphate inside the ch]orop]asts is unfortunate ly diftficuit
to datermine. It could be one of the factors regU?ating the activity of

this enzyme in vivo.

Oxidative Pentose Phosphate Cycle (OPP Cyc]e)

The sudden ]arce rise 1n ‘the level of 6- phosphog]uconato (Fig. 8) .
whénvthe 11chg is turned off has been explainad as resu]tlnc frUM activa— a
fion of g]ucose ~-phosphate dehydrogenase (E C. 1.].].49) by a dacrease
in the NADPH/NADP natio which' occurs when photoé]ecfron transoortﬁfrom
Watér to'NADP+ stops.3"4 The appcarance of 6- pnosphog]ucorate is taken
.to be an 1nd1cat10n of the operation of'the oPP cyc]e Even witn the lignt"

on, the OPD CJcTe can be made to overate 'in. algae or in isolated spinachn

chler o]asus by the addition of Yitemin Ko, which, in its oxic.zed Torm

+ 3,4

diverzts e]ectrons frem the reduction of NADP The inhibiticn of

Lucesa-8-pnosshate dehydrogenase by nigh rat1os of NADDH/NADF— or

7

ASOd o e mnt ‘ . -
. NASPH, or its activation by NADP , seems ]7ke1y to be by mezvs of

change in the enzyme ieacing 4to a large change'jn



*

._1]f _ . o

catalytft’activity, since thé'pnysio1ogica]fStandand.free eneroy-cha ge,
AG', for the conversion of g]ucose¥6-phosphaté,.NADP+, and wa+ r to 6-
plosonog]uconate 1s about -8 Kca] 17

_Njuh_tne addition of NH4 in the darx, the rlse in. 6 pnosph ;giuccnete

(Sig. 8) was even more pronounced than when‘the light was turned off. There

. o).
cdu]d-be'other'ways'in which NH+addition stimulates glucose-6-phosphate
deh”drogenase ‘and, hence, the 0pp cyc]e but we 1nterpret this ef fegt es.
an 1nclcat1qn that the_NADPH/NADP has tended_to drop styl] more.upon |
tne addition of N Z Thé'mechanism.for thié.effect abpears to ‘be
paru1al unc0dp]1rg of" e]ectron Tlow assocxaued with ox.datlvb phos-
pnoryiatzon. The level of ATP dropned sharp]y and remalned somewhet |
iowar when NHZ was added in Lhe dark (F1g 7) The part1a1 recovery
in ATP ]eve] after severa] m1nuges nay be expected due to tne increased
fTon'pf carbon 1hu0 the tr1carboxy11¢uac1d cyc]e resu1t1ng from tne
stirulation Of_pyrnvate Kinase (E.C. 2.7.].40):35 discussed beicw. The

increased fiow of carbon in the-tricarboXy]ic acid Cycle ]eads, in turrn,

ﬂ

to more ox1dau1ve e]ectron transoort and more ATP even though tne

'coup‘1ng is poorer.

Although N:4 ions are anwn to uncouple pnotophosphorJTa cn in

T . N " 8 x It
broken ciﬂorop}asts,'I our prev1ous 5tu4y7 shcwed no decrease in ATE

T

Leved when ] mh b was added - to ohotosynthe:.z ng Chlorelia ovrenoidoss.

f.ewever, the. drop in ATP 1eve] Wlbh n“, adamt1on 1n the dark {

1
v
ek
-3
=

iogex with the evidence for .nbr ased flow o¥.carbon tnrou

JruufJ11c ac1 cvcle, shows c]early the u"POJ371nc effect for oxidaz

=hos;hsryTation.



-Thﬁ.dwoa in leve]s o; fruct oJe-l 6-dinhosphata and sedone ptulose¥1,7~
,d1phosohaue (Flg 9} ‘and 1in d1nydroxyacetcne Dhosmnate (Fig. 10) when the | é

light is tur ied of f is due to the sudde n_lower1ng of the levels of AT? : :

and NADPH whan the photoe]ectronftranspart‘stOps, leading to & reversai

(@}

f the reactions mediated by triose phosphéfevdehydrogehaée (E.C.'?.2,1;13)- T
.and'phosphoglycerate kinase (E.C. 2.7.2.3) so thét'g?ycéra1dehyde-3~ '
phoiphite is oxidized to 3;phosphog]ycerate. Operat:on of the 027
cycie suapiies new carbon to the fructosa di§hbsphate-sedoheptu?ose ‘
diphosphate—triose phosphate pool, partiai]y reétOres the 1eye]svof>
NADPH and ATP and thus-leads to a-rise in the levels of these sugak.v B
'owo\ chates after several minute s..‘

Veny nearly the same'sequence'of events»ocCufé unon tha addition
cf NHZ » except that now the transicat diop invATP and NADPH 1is due to

unccupling of oxidative phosphorylation by HNi 4 (if our interpretation

zbove is correct). Consequenily, the levels of the two sugar-diphos-

enates and of dihydroxyacetone phosphate again drep mementarily and

hen ris2 again. In this tase, the restoration'of Ieve?ébéf ATP ahd
NADPH due to inpreased electron transport.is also aided:by the stimula=-
.tion of pyruvate Kinase, leading to. more cafbon f]cwingfinto the tri-
carboxylic acid cyc}e.

Intracellular Localization of Hetabc]ism and Control

Since starch synthesis and storage occurs insice the chicreplasts,

2

ih2 oreakdovn of starch and metedolism of g1uc05é—6-§hosphate via. the

s N -

PP cyclie must occur in the chicroplasts. The product of that cycle,
cricie phosphate as well as 3-;hasphc;3ycerate, can ejther cifiuse ¢r

-2 translocatad out of the chioroplasts, and probably repr'~c ts a nijor

[

zxport from cn]o“oalcsts in either light or dark. The site o= Sucros



‘breakdcwn and OPP cycle can ba

=13~

synthesis may be in thefch]orop]asts,.butfthe cafabo]ism'of

“sucrose could well be in the cytoplasm, though there seems to ke

no clear eVidence on this point. Once in the cytop]asm p%OSpho-

_glyceratE'gives rise to pnosphonnolpywuu.g and pyruvate, wnich then

may anter the metab011sm of the mitochondrla.

The ragulatory effects c1<cussed in this paper seem to su geét
that the 1evels of ATP and NADPH in the dark, which should be controiled
by oxidative. e]eczron transport fn'fhé mitochondria, exert strong
régu atory effects on. the OPP cyvcle and the oxidation of triose shos-
phéte, and perhaps oh sucrose breakchn'as well. Perhaps both cucrose
. iocated in the cytoplasm and regu‘*t

by the ATP and NADPH ]eve]s congro1}ed Trom the miuocbondr1

Phosphoglycerate to Pyruvaue -

The sudden rise in 3-phosphoglycerate level when the light

is turnad off is due to the reversal of the reduction of phosphoslycerate

to triose phosphate, as discussed eariier, stemming from the sucdden
lowering of the Tevels of ATP and NADPH. By the time these levels are

partially restored, the carboxylation re act1on hh1Ch orws phospho-

d.7,2,4

glycerate during photosynthesis has stoppe Then the flow of

‘carbon to pyruvate and biosynthésis c.uses tne level of phosphogiycerate

\

o fall until its formation by triose phosphate oxidation is balanced

heoits utilization.

‘3-Phosphogiycerate, 2~dhosohooi‘ te and pbosp 10e nol;yru&ata-
‘._Pm) are rap idl y, bnouoh not “ﬂSEaﬂuly, 1ntewccnver:1'i The two .
Jr0SHRO g?J tes are not seahrvvbd Dy t"e chrOﬂaLoara:n/ usad.

shout o 0% of the total wouid be'Z—pnosphoglycerate at zauilibrium,
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:Whi1e the ratiO'of’phosphoclycerate to PEPA wou?d'bé about

2.5 at equf]ibrium. Under the steady-auafe ]1gh conditions in this

e\per*ivnt tha‘ra;1o of : oHosphog ycevrate: PEPA is about 16 and drops

_fto about 10 in the subsequent dark permods.i
‘ The-transient peak in PEPA is re]ativély muchnhigher‘and
parsists cons1dnrao]y ]onger than tne Heak in pnosnbogljcerabe vihen
tha ]?Oﬂt is turredzoff. lh]S sugoe st ant there mﬂght be another
source in dd tion to pnospnog!yccrate for the format1on of PEPA during
JEhis tranSIent period. One p0551b111ty is the decarboxy1au1on of
oxalOacetaté;,but it “is not clear what the st;mu]us‘for such “
det rboxylétipn vould be. |

The rapid rise and péak in.pyruvate Tevel wﬁen thé ]igh; is
turnad off.(Fig; 3)‘probab]y réfiectszﬁdth'the peak in PEPA and the
405 dis injleve] of,ATP, Logeuh,r with the small pﬁak in ADP ( ig. 7).

PEPAS™ + ADPS' +H --> pyruvateT+ atp™

Ca?CuTat{6n of freé,energj_thanges (AGS) accomp#nyingvréactions
of steady—state fn phqﬁosynthesizihg_§3 syrenoidosa (fateé'of’energy
‘diss §t1oﬂ as heab accompgnyin§~reactibns)_showéd‘that steps with
'iarge neoat{ve values of AGS‘were usué}?y-steps knbwn to be meia—
17

.1cc;]y ragulatcd The'ohysioiooical stahdard'free energy

chenge Tor;the pyruva+e kinase reaction 1n the direction of PEPA

-5.6 Kcal. From the datz

I

hydro?ysis,(pH 7) was ca]cu;ated to be 3G
19

’!

of Mcluate and Utter, ‘the logarithm of the equilibrium constant (no

ey

1

: » + N ; : _
including H') at oH 7.7 is ca]cuxated to be 4.28. In the present study;

-v—.
14

Cthr oretd [perVa;c [h{P]/[ EPA L J?j is estimated to be 3.8 both in’

. O

R Lot 2 . - . . Y ~ _..+ ) y . . .
1ioat end in the dark (after the trans1ent) betore iH, additicn.
: . 3 Co-

L7er tne qu czdition, the ratio is estimated to be 230: (In this .




o

]

Wi, eddition and 630 after the eddition. These are comparabie tc the

' . . . gt
ch.angas -observed in our previous study when NH4 was added in the

—]5— |
estimate, the 3“? 1aoe1]1ng of QTP is divided by 2 Tor comuarlson hath

ADP on the assuwmption that the phesphate group closest to the ribcse

moiety is onJv s1igh

*

labeiiing of that phosphate greup Tndlc“ued by the slope of tqe A(P

t]v 1abe]]ed,'but allowance is made for the's]ow‘

curve during steadyestate perlods;; Thus, AG7 7 = -1.353 (4.28—.o~ 3. 8)

L

- o L .S ‘ . A i
-5.04 Kcal bevore NHal addition, and L6y 4 = e3.82}Kca1 avter I, addi-

ticn. LO:fLSpOﬂd’ﬂQ rat1os of forward to back reactions are 502C before

D

ight

—

to photosynthesizing C. Dyrenoidosa, AG; ; being -4.47 Kcal betore addi-

tion and -3.65 Keal aFter addition in that stud/

It may be concluded that the st1mu1at1on of the pyruvate xinase

raac t on b/ the addition of 1 mH NH4 depends very little, if at all,.on

Y

Ltbunur the alcao are phouosy.y.e5x71 in the light or respiring in the dark.

The Tricarboxylic Acid ”vc,e and Amino Ac1d B1o¢vn;hes1x

~

.A]anine formation appears toc depend critically on pyruvate concen-

tratio Jhen the 1ight was turned off, the transwent peak in pyruvate

]

level led to an increase in alanine, which stopped ornce the pyruvéatie

bt
o

concentration returned to its former level. With the addition of NHE

ard consecu

-

nt rise in pyruvate, alanine concentration increases very
rz0idly (Fig. 6).
Since tha carbon skeleton for serine comes from.phosphogivcerate

Py

tiere is no increzse in the ]evez of serine (Fig. 6) either with cark or

LIea KHA addition. This resuit shows that the amino acid syntaasis,

cnder conditions of this experiment, depends very much on the suz3]
czrben skeletons (e-keto acids) but i: insensitive to the levei~-of

’

sidienate over the range existing in this experiment.
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‘Early studies of carbon metabolism in‘creen'CelTs showed that

the 1eve1 f'g]utamate rises rao1u1y when the i ght is turned off, ]]

even-without the addition of NHF. It was proposed that darkening. :

4
of the cells leads to an increaSed rate of flow of carbon frem the

ca“bonycraue and sugar phosobate pools into the b1osynthetnc rctauolxsm.

-4

e oresent’study shows that althouch there is a surge of carbon thrcugh
the pyruvate kinase reaction during the first 2 min after the lignt is

turned off,'the conversion of PEPA to pyruvate then proceeds at about

[Cg]

the sam rate as dufing:steédy~state conditiohs in_the light, as éiscus ed
in tha last section. ‘Neverthe]ess, there is an accelerated 7lo w_gf cerben
into ~7LraLc, kLtOQlULa te and glutemate. Probably this is because Hipid
s¥nthasis, using acety] CoA has greatly s.owed ‘or stopped, cue to'the :
Ecwer'ieYels of NADPH in the Oark. Thus, more acetyl CoA beccres avail

Tor condensation with oxalacetate to ﬁake citrate. |
Hfth;the addition of NHZ, there is an éccé}eratéd»f}ow of caroen

to pyruvatie énd_to acetyI\CoA, and a large increase in the steady-state
ievel of citrate. morL carbon must ficw into the a?ketdglutérate»pOO],
but the ]e9e1 drdps due to the accelerzted reductive amination-df this
oacicd to make gTuLamate Th]S recuctive amination and'subseqﬁent'

amidaiionviead to rapidiy increasing 1evels of glutamate and glutzamire. -

-~

Howavar, the increased rate of transamination rEactwons (particu]arly of

TN
o
[
o N
-t
‘—'.
-ty
(o]
3.

et
s
H.
o
(%
—.J
s
‘L)_

Although malate level increased upon NH

1u cees #oT increase with NH,  additien in the dark (Fig. 4). Probab?v

A -

s GIocue to the ?C‘e” ratio o7 NEI=H, N’JD in Zhe dark ccrzared o



»

flow and oxidative phospxorynat"on resLor1ng the ]eve] of AIP foliewis

217-

SENERAL CONCLUSIONS

With thorel]a Ejr9ﬂ01d05e, which have been phOtOSJnthe"1zzno u1thoue

a n1trogen source 1n the medlum, tne erans1t10n to dark metabolism is
triggerédvby-e sudden droo’in the']eveTS'of NADPH'and ATP. There i< an
.uued1ate cessation of starch SjﬂtheSxS, a se1zu}ation of starch break-
down, activation of the OPP cycte by ac vut1on of g}acose4 orospr te
denydrogenase (and inécfivétion of the Carboxylaiion,'hexose'dipho*'natase,
and‘phosphoribulokinase %eactfons o7 the RPP cycle) a tfansient but

not a permanent increas e in the act vity ot perVate k1naqe, cessetIOn or
dzcrea se in fatty acid synthesis, an :ncreased flow of carbon 7rto ine

tricarboxylic acid cycle due to the g“egter ava11ab111ev of acetyT CcA

-—d

no

onger used Tor fatty acid syntnes1s, consequent greater e]eetron

th transient dip when the lightﬂwas_turned off, and a tonsequent greater
rate of fornauicn of ¢lutamate.
v . o + o o o -
.Upon.une add3t1on'of,NH4,~pr1mary effects appear to be stimulation:

o7 thz rdte of conversion of PEPA to p pyruvace (mec1ateo by cyruvais’
kiras2) and partial uncoupling of oxidative phosphory]ation, Teading to
icered Eevels of‘NADPH and ATP. There is sti‘mu]ation'ox sucrose 31 zkdown,

further ectivation of g]ucose -5~phospheate d“devogenase and the 07? cycle,

rore corbon Tiow 1nto LQL tr1caroa'v11e ac1d cycue, consequent gre ter

ehection flow partian]y restoring the ATP xevej, and accelerated reductive

1

a“na:*on of z-ke ogkuuargte ano increzse c'amino.acid synthesis.
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