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Theory and'Prinqu]es of Low Temperature Hot Air Engines

Fueled by Solar Energy

D. Haneman¥*
Laboratory of Chemical Biodynamics
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ABSTRACT

Fdr heating uses,_soiér ehergy conversion systems are currently ciose'_
to being econqmiﬁ; For power generation they are less sb. A briefvanalysis
of relevant points and system efficiencies is given,' It is concluded that
‘the most promising approach is a properly combined heat pius power genefa--
tion assembly. Attention is focussed on low temperature flat plate collector
sysfems since thesévare'already demonstrably competitive in.some areas.
The low efficienciés of energy transducers based 6n-these aré acceptab]e
if the heat they reject during operation is at sufficiently high tempera-
ture to be readily recycled or directly uéefu]. -Thé most effective methods
using this principle are shown to be open cycle air‘engihes. Thé principles

of these are discussed and some practical design features are reported.

* Visifing Scjentiét, now at School of Physics, University of New South

Wales, P;O. Box 1, Kensington, Australia 2033.
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1. INTRODUCTION
There is considerable interest in the geheration of mechanical and
electrical power from solar energy. Most approaches involving large |
scale power production are based on transducers requiring high tempera-
tures, which thus involve means of focusing the solar radiation. These
require, in most'designs, some form of tracking thé sun's motion, and
they also lose much of the diffuse part of the solar radiation. However,
the high temperature operation does permit more efficient conversfon of
solar radiation to mechanical work, due to the Carnbt principle. For an
ideal engine working in a closed cycle, taking in heat at a high (Kelvin)
temperature T2 and rejecting it at a low temperature T]; the maximum |
possible fraction of the'input heat that can be converted to work
7c = (1 - T]/Tz). Thus if-Tz is only, say, 80°C, and Ti is émbient |
temperéture of say, 27°C, then the maximum thermal conVersion efficiency
'7c = (1 -%%%) = 16% which is low. Hence the intereétvin higher temperature'
operation.
There are, however, good reasons for cOnsiderihg_]bw temperature
operation as well. |
Curreni]y about 25% of U.S. 0il consumption is devoted to heating
and cooling of domestic dwellings [1]. The app]icatioh of solar energy
to such purposes has already been shown to be practicaT, It is also eco-:
‘nomic.. Flat p]ate'co11ectors, which use solar energy to heat water to
temperatures up to about the boiling point, are already installed in many
areas of the world (parts of Australia, Israel and U.S.A. émong others)
and are comfng into increasing use as fuel costs rise. These often provide )

more hot water than can be used in some parts of the summer. The heat is

also useable in absorption based cooling systems. Hence it is an attractive



proposition to consider the coupling of an energy converter to existing
flat p]éte collector systems.

It is important to note that though the conversion efficiency in such
systems may be low, say for example 5%, the remaining‘QS% need not be
wasted. In some designs to be considered later (opén cycle), the rejected
- portion of the thermal input ig sti1l high grade heat and can be usefully
- fed back fnto the heat circulation system to serve the primary purpose of
the installation. It may also bevused directly. Henéé'the converter
system js not wasteful, and involves no costs in setting up solar collectors
since it is only a parasite on existing systems.

‘Flat plate co]]ectbr systems have been intensively investigated. They
need no sun tracking arrangements, and cé]Tect diffuse as well as direct
insolatiOn'(incident solar radiation). Costs will drop greatly with large
scale use. The collection efficiency of some typical [],2]'commercia11y
available flat plate collectors is shown in Fig. 1. Note that collection
efficiencies of about 50% are feasible at useful temperatures.

Economics plz/ a vital role in solar energy cdnversion systems. The
problem is not how to convert, of which there are a multitude of methods
(thermé] expansion, photovoltaic, photochemical, thermoelectric, photo-
synthetic; etc.), but how to do it at a competitive cost. Thié matter has
been widely discussed, e.g. [3,4] and references thgrein; In the systemé :
of main concern here thefe_are four principal advantéges. Firét]y; as
already ﬁehtioned, they need involve no extra collection systems. Secohd]y,
they involve no special materials (e.g. silicon or dthér'semi-conductofs,
or alloys such as nitinol). Thirdly, and paramount, the reject heat.is at
- high temperature, and isrstill directly useful. Fourthly, no cooling water

is required.
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2. SUMMARY OF CONVERSION SYSTEMS AND EFFICIENCIES

a) High Temperature Systems

Let us first consider the maximum possible efficiehcy of a solar
energy conversion system. The surface temperature 6f the sun is about
6000 K [4]. 'Assgming a radiation collector on Earth.to be perfectly
insulated and free of significant radiation losses, it could get no hotter
than 6000 K (this is irrespect%ve of how much focussing is used -- a"
receptor surface cannot get hotter than the radiant-source). If heat is
discharged at an average Earth ambient of 300 K, theh the maximum thermal-

to-work conversion efficiency 7% is (1 - gggﬁo = 95%.

In practice, solar furnaces which heat small objects of a few cm3 '

volume in vacuum,‘attain temperatures as high as 3000 K with difficulty,
permitting 7C = 90% [4]. However, the overall efficiengy of such systems

is very much less due to the collection efficiency Fc being much Iesé than

100%. If estimated ideal figures Fc of 70% are used, for temperatures of

about 1000 K, one might hope for an overall efficiency'ch% of 0.7 x 0.7 = 50%.
Since, however, the ideal Carnot efficiency 7E is not-attained, and taking

into account various other losses in a real system, one would probably be
fortunate to have an overall efficiency of about 30-40%. To date complete
such systems have not yet been described with well documented efficiency

figures. Presumably the figure of about 30-40% éou]d be attained in a well

designed and constructed assembly (of high cost).

b) Silicon Photovoltaic Cells

~ Such cells are practical long lived devices [4,SI‘which are in commercial
production, currently costing about $0.30 per cm2 of area and about $30

per "peak watt", i.e. per watt output from an assembly assuming peak solar

2

radiation dehsity to be present, approximately IKW m . Although these



approximate costs are much less than those of the éar]ier cells supplied
for space vehicle use, they are still too high to be‘competitive excepﬁ
in special applications. Thus in one year a $30 cel]IaSSembly yields 2KWH,
worth about $0;04. ﬁowever they are used foy space Vehicles and for un-
attended sites such as oil rigs where warning lights are needed and a
reliable power source not needfng occasional ittention*is required. There
are also some other applications (Some'based on the'noyelty appeal).

Practical efficiencies of such devices range'from 12 to 15% and hopes
for reaching 20% have been mentioned. The figure.refers to the ratio of
(d.c.) e]ectfic powek output to incident solar poWer.. There are current]y
intense efforts to lpwer costs by using po]&crystaT]ihe‘thinvfiim rather
than single crystal silicon, and also to produce the latter in sheet form.
While success in such efforts is being.attained, the-brOSpects_for 1arge
price reductions are still doubtful. In addition, thére may be silicon
supply problems for large scale use. ..

Each silicon cell provides about 0.5 V at abodt'25 mA per cmzvat sun-

2. The cells can be made large (dists of diameter 2.2 inches

light of T KWm™
are commercia]]y available) and connected in Series to provide'cqnvenient |
voltageé such as 12 V [6]. However, too many in sefies causeS undesirable
losses in the series resistance of the cells. NevefthQ]ess the'célls are
long lived, have no moving parts, and are virtually maintenance free. .

The'theory of these devices has beén worked out'in;detai] using semi-
condUctor‘theory [7]. It is useful to point out that they can also be
discussed in the same framework as other thermal convertors, by reference
to the Carnot principle. The incident radiation excites electrons from.

the valence into the conduction band, as in Fig. 2. The states left vacant

in the valence band are referred to as "holes” and behave as though they

are carriers : - : . . .
rriers having a positive charge. The presence of an inbuilt electric
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field due to charged surface states (in surface barrier devices) or to
controlled impurity gradients (in p-n junction deviées):separates the
conduction electrons and valence holes since they hévé opposite charges.
They are thus prevented from recombining until they reach the specimen
contacts, and then they recombine in the external circuit, giving out
energy.

From a thermal point of view, the electrons eXcited into the conduc-
tion band are now "hot", i.e. their average energy’ié much higher thagf%ﬁg
electrons which}afe in thermal equilibrium with the vibratihg jon cores of
the~materia1, 'This population of hot electrons can be'regarded as having
an average témperature T2. The definition of T2 requires care for particu-
lar cases, since the density of states in the bottom of the conduction band
wi]i affect the shape of the energy distribution which.wiil not necessarily
be Maxwellian. In a quantitative discussion, the distribution may be
considered as an appropriate sum of Maxwellian disfiﬁbutions, each with
its properly defined temperature, Ta, TB’ etc. Thé.hot electrons subse-
quently give up energy and return to their thermaT'eqUilibrium states
characterized by the temperature T]. Hence the maximum efficiency of a

T, .
photovoltaic cell is, in the usual way, (1 - Tl) or, as a refinement,
2

) Tu TB
[n¢(1-7-2—)+n6(1-7;)+ e Wlng+g+ L)

where n, hot electrons have an average temperature Ia,-etc. vThe.theoreticaT
values of Ty gtc. are thousands of degrees but the net solar efficiehcy is
low because only a fraction of the insolation is used for electron excitation_
(the rest excites phonons, i.e. lattice vibrations), and there are also |
unavoidable conductive energy losses in the semiconddctor. This discussion

is given in order to put photovoltaic devices into the same thermal conver-

sion efficienty framework as other converters such as engines. Other devices



mentioned briefly are:
i) Photochemical generators such as iron-thionine systems [8].
ii) Photon stimu]ated gas dissociation followed by cata1ysed recombina-
tion -- starting gases include 503, COC]2 and NF4 [9]. Also break-
down of water to produce hydrogen and oxygen [10].
ii1) Other photovoltaic cell systéms such as copper:su1phide - cadmium
sulphide [11]. | |
iv) Thermoelectric devices [12]. |
V) Photoelectri& emission devices (studied by tﬁé aUthor, unpublished).
None of these aré'competitive in reliability and efficiency with the silicon
cells at this stage. ﬁ |
~-This summary is confined to electric power or'wokk genekation, and not
to means of deriving energy from sunlight such as p]ant.growth, nor to wind
power related to sunlight induced air movements, etc. | |
c¢) Engines
We now'hention true engines, all based on certain parts getting heated,
changing their dimenSions and doing work. Heat is taken in, work done,
and the unused heat rejected to some kind of sink,!USua]]y cooling water

or air. S
i) Engines based on thermal expansion of metals. Such expansion is

norma]]y very small butvthere is a large effect in a certain alloy known

as nitinol. Aanntage has been taken of this effect.to design an enginé
using hot water és the energy source and cold water as the energy sink [13].
Much research is under way to make this a viab]e and efficient system. |
However, the fraction of input heat which is not used for useful work and

is rejected to the coid sink, appears to be lost toithe cold water.

Hard estimates of the efficiencies so far attained are not available.



-8-
ii) Engine§ based on the eXpansion of externa]]y'heated gases, usually

air. The best known example is the Stirling engine'baSed on the Stirling
cycle. Such.ehgines afford a good example of howisUfficient fesearch‘and
development can improve the efficiency. Most small. Stir]ing or similar hot
air engines have efficiencies of only a few percent at T2 (h1qh temperature)
of about 700°C (7c 70%) . However, an intense effort by the Philips Co.
of Hol]and deve]oped engines that have over 50% of the Carnot eff1c1ency [14].

Such engines function well at temperatures of several hundred degrees
Cent1grade and must therefore be used w1th»track1ng fo;ussed collectors.
They are not effective at relatively low temperatufes; as presently
designed. This may be due to the regenerator not performing its function
well at Such,temberatures. Since the Stirling cycié has a theoretical
ideal efficiency equé] to that of the Carnot, it may well be worthwhile
to consider adapting the design for low temperature uge, by using a longer
regenerator section, for example, and thus' taking advéntage of available
flat plate co]]ectoré. However, effective cooling is,e$sentia1 in the
Stirling cycle and thus the rejecfed heat would be lost to the cooling
hedium., We discuss this'point later, | .‘

ther CTOSed cycle hot air engines have been»builtvbut'none appear to

have been developed to the same degree as the Stirling engine.

jii) Internal combustion engines. These are extenSfVe]y'treated in text-
books oh engineering thermodynamics. Well known examb]es are th05e_ba$ed

on the Otto cycle (internal combustion motor car engines), the dieée] cycle,
the Joule or Brayton cycle (currént]y used in turbinés), and Sargent cycle.
Currently efficiencies of about 70% of the theoreticé1 Carnot value can be
attained in high'temperature operation. However Tow (~100°C) temperature

applications have been very little investigated.
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iv) Rankine cycle engines based on expansion of a heated vapour and
condensation back tb liquid in the heat rejection phase. This cycle is
extensively employed in steam engines and they form thevsubject'of a
thorough research and development effort [15]. |

For solar energyﬁuse,,Rankine cycle engines operating between about
95°C and 35°C have been built, using organic f]uids\df suitable boiling
points and condensation temperatures [16-19]. Efffciencies epproaching
70% of the Carnot value for these temperatures have_been reported [16].
(Here efficiency means turbine shaft power divided by heat input to the

working fluid.) Hence they are suitable for use with flat plate collectors.

d) Combined Flat Plate Collector and Engine Systems

We now consider the total efficiency to be expected from the above
combination. , '
The overall efficiency Yo depends on the efficiehcy FC of the flat

plate collector system and on the convertor,

Fe T

where 7e is the net efficiency of the thermal convertor The maximum Qa]ue
of 7e 15'7 s the Carnot efficiency. A]though % r1ses with temperature Fc
falls, as shown in Fig. 1, since radiative and conductive losses of the
collector increese as its equi]ibrium temperature incfeases

In F1g 3 we plot 70 F Qe us1ng the values of. F from Fia. 1. Note.
~ that the maximum overa]] eff1c1ency for the comb1nat1on occurs when the
exit water temperature from the collector is in the region of 90°C.
Furthermore, the maximum of qo is approximately 8%. The key questions
then are 1) What efficiency can be achieved in pfactice, 2) What costs
are involved. We consider these poihts in turn.

The Rankine cycle engine, as mentioned in section c(iv) above, has

already been developed to the stage where about 70% of the Carnot
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efficiency is obtainab]e in the low temperature as Wélllas high temperature
region of operation; No other engines have as yet been seriously déve]oped
in the ]ow'tempefature region. Presomab]y equal soocéos could, however, be
obtainable. We therefore assume that about 60% Of_thé'théoretical maximum
8% efficiency of the combination is available, i.é,igpphoximate]y 5%.

We now consider cost requirements. A normal flat plate collector
system for an‘aVerage domestic installation would haoe an area of about

2

3m~. The total insolation in one year in a regionvof good sunshine, e.g.

southern U.S.A., is about 2000 KW hours per m2. Iherefore 6000 KWH is
col]ectéd. and S%vUSed for work gives 300 KWH. ' This would reduce electric
power»cohsumption correspondingly; the intrementa1'cosf of the latter
varies but we take an average figure of 2 cents oek'KNH; Hence the saving
is $6 per annum for work. Assuming that the tota1VCOSt’of the unit should
not exceed about_5 times the annoal saving, one requires a cost of about
$30. This figure‘app1ies to the engine. It is_assomed that the flat
plate collector system is already cost justified because of the hot watef
it supplies.. _k_ | . |
It may seem that $6 of electricity per annum is not worth bothering
about. However, un a daily basis there are additioné] considerations.

2 during peak insolation is 5/100 x 3 KW = 150

The engine power from 3m
watts. This iS»readi]y sufficient to dfiye the pump that is usually
installed tovoirculate the hot water (or water mixturé) through thé_‘
~collector -- most pumps‘use about 50 watts. In an easi]y designed instal-
lotion, the engine drives the pump directly, withoutiosing a generator or
electric motor. Not only is such a system optimized, but it makes it
independent of electricity supplies which is a highly desirable feature.

One does not want a solar collector installation to cease functioning if

there is an electric power failure (strike, bkeakdown, civil emergency, etc.)
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One could take the view that the above app]icafibn is in itself
worthwhile and that the sole use of the engine in a small domestic instal-
lation be for direct drive of the fluid circu]ating;pUmps, both in the
collector system, the refrigeration fluid circuit and if necessary in the
direct hot watef supply to the household. No generator or power storage
system is then‘bequiked, sincé the engine output is not sufficient to
justify the costs and problems of battery provisibn. There is'then some
further cost saving in that only a smaller, less durable e]éctric motor.
need be provided. for the pumps, intended asva short rdn ehergency unit only.
In further considering costs, it is necessary‘to distinguish between

small distributed domestic systems and large central supply installations.

i) Domestic systems.

As shown above, a cost of about $30 is required for an engine of
output up'to 150 watts, on normal economic considerations. This figure
seems difficult to achieve. Justification for usé}of such a system would
be based more on the advantages of driving the fluid bumps by solar energy,
thus achieving'fndependénce from electricity supp]iés during sunTight hours.

There is another consideration. The engiie, in attaining about 9%
efficiency (against a Carnot figure of about 14%) 15 rejecting 91% qf the,
input heat to it. If a condensation type engine (Rankine cycle) is being
used, it is essential to cool the condenser to at Ieast about 35°C, depend-'
ing on the fluid, to attain the abové efficiencies. If coo]ing water is
used, its exit temperature from the engine will theﬁ‘be'in the vicinity of
30°C or less, depending on the flow rate. This warm water is at too low
a temperature to be useful except in a few non-genéral applications.
Furthermore, it is not practical to recyé]e it through the solar flat
plate collector since simple calculations shbw that:the'fIOW-rate is too

large for it to become hot enough to power the ihput of the engine.
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A practical figure is obtainable from the operation of the high
efficiency Prigmore-Barber engine [16]. It obtains Thput heat from 11 gpm

of 215°F (100.7°C) water but requires more than twice -this flow }ate,

25 ‘gpm, of 85°F (29.5°C) cooling water. Since the major part of the slightly

warmed cooling water could thus not be recycled, andfis,bf little other .use,
a corresponding fraction of the heat collected by the collector is wasted.
Furthermore, most domestic systems cannot functionvsatisfactori]y by‘ |
constantly running cool water into the collector since the demand is not
continuous. Operation of current practical co]]ectofs is based on a closed
loop recycling system where the input temperature to the collector is well
above 100°F when high exit temperatures are achieved.

The above consideration shows that the economics of'insta]1ing a flat
plate collector system for hot water production would bé_serious]y disturbed
by attachment of a low efficiency engine whose cycle fequires cOolihg to
near ambient temperature. There would be considerable wéSte of heat since
the engine's reject heat is at a low temperature and not generally usefu].
Hence the economics of the system, already doubtful és faf as the cost of

the engine alone, would be such as to throw the flat piate collector system
ftse]f into jeopérdy. | | |
ii) Large central installations.

Here one uses a large area collector. Most desfgﬁs envisage some form
of solar (Tabor) bond as the only practical low costﬁmethod [20]. These
have hot as yet béen used in any widespread way as have rooftop flat plate
collectors, and costs are thus more difficult to estimate. Although hard
cost figures are not obtainable even optimistic estimates make the use of
a large Rankine cycle powered generator'in conjunction with the pond, a
marginal proposition at present. It appears at 1east’high1y desirabje,

and probably essential, to keep the reject heat fromlthe‘engine at a
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sufficiently high temperature to be generally useful. (Special uses for
slightly warm water are in crop growth and sewage treatment but these are

not general.) We now discuss ways of handling this pfoblem.

3. OPEN CYCLE LOW TEMPERATURE ENGINES

We will not detail here the advantages of low témperature collectors --
as has been implicitly assumed, their spreading use %s»proof of their practi-
cality. Hence, as mentioned about, it is realistic to consider parasite
engine attachments to such systems, provided the engine does not waste heatv
energy that wou]d otherwise be used for heating'purpdses._ Thus the collector
is kept economic in it; own right as a source of hot£water (used é]so for
absorption refrigeration systems). | |

As shown above, engine cycles using a condensing'yapour‘must reject
heat at a fairly low temperature. (If a higher condensation temperature
T] is used, efffciency falls since the eff%ciency numerétor is proportional
to (T2 - T]). Hence the reject heat is at too low a temberature to be
generally useful. We now consider engine cycles which overcome this
difficulty.

We refer to Fig. 4 which shows several ideal (air standard) engine
and TS_es&rcycles on the PV and TS planes. The heat réjection stage is
c-d. Clearly the optimum effect fof our purposes is to take the heat out
at point ¢, where it is at the maximum temperature aftér‘the'work stroke.

However this can only be achieved by removing the hot wofking.f1uid directly
from the engine. If any heat transfer process is,hsed;'the coolant starts at
temperature say Tc which must bevless than T], and heats up to T] whiie the
working flufd cools to T]. | |

If the fluid is removed, and new fluid is injected at ambient tempera-

ture from some stored source, one has a so called open cycle. This is
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effectively what occurs in internal combustion engines'where the heated
gas is ejected (and usually waSted) and a new charge of air plus fuel is
injected. It_is‘usua1 to analyze such eycles as théugh they were closed,
since the situation is equivalent to the charge being cooled ahd'restored
to its pre-explosion condition.

A Rankine eyéle could operate on open cycle if thethof fluid were
ejected‘aftervtﬁe'work stroke, and fresh fluid Wefe subp1ied. This has
been used in sﬁeam engines where the spent steam has other industrial
applications.and water is cheap. ,HOWevef in ]ow tempe}ature engines the
fluids are too expensive, and in any case are usué]]y?ndxious and/or
inflammable to varying degrees. Thus the fluid must‘be:in a seaied system
and in fact prevention of leaks in the assemb1y.isjé:critica1 design
requirement, éue.to the high leak rate of such f]uids.'

“Clearly only air can be used economically in open:cycle Tow temperature
engines. The hof air is ejected at T3_and fresh air“dfawn in at T, from
an essentially unlimited supb]y. Hence we consider'epen cycle 1ow.tempera-

ture air engines.

a) Theorx

i) The Lenoir cycle. The simplest system consists_of heating a mass:
of air which then does work when it expands. Afterwards the air is cooled,

or ejected and replaced. This system wés used (at*high temperatures) by

Lenoir in 1860. . The efficiency was’found to be toof]dw} The ideal Cyc]e"

is illustrated fnjFiQ. 5. It is sometimes‘drawn as only the triangular
section A above the ambient pressure line, and descfibed as having no
compression. | |

It is pointed out that such a description is not;strictly correct,
After expansion to ambient pressure, the air Wouid‘CQO], at constant

- volume, to ambient temperature. This causes itS'preSSure-to drop below
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ambient preSsure. Then work is done by the ambieht'pfessure in compressing
“the gas back to its starting volume. This is i]Tﬁstrated in Fig. 5. Note
that the full cycle A plus B is then similar to an Otto cycle.

The Lenoir cycle has the advantage of simp]icity since one only needs
to heat a mass of éir in a box, either by direct solar radiation or via hot
water. If it js adapfed to open cy&]e use then'the_air, heated from T] to |
T2 by fuel (solar energy), is ejected after doing work in the expansion
stroke, and a new charge of air is taken in. In this case only the portion
A 6f the PV cy;]e is involved. Furthermore the eXpahsion stroke need not
be a single Tafge one, fnconvenient in practice, but be composed of many short
ones if a convenient reciprocating piston expander_is_used. Thus the piston
in a cylinder is forced out, an inlet valve c]oses‘off the air reservoir
while the piSton returns, expelling the air in the c&]indervthrOugh an
exhaust valve, and the inlet valve reopghslwhi1e thé exhaust.valve shuts.
Then air from the reservoir pushes out the piston égaih-in a new work stroke.
This stepped open cycje, or "hemi cycle" is shown iniFig. 5 on the R.H;S.
The equivalent work cycle is very similar to that of a single large expénsion,'
as shown, |

The efficiencies for these cycles are readi]y'calculated and the
formulae and temperature variations shown in Fig; 6. For illustration, the
efficiency VA of fhe‘open A cycle is shown, and the difference between this
and the full, c1osed'Lenoif cycle, is shown Sepafaté]y-a$.78. Note that 7A
is not much larger than 73 This 1nd1cates that the open cycle eff1c1ency.
is only a 11tt1e more than half that of the closed cyc]e, (7A + 73).
particularly at low temperatures (T2/T] v 1.1). Byacompar1son with the
Carnot efficiency 7 , the theoretical open cycle Lenoir eff1c1ency 7A is
seen to be on]y about 7c/6 and of course a pract1ca1 value wou]d be even

Tower.
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Although the:efficiency is very low, the important feature is whether
the cost of a system can be made low enough to compgnsate. Note that the
poorer the efffciency of an.open cycle, the higher ;he temperatufe'of
reject heat since less heat has been converted in the'cycle. If the reject
heat is useable then the low efficiency is only of foncern as imposing
more severe restrictioﬁs on the a]]owab}e cosf of‘thentonverter._
ii) The Otto cycle. The air standard 0tto-cyc1e_is shown in Fig. 4.
Note that the fluid is first compressed adiabatica11&,-thereby rising in
temperature from T] to T],. It is then heated to TZ;. Hence Tj, must
obviously be ]es$ than the temperature T2 which for solar operation.is
about 80-100°C. This Timit on T, limits the aHoQa]b]e_' compression ahd
hence the thepretical efficiency. In an ideal Otto Ey¢1e, the effitiency:
Totto = 1 - T,/Tye. Note that if T,/ is very close to T, then Totto
approaches 1 - TT/TZ which is the Carnot efficiency. However, the c]oser
T]/ approaches T2' the slower thé heat transfer that can take place due
to the sha]]er temperature difference. Furthermore; referring to the

diagram, it is easy to show that

. s Y
Wy, - (5

where volume V] is compreésed to V2 and y is thevrafio;of specific heats

at constant pressure "~ and constant volume. Hence for é given starting
temperaturevT]; and a 1fmited,range for T2, then tﬁg higher T]I, the lower
_is T3. If one js;considering opeﬁ cyt]e operation one does not want Té,

the tempefaturebdf the emitted fluid (air) to be too low asvdescribed above,_
lest it be useless. Hence there are various conflicting factors whosé -
combination needs to be optimised in determining whai compression ratio is

~ theoretically desirable. The requirements are to

1) maximize‘Tz-T], for'optimum heat transfer
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2) minimize To-Tq¢ for maximum theoretical efficiency
3) set a minimum acceptable value on T3 consistent with a value of

T, that is optimum for solar collector performance.

2
In Fig. 7 we plot T3 versus inverse compressioh fatio V2/V] for differ-

ent values of T2’ usjng y = 1.4 which is approximately correct for air. A

typical sayisfactory combinaﬁion cduld»be T,'= 360k (& 87°c), T3 = 330K

(~ 57°C), Tye = 327K-and Ty = 300K, giving a comprgsSion ratio of 5:4 and

a theoretical cycle efficiency of 8.25%. The Carnot QYCIe would give 16.7%.

The upper temberature Tz of 87°C is satisfactorily Within the optimum range

for a co]]ector-ehgine assembly discussed in sectibnvz(d); and the exhaust

temperature T3 of 57°C is sufficiently high for a variéty of direct heating

_ purposes, or for_heating water for recycling into the collector.

iii) Diesel and_Brayton Cycles. The ideal diesé]'aﬁd Jou]e-Brayton cycles
are i]lustfaﬁed_in Fig. 4 on the prgssuré-volUme p]aﬁé. The significant
difference from the Otto cycle occurs in section b-c, since work is done
as soon as heat-enters the f]uid, the pressure rema{hihg (ideally) constant.
Hence the temperature of the fluid remains near T])3 which optimizes the
heat transfer from the solar heated source (hot meté])vét'the'higher tempera-
ture of about T2. In the Otto cycle on the other hand, the fluid temperature -
rises towards féiggjggg a work stroke is permitted.  Hence the rate of heat
transfer dimiﬁishes as the temperature rises. S

Since the work done is proportidnal to the area_of'the closed PV cycle
(or psgédo closed in the case of an open cycle), the Otto and Brayton cycles
~ are somewhat more efficient than the diesel cycle. However, the approach
of point d'in the Brayton cyc}e to the initial pressure;_is achieved using
a tufbine or other device which doés work at very little thrust. In the |

‘relatively low temperature—low maximum thrust regimén}being considered here,

‘the point d would tend to 1lie above the starting pfésSufe line, thus reducing
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the_efficiency below that of the Otto cycle.

Clearly a comoromise must be chosen between maximum heat transfer to
the fluid and maximum efficiency of the cycle. Thelfirst factor is of less
importance in internal combustion engines, but is crftica] in low tempera-
ture solar engines. The sequence goes: -

Lenoir cycle: - Heat transfer maximun. Efficiency minimum.

Otto cycle: 7, Heat‘transfer minimum. : .Efficiency maximum.

Jou]e-Brayton-cycle: Heat transfer intermediate.l »Efficiency intermediate.

Diesel cycle: Heat transfer intermediate. ,Efficiency intermediate.
The optimum choice depends on various practical features which we now consider.
b) Practice |
i) Heat transfer. Ii is well known that heat tranefer,is slow if the
temperature difference is smai], and extensive enginéering tables on this
subject are ovai]ab]e. In considering low temperatore_solar engines, one
~ may choose to transfer heat from solar'heated water to the air in the
engine, or else expose the air directly to solar radiation. |

Direct heat1ng units have been deve]oped e.g. [21], in which solar

rad1at1on pass1ng through the glass w1ndows of a type of flat plate co]lector,»

impinged on a honeycomb array of blackened slotted aluminum sheets. A |
temperature rise of 50 C° could be obtained with an airflow of 3.ft3min']}in
bright sun]ignt. 1f the direct insolation is to be effectively used, a
very fast rate of air flow, or engine open cyc]e turnover, is required to
carry it away, due to the low therma] capacity of air compared to water.

Consider a flat collector of area A exposed to normally incident

solar radiation of rate Q joules in t seconds. Let the height of the box
be h, and cv the specific heat (constant volume) of air be taken as 0.172
cal/gm°C. Then the heat required to raise the temperature of the air in
the box by T is.

Q =/0Ahch
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where/ﬁ7is thé density of air, approximately 1.3 gm/litre. Taking T as
50 C°, | |

Q = 47.7 x 10% joules |
If the insolation has its peak value of 1000 watts/mz, then the time
required to heat the air in the box is |

t = Q/(1000 A) sec = 47.7 h seﬁ | |
where h is in meters. For a box of héight 1/6 métef (typical), the heating
time is abouf 8 seconds. Assuming a collector eff%ciéncy F, of abouf 50%,
one obtains a_time of 16 seconds; this Co]iector éfficiency implies a heat
transfer to the air that is as effective as to the water in the standard
flat plate collector. Hence it is necessary to héVé ah air throughput of

3

Ah m ih about.48hFC seconds,

Flow = A/4BF m3s-]

’where A is in squafe meters. For a 3mZ area domeStic insta]]ation, a flow

371 s required, which implies a cbrreSponding]y high

3.-1

of about 0.03 m°s”

displacement for an engine, about 1.].ft s”' during peak insolation. Note
thét the rate is‘indepehdent of the height of the bok'(to first order).

~ The abovevpeak disp]acément rate is high, but achievable. If, however,
the héat input to the engfne Fluid is from stored hot water, then the engine
can work for 24 hours per day rather than being requiréd to utilize all the
insolation during the 6-8.hours per day of its maximum'value. Thus a lower

35-1 or less, is allowable.

and more convenient displacement rate, of 0.5 ft sj
The above has assumed a heat transfer rate to the air that is as

effective as that in a water cooled flat piéte collector. The date mentioned

above of 3 ft3min'] air flow rate for a 50 C° temperature rise [21], indicates

a heat removal that is about 1/20 of that required, néme]y 66 ft?min'],

Similar results were obtéined in experiments we perforhed using a very

inexpensive heat transfer material.
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Scrap lathe turnings were blackened by 3 methods: 1. Black spray
paint (expensfve); 2.‘ Torching with an acety]ené'f]ame; 3. Placing a
pile of turnings over cotton soaked in toluene and ignited. Of ihese,
method 2 was the most useful. A flat plate collector box with a single
plastic sheet window was filled with the turnings;.the measured parts of
which attainedvan equilibrium temperature of 120°C.;5§nd maintained'_

about 87 C° when air at about 10 ft3min~!

min~ ' was blown through the box. The
exit temperature of the air was 78°C , (about 50 C°1above ambient). @nv
proved results would be obtainable with a 2 glass window collector) How-‘
ever this method is not favoured for engine app]icétion since power is
wasted in fofcihg air through the collector.

It appears better to extra;t heat from hot water for 3 reasons:
1. Standard water cooled flat plate collectors can be used; 2. Less
energy is required to pump liquid through the col1ectpr than to blow aif
at sufficient rates; 3. Stored heat in water can be used to operate fhe
engine at night and on overcast days, thus ]engthénfng the work time and
reduding the displacement needed fof the engine.

We consider.utilization of the heat in the hpt_air expelled in the open
cycle exhaust phase. For space heating purposes the air‘can be fed direct]y
into the necéssary regions with the usual fan assistéd ducting. . However,
some of the heat, at least some of the time, might be better utilized by
~ returning it to_the primary c]osed'loop water systém.}n the solar co]]éctor@i
or to the secohdary hot}watef storage Sysiem. This needs an_effective'aik

to water heat transfer system, perhaps based on a caf_radiator design

(operated for reverse purpose).

ii) Compression. As described above, greater engine cycle efficiency
is obtainable if compression above atmospheric pressure is used. The .

corresponding temperature rise should be appreciably less than that required
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to attain T2. otherwise excessive heat transfer times are involved. In
section a)ii), it was concluded that a reasonab]é'operationvcyc]e involved
a compression (volume) ratio of about 5:4. This wou]d increase the pressure

by about 9%, or about 1.3 1b in2.

This is s]ight]y‘beyond the pressure
reached by fan type compressors. The lattef are élsbvrather fnefficient,
a]though'inexbensiVe. Rotating vane or reciprotatiﬁg piston type cbmpfessors
readily attain such pressures;'usua] commercial types are designed for
rather higher pressures. They are also somewhat inefficient (60-90%), both

because of power losses in the electric drive motor (if'one is used), and
thfough leakage in valves, and past the vane or piston,-énd also through
wasted heat géneration in the compressor chamber.‘-‘

For these reasons alone, care in considering the:use of compression

cycles is necessary. Anvadditiona] point of concern is leakage in the
fluid storage chamber in which the fluid is compresséd, since storage'

must be long enough for sufficient heat transfer to take place (portion

b-c of the P-V cycles in Fig.'4).

iii) High Pfessure Flat Plate Co]]éctor. Some tria]s'were carried out
with storage chambers invo]ving heating of the air.by masses of blackened
lathe turnjngs exposed to sunlight. Even in a Lenbfr cycle, the pressure
of a sun-heated sealed air volume can rise by about‘IO%. In a normal flat

2 on the inner

plaie collector, this causes pressures of about 1.5 1b in~
glass window, which would crack a single 4' x 2' sheet of 1/8" glass,
whether normal giass or strengthened. From tab]es‘§f glass sheet specifi_
‘cations, it was'decfded that 2' x 1' panes of normal glass, 1/4" thick,
should withstand the pressure. It is desirable to‘usé'norﬁaiyglass since

tempered glass is expensive, often has inconvenient delivery times, and

cannot be cut or modified after tempering.
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The construction of the high pressure flat plate collector is shown -
in ng; 8. A plastic sheet was pressed againsf the 4 glass panes, thereby
preventing air>1eaks at the edges where they wér¢ jn’contact. These o
regions were also covered by supporting timber cross members as shown.
'A1though 3/4" thick plywood was used for the box, with glue between the
plys, it was fdund that.air leaked readily through the first ply, along
the glue plane, under the bo; side.wa1ls, and out.. it was necessary to-.
paint the inside of the box with three coats of epoxy to stop detectabie
leaks of this kind. The glass window edges were ﬁeid‘down by angle iron
segments, and rubber bead sea]s'used all round. ,Thésé precautions reduced
leakages greatly, but nevertheless a leakage remaingd, corresponding to
a pressure‘drop rate of.about .036 1b in°2 per mihute, at a pressure of
1 1b in"2. The box did withstand 1%-1b in~2 pressure, as required,
and was of re]ative]y simple and inexpensive construction. In order to
overcome the effects of the small remanent leak rafe,:a sufficiently high
heat transfer rate and work cycle rate would have to be used. It was
concluded, a1th6ugh tentatively, that a better overé11 approach might
be to use a seéled metal drum as the pressur: stQ?agé chamber and transfer
heat into the stored fluid by running solar heatéd water through it.
This gives the additional benefit mentioned-ear]ief; that normal flat

plate collectors can be used and the solar heat can be stored in the water

for use at any convenient time.

iv) Ehgine-Compressor Design. -Because of the unsatisfactory efficiencies
of commercial.air compressors for low pressure solar application, a
compressor-engine assembly was constructed specifically for the purpose.

To minimize losses, a reciprocating piston type was u$ed. Brass tubés

of 3" diameter were chromium plated on he inside and fitted with aluminum
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pistons coated externally with teflon. Thé 1-1/2f long piston cups were
fitted with steel push rods using a simple hingei..Mass in the moving
assembly was minimized.

To reduce air leaks in the valves, and also to réduce work 1bsses' |
in opening thé.valves against pressure, sliding types were used. A
picture of the assémb]y is shown in Fig. 9. The eghaust valve in partly
open position is seen, consiétfng of an aluminum cy]inder fitting neatly
over slots in‘the brass cylinder wall, just in frént of the inlet valve
which is interna] and not visible. This valve was_df a similar design.
~ Excellent results were achieved for it using avshortened s]otted syringe
body and intefnal plunger. The two valves were ééiivated by a lever L
which.was pushed by a rod whose other end slid on>£he piston rod using
a teflon bea;ing B. Valve timing was readily adesfed by moving the stops
on the piston rod which bore against B during the'stroking. |

To minimize parts, the two tompreséor'Cylinders”ﬁefe made to also act as
engines. A’fé]ling weight system rotated the'p0i1ey-seen on the RHS of'
the photo, which drove the ﬁistons and thus pumped up'the'col1ectqr box.
Sun derived heét further increased the press-ire. Aféimp1e chéngeover
lever situated between the cylinder then revefsed tﬁe_actions of‘the
valves in the two cylinders, thus converting them to engines. The pressure
in the box was then used to thrust the pistons and rotate the pulley,
raising the Wéight systeh again and doing extra W6ka |

The aboveHOperation is a staggered open Otto éyc]é, Air is éompressed;
heated; exbandé.doing work and is then exhausteditb the atmosphere. The
_ compressidn aﬁd work-exhaust strokes are staggered into a number of small
strokes, thus avoiding use of a single large cylinder and.piston, or else
a narrow cyTihder with an}extreme]y long stroke,<efther of which are

inconvenient. .
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Experience with the above assembly, which withstood weathering well,
led to several ponclusions. The teflon coated piston in the chrome
plated cylinder was effective in virtually e]iminaﬁing appreciable leaks
without the use of lubrication. (The latter in fact caused binding.) The
sliding valve system operated on very low pressures7énd the inlet valve
syringe assembly was sufficiently leak tight. Howevér, the exhaust valve
(outer cylinder slots) was less effective due to é iess perfect sliding
fit, and required modification. The engine cylinder could operate the

2

5 1b flywheel on a drive pressure as low as 0.036 ]b'in” (1" water head,

or 2.5 gm cm'z); giving 18 rpm. This gives an indfcation of the great

reduction in friction losses since the piston areé was approximate]y 6 inz;
giving a thrust of approximately 0.2 1b wt. and a torque at the flywheel

of .025 1b in (2.5 in. piston stroke, 1%—in. crank length). However, the
permanent slight leak rate remaining in the storage.box was sufficiently
great to serioué]y affect the pressure rise due tovsblar heating of the
air. In addition, the dead vo]ume in the valve system at the end of the
compression stroke needed to be reduced. .

For the latter reasons it was concluded that'thé'above approach, to
be.successful, required further refinement. Alternative techniques seemed
well worth study. These would avoid the usual e]eménts of a compressor,
vanes and pistoné, altogether. Instead, advantage wbu]d bé taken of the
relatively low. compression needed in a solar hot air cycle, néme]y abdut
5:4 [section a)ii)]. This allows use of an elastic membrane permanently
sealed over the storage reservoir. Such membranesvcan readily be stretched
inward by an amount needed to achieve the necessaryiéompression, using a
variety of possible mechanisms. Heat transfer to thé compressed air can

be achieved by running solar heated water through pipes threading the

storage volume, or spraying the water in directly. The latter results
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in some water vapour loss during open cycle exhaust but the large surface
area of the multitudinous drops promotes rapid and effective heat transfer.
Trials indicated that 90°C water applied over a wettab]e porous area of

3 in2 surround1ng an air volume of about 2 1n3, caused heating to close
to the water. temperature in less than 1 second.

Experimehtation along the above lines can fo]qoﬁ several paths and
finding the best method involves appreciable reseerch and development,
comparable with that applied to other systems suth;as‘1ow temperature
Rankine cycle.engines and higher temperature hot»air systems such as

Stirling engihes." In view of the points described in this paper, such

effort appears well worthwile.

4. CONCLUSION

One practical economic approach to-solar'power‘geheration is the
fitting of parasite thermal engines to flat p]atéeorvsolar pond collector
systems that are cost justified in their own right as producers Qf hot
water. It is important that the reject heat from the engine be at a
sufficient temperature for recycling or dirert usage; so as not to affect
the economics of the collector system. Open cycle hot air engines seem
to satiSfy this requirement best. The theory of suehvengines suggests
using a compression'of about 5:4 for the present application, in an Otto
or Brayton cycle. Some practical experience with,hjgh pressure flat plate
collectors and staggered reciprocating piston compressor-engine designé
is reporfed. Reéearchvis required on estab]ishing’ﬁhe optimum methods
of rapid Tow temperature heat transfer and minimumfioss compression in
order to reé]ize the advantages of the approach. 'The advahtages include
1) effective use of all 1nput energy, 2) no speciai‘materia1s;required,

3) no extra co]]ector systems required, and 4) no cooling water nccessary.
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CAPTIONS

a) Plot of collector efficiency F_ versus difference between

water outlet temperature and ambient for a PPG prototype

Baseline Solar Collector [2]. Insolation is 300 BTU/hr ft

(approximately 950 Kim™2), ambient air temperature 70°F (21.1°C).

~Two 1/8" glass windows and 3" insulation at the back are used.

b) P]oi of FC versus ratio of temperature dffference (between
inlet fluid and ambient) to inso]ation)for:a’c011ector Fabri;

cated at NASA Lewis Research Center [1], ahd'So]apak collector
(Beasley Industries, South Australia). Ambiént}temperature'

75°F (23.9°C), flow rate 1/3 gpm.

Energy band edges and Fermi level versus distahte from surface
of semiconductor. Light photons penetrate about 25 microns in
silicon and cause electron excitation from'Valence to conduction
band by'émount depending on photon enefgy (gréater than band
gap). The negatively charged electrons and_bqsitive "ho1és“
swept in opposite directions by the electric ffe]d before

internal recombination can occur.

. = i 3 | A i
Product‘ﬁo_ Fc?c where F_ is taken from Fig. j(a) ant 77, is
Carnot efficiency (1 - T]/Tz), plotted versus temperature

difference (collector outlet minus ambient).

Plots on pressure volume and temperature entropy planes, of
4 engine cycles (ideal, air standard). In all cases a-b is
isentropic compression and c-d is isentropic‘expansion,

effectively adiabatic. For the 4 cycles, b-c is (A) isothermal

expansion, (B) ronstant volume heat addition, and (C,D) constant




Fig. 5.

Fig. 6.
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pressure heat addition. The portion d-a is (A) isothermal
compression (B,C) constant volume heat'rejettfon and (D) constant
pressure heat rejection. In an open cyc1e-in-(B,C,D), the air
1s re1eased_at d, and a new cycle effectivéiy commences at a,

with a new charge of ambient temperature,air. 

Pressuré versys volume in a Lenoir cycle, plotted numerically
for the temperatures, pressures and compreésion shown. If the
expanéion is staggered using a reciprocatiﬁg}piston engine and
the exhéust vented to the étmosphere; the eqﬁfva]ent cycle is

as shown on the RHS.

sectier A 135 L.
Plot of closed Lenoir cycle (equ1va1ent to open cycle) efficiency

versus ratio of upper to lower temperature,’ The subscripts A and

B refer to the work areas labeled as such in Fig. 5. The Carnot

efficiency d1v1ded by 6, is a]so shown.

Fig. 7.
Fig. 8.
Fig. 9

Plot of T, in an Otto cycle (see insert) versus inverse compression

3
ratio.
Diagram of construction of low cost high pressure solar collector.
Heat exchanger in this case was blackened ]athe_turnings for

heating air.

Photogréph of compressor-engine assemb]y;'Aiuhinum sliding cy]ihders :
close énd open exhaust valves, just visible as slots to the left

of aluminum. Valve lever L is actuated by pﬁshrod with teflon bearing
B fitting over pistoh rod. Crankéhaft, flywheel and pulley are visible
on right. Small unti between the brass cylinders néar left side is
engine/compressor valve reversa‘r1ever, actuated by a nylon thread

(not visible) attached to pulley rope.
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REGULATION OF GLUCOSE-6-PHOSPHATE DEHYDROGENASE IN SPINACH CHLOROPLASTS.
BY RIBULOSE-1,5-DIPHOSPHATE AND NADPH/NADP+ RATIOS*

KLAUS LENDZIAN** AND JAMES A. BASSHAM
Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory

University of California, Berke]ey; California 94720

SUMMARY

| The activity of g]ucose-s-phosphate dehydrogenase (E.C. 1.1.1.49)
from spinach chloroplasts is strongly regulated by the ratio of NADPH/NADP+,
with the extent of this regulation controlled by thé'cénc;ntration of
ribulose-1,5-diphosphate. Other metabolites of the reductive pentose
phosphate cycle are far less effective in mediating tﬁe regulation of
thé enzyme activity by NADPH/NADP+ ratio. With a ratio of NADPH/NADP+
of 2, and a concentration of ribu]ose-],SAdiphosphate'of 0.6 mM, the acﬁivity
of the enzyme is completely inhibited. |

This level of ribulose-1,5-diphosphate is well within the concentration

range which has been reported for unicellular green a19§é photosynthesiiing
in vivo. Ratios of NADPH/NADP+ of 2.0 have been measured for isolated

spinach chloroplasts in the light and under physiological- conditions.

S:nce ribulose-1,5-diphosphate is a metabolite unique to the reductive
pehtose phosphate cycle and inhibits glucose-6-phosphate dehydrogenase
in the presence of NADPH/NADP+ ratios found in c]orop]asts in the light,
it is proposed that regulation of the oxidative pentose phosphate cycle
~ is accomplished in vivo by the levels of ribu]osé—l,S—diphosphate; NADPHQ

and NADP+.
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It already has been shown that several key reactions of the reductive
pentose phosphate cycle in chloroplasts are regu]atéd by levels of NADPH/NADP+
or other electron-carrying cofactors, and at ]east,ohe key regulated step,
the carboky]ation heaction is strongly affected by 6-phosphogluconate, the
metabolite unique to the oxidative pentose phpsphate cycle. Thps there is
an interesting inverse regulation system in chloroplasts, in which reduced/
oxidiied:coenzymes'proVide a genera1 requlatory mechéniém. The reductive
cycle is activated at high NADPH/NADP+ ratios wheré thehoxidative cycle is
inhibited, and ribulose-1,5-diphosphate and 6-phospho§1u¢onate prpvide further

control of the cycles, each regulating the cycle in which it is not a metabolite.

* Reprint requests should be addressed to the secdndpauthor,
- ** Present address: Institut FUr Botanik, Technische Universitdt,

8 Minchen 2, Arcisstr. 21, w.—Germahy. |
Abbreviations: RPP reductive pentose‘phosphate' 0PP, oxidative pentose
phosphate; PMS phenazine methosu]fate, R1bu1 1,5~ PZ’ ribulose-1,5- d1phosphate,
Ribui-5-P, r1bulose-5 phosphate Rib- 5-P, ribose-5- phosphate, Fru-6-P,
vfructose-6 phosphate, Fru-1,6- P2, fructose-1,6- uuphosphate

INTRODUCTION

Within chloroplasts of green planf cells, the reductivé pentose
phosphate cycle (RPP cycle, Calvin cycle) [1] opérates during photo-
.synthesis in the ]fght, whereas the oxidative pentose phosphate cycle
(OPP cycle, hexose'monophosphéte shunt) operates under conditions. of
cell respiration»such as in the dark [2,3,4,5]. Although the RPP cycle
is driven by ATP and NADPH formed by light reactions in the pigmented



COuwvalduidye

chloroplast membranes, and the OPP cycle generates NADPH by the oxidative
metabolism of carbohydrate reserves, mass action by the levels of these
cofactors would be én’insufficient regulatory mechanism for controlling
these two cycles and preventing wasteful reactions;v In particu1ar, the
free energy change accompahying the oxidation of glucose-6-phosphate to
6-phosphogluconate with the concurrent reduction of nADPY to NADPH is -
from -8 Kcal to‘-12 Kcal, depending on metabolite cohﬁentrétions’[G].
This reaction, mediafed by g]ucose-6¥phosphate dehydrogenaée is’c1ear1y
rate-limiting, éven during operation of the OPP cycle. No.conceivable
physiological levels of the reactants and products could control it through
mass action [6]. |

Kinetic tracer studies with unicellular algae demonstrated the immediate
appearance of 6-phosphogluconate when the light was fhrned off [7] or in
the 1ight following addition of Vitamin K [2,7]. The primary effect
of Vitamin Ky addition to the algae is thought to be tHe diversion of elec-
tfons coming from the 1ight reactions, resulting in‘avdEEreased ratio
of NADPH/NADP+, sfmilér to that which occurs when the light is turned
off. The appearanCe-of 6-phosphogluconate, which occurs also in isolated
spinaﬁh chlorop1ast$,upon éddition of vitamin KS’ is considered to be
an indication of operation of the OPP cyc]é [2,7]. |

Other results of kinetic tracer studies with algae’and eiihér light-
dark changes or Vitamin K5 addition suggested that activation of glucose-
6-phosphate dehydrogenase and of the OPP Cyc]e was. accompanied by decreased
activities of key Eegu]ated steps of the RPP cyc]é ihcluding the conversion
of ribulose-5-phosphate to ribulose-1,5-diphosphate, mediated by phéspho—
ribulokinase (E.C.2.7.1.19), the carboxylation reaction mediated by ribu-

lose diphosphate carboxylase (E.C.4.1.1.39), and the conversions of
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fructose-],G-diphosphate and sedoheptu]ose-],7fdipﬁbsphate to fructose-6-
phosphate and sedoheptulose-7-phosphate respectively, mediated by hexose
diphosphatase (E.C.3.1.3.11) [2]. Each of these reactions is unique to
the RPP cycle, and each is characterized by a large negative free energy
change under steady-state conditions in thé light [6]; Thus there is an
inverse re]étionship between the rate-limiting step pf the OPP cycie'
(activated at Tow NADPH/NADP® ratios) and the rate-limiting steps of the
RPP cycle (activated at high‘NADPH/NADP+ ratids).

Besides these ig.!i!g_Studies, some investigatidﬁs of enzymatic
activities suggested that NADPH/NADP® ratios could provide a general
regulatory control in chloroplasts. Under certain conditiqns ribulose
diphosphate carboky]ase is activated by NADPH [8], while the activity
of g]ucose-6-phosphéte dehydrogenase.is stimu]gted by NADP* [9]. In the
case of the ribuiose diphosphatevcarboxylase, howeief,'enzyme activity
wés a]so-strongly-éffected by physiological levels of 6¥phosphogiucohate.
Thus, the metaboiite‘unique to the OPP cycle was affecting avreaction
unique to the RPP cycle. This ied us to consider whefher a metabolite
unique to the RPP cycle might affect the activity of ah'énzyme unique to -
the OPP cycle. ' R

.~ Furthermore, with either darkness or Vitamin K. addition; the one
metabclite of the RPP cycle which drops to a Qefy low concentration |
compared with its concentration in the.light is ribulose-1,5-diphosphate,
the carboxylation substrate. This suggested the possibiiity that thé |
high level of ribuiose-],s-diphosphate in fhe light might agt to suppress
the activity of g]ucosé-G-phosphate dehydrogenase. Finally, Pelroy,
et al. [10] foundvthe glucose-6-phosphate dehydrogenase activity of several

strains of blue-green algae to be inhibited by physibiogical levels of



ribulose-1,5-diphosphate. In this report we describe the effect of ribulose-
1,5-diphosphate in amplifying the regulatory effects of NADPH/NADP+
ratios on glucose-6-phosphate dehydrogenase activity, and as a function

of pH.
MATERIALS AND METHODS

Young'spinéch leaves of approximately the same.age were harvested
from outdoor-grown pfanfs after a 16-hour dark period. Chloroplasts were
- isolated according to the method of Jensen and Bassham [11]. The resulting
chloroplast suspehsion in solution B contained about 2mg chlorophy11/ml.
For Comparative studies whole chloroplasts from the same batch of leaves
were isolated and the soluble chloroplast protein sofUtion was separated
from the chloroplast lamellae using the method described by Bassham
et al. [12], except that the chloroplasts froh one batch were disrupted
in 1 ml of solution Z [12]. The isolated chTorob]asts and the soluble
proteinlfractidn were always kept in the dark at 2°C and were used
immedfate}y for the glucose-6-phosphate dehydrogenase assay.
Glucose46-phosphate dehydrogenase standard assay mixtufes contained
36 mM triethanolamine/HC1 buffer (pH 7.6), 10 mM MQC]Z, 0.6 mM NADP+,
1.0 mM glucose-6-phosphate and 0.1 ml of the chlorop]aét suspension
or 0.2 ml of the solution of chloroplast soluble proteins in a_finaT
volume of 2.1 ml. The concentrations of different metabolites of the
RPP cycle and of NADPH added to’the_assay mixture aré ihdicated in
the legends. Thevenzyme asSays‘were carried'out undehva nitrbgeh atmosphere
and all solutions were f1u$héd with hitrogen before hse; The chloroplasts

were osmotically destroyed upon being pipetted into the‘hypotonic assay
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solution, thus releasing the g]ucose—ﬁ—phosphéte dehydrogenase and other
soluble enzymes'into the test medium. The reduction of NADP' was measured
spectrophotometrica]ly at 340 nm in quaftz cuvettes of 1 cm light path - |
using a Cary 11B spectrophotometer. Assays were performed at 20°C. The
reactions were started by addition of the subétraté. No detectable
increase in absorbance was observed when substrate or NADPf was omitted.
References alwéys were run without substrate. Enzymé a&tivity is expressgd
as amount of NADP+ reduced per minute and per milligram chlorophyll and
is calculated from the initial reaction velocity. |

As both Ql&tose-s-phosphate dehydrogenase and-6-phosphog]uconate dehy-
drogenase (E.C.1.1.1.43) are present in spinach chloroplasts [13], three
assays were perfofmed tb show that the presence of 6-bhosphog]uconate dehy-
drogenase does not interfere with assaying g]ucosee6—phosphate dehydro- .
genase. One assay contained 1.0 mM g1ucose-6-phosphate and 1.0 mM 6-pho$pho—
gluconate, the other two contained é]] ingredients p]us‘glucosefs-phosphate
or 6-phosphog1uconate, respectively.

The sum of the initial reaction velocities of both enzymes determined
in separate assays was equal to the total initial‘reagtion velocity when
both enzymes were assayed simu]taneousiy in the same féaction mix;ure.
Thus under the cqhditions described above,the presence Of 6-phosphogluconate
dehydrogenase dfd not interfere with the measuremen;'of‘glucosé-G-phosphate
dehydrogenase activity. | | |

Assay mixturés for the measuremént of G-phosphogTqunate dehydrogenase -
were the same as for glucose-6-phosphate dehydrogenase except 1.0 mM 6-
phosphogluconate was substituted for glucose-6-phosphate. Chlorophyll

was determined according to Vernon [14].

For the determination of NADP® and NADPH 1eve1$_in chloroplasts in

the dark and during CO2 fixation in the light whole ého1oroplasts were -



isolated and were allowed to photosynthesize according to the procedure
described by Jensen and Bassham [11]. A fluorometric method for measuring
pyridine nuc1eotide levels in animal tissues described by Cartier [15] has
been modified to détect very small amounts of pyridine nucleotides in
chloroplasts whi1é using a simple and rapid method for prepafing samples
from a kinetic experiment with'photosynthesizing chloroplasts.

The following procedure was used: 0.02 ml sampTesvwere removed from
a chloroplast suspension capable of fixing 002 in'thev]ight and Qere
immediately injected into}either 0.05 ml 0.1 N NaOH (t0'destroy'the oxidized
pyridine nucleotides and keep the reduced ones) or 0.05 ml 0.1 NVHC1 (to
destroy the reduced pyridine nucleotides and keep the oxidized ones). The
resulting samples were then immediately heated at 60°C for 20 min. Within
that time'thé reduced pyridine nucleotides in the acid and the oxidized
ones in the base are completely destroyed. After heatiﬁg, the samples were
kept at 0°C. Chloroplast debris were'spun down at 12,000 x g for 10 min.
The supernataht was used directly for the determination of NADP® and NADPH.
antro]s cbntaining internal pyridine nucleotide standards were used for
a standard calibration curve.

For the determination of NADP® and NADPH the fol]owihg reaction.
sequence (continuous cycling) was used:

glucose-6-phosphate
- —> 6-phosphogluconate + NADPH

Glucose-6-phosphate + NADP+

—

dehydrogenase

‘ . .
NADPH + PMSoxyd. —> NADP  + PMsred.

PMS + resazurine —> PMS + resorufine

red. oxyd.



The e]ecfrons from NADPH are transferred to resazurine, which is
reduced to the highly fluorescent resorufine, In this redox chain the
amount of resorufine is direct]y proportional to thé amount ovaADP‘+ or
NADPH if these coenzymes ére present in concentrations lower than the Km'
The assay contained the following components in a final volume of 0.905 ml:

triethano]émine/HC], pH 7:8,v77 mM (0.7 m1); |

MgCl,, 2.2 mM (0.02 m); | o

glucose-6-P, 2.2 mM (0.05 m1);

dipyridyl, 14 W (0.02 ml);

PMS, 0.55 mM (0.05 ml);

resazurine, 10 WM (0.05 ml);

g]ucose~6-phosphate dehydrogenase, 15 ug disso]ved‘in triethanolamine

| buffer, 50 mM, pH 7.8 (0.015 ml); |
'0.005-0.02‘m1 samples for NADP' or NADPH determination. The concentra-
tiohs indicate the final concentrations in the iest system.

The optimal values for both the strength of.the triethanolamine buffek

2+ were determined by their respec¥

and the concentration of the cofactor Mg
tive stabilizing and enhancing effects on the enzymatic reaction. The
buffer in the'concéntration used does not quench the,f1uorescent dye signi-
ficantly in comparison to final buffer concentrations'hjgher than 80 mM.
Moreover, the capacity of the buffer is so high that-the addition of the
acidfb or basic samples does not shift the pH of the téSt system signifi- |
.cantly. In this'wéy it is possible to avoid a procédure in which the samp]es‘
with the pyridine nucleotides must be neutralized before measuring.~ Such
neutralization procedures are difficult and time consumihg because of the

small sample sizes and the necessity of avoiding any localized pH “overshoot"

which could destroy the pyridine nucleotides being megsured.
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The reaction was started by addition of the samples containing NADP+

or NADPH after the base 1ine of the recorder was adjusted and straight.
The measurements were run in a 10 x 3 mm cuvette (3 mm side turned towards
the excitation beam)'af 20°C with a Hitachi MPF-ZA‘spectrofluorometer coupled
wfth a Hitachi recorder (sensitivity range 4, 5 or 6). The excitation wave-
length was 540 nm with a band width of 8 nm; the inerease of fluorescence
was followed at 580 nm with a band width of 8 nm. vThe'assay permits the
determination of both NADP® and NADPH. NAD® and NADH de not interfere with
the test system because NAD+ cannot be redpced by g]ucbse-G—phospHate
dehydrogenase. NADH is of course oxidized by PMS to‘NAD+, and PMSred
reduces resazurine; however, this reaction is very fast and the increase
of resorufine on]y raises thevbase line, which is then adjusted before the
enzyme reaction with the triphosphopyridine nucleotides is started.

" The chemicals were obtained from Calbiochem, Sigma and MCB (resazurine).
The acid forms of ribulose~-1,5-diphosphate and 6-phqsphpgluconate Qere gene-
rated from solutions of the respective barium and tri—monotyclohexy]ammonium

salts with Dowex-50.
RESULTS

Glucose-6- phosphate dehydrogenase from whole sp1nach chloroplasts
1ncubated with 1 mM Ribul-1,5- P2 was inhibited about 60% in the presence
of just saturat1ng amounts of its substrate glucose-6- phosphate and 1ts
.coenzyme NADP (Tab]e I). Other intermediates of the reduct1ve pentose
phpsphate cycle caused less than 10% inhibition except Ribui-S-P with an
inhibitory effect of 18%. -
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The stability of the inhibitory effect:of Ribul-1,5-P, over a certain
period 6f time monitored in.thé test cuvette at 340 nm was directly dependent |
(on the conditions under which the assay was conducted. Since therevwas ;

2+ concentration of 10 MM in the assay, one had to expect possible CO2

a Mg
dark fixation in the presence of C02 and Ribu]-l,S-Pz-[]GJ which would reduce
the actual Ribul-1,5-P, concentration. Under aerobic conditions the inhibition
of the enzyme activity by'Ribul—l;S—P2 was indeed S16w1y decreasing during
the assay indic&ting the consumption of Ribu]—],S-Pé by the carboxylation
and/or oxygenase‘reaction. A further addition of Ribu]-],s-P2 to the assay
mixture during the assay brought the amount of inhibition back to the
original value. ‘Under anaerobic assay conditions, achieved under a nitrogen -
atmosphere, the inhibition remained stable during the time the enzyme acti-
vity was monitored. Therefore all assays were conducted under a nitrogen
atmosphere and with solutions previously flushed with nitrogen. ‘The'anaero-
bic environment had no effect on g1ucbse—6—phosphatevdehydrogenase activity.
As the whole chloroplasts were lysed in the assay mixture, releasing
glucose-6-phosphate dehydrogenase and the'o£her soluble Componénts from
the compartment within the outer ch]orop]ast'membranes,-the Tamellae also.
remained in the test solution. This fact caused the problem of inhdmogenity
as the lamellae slowly sank to the bottom of the cuvette changing s1ightly:»
the intensity of the 340 nm light beam going through thé cuvette. This
disadvantage could be eliminated by either using a refefence cuvette with-
out substrate or by using a soluble chloroplast protein solution without
the lamellae as the enzyme source. The effects of different metabolites
of the reductive pentoée'phosphate cycle on g]ucose-6—phosphate dehydro-
~genase in the so]ub]e protein soiution alone are not significant1y\&
different from those obtained by lysing whole ch]orobiésfs in the assay

mixture (Table I).’ As we added the same amount of eh?yme to both kinds
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of assay, these results are not unexpected. In preliminary experiments
(data not shoWn) we already could show that the affinity of glucose-6-
phosphate dehydrogenase for sﬁbstrate and coenzyme did not change due
to the different way of handling the enzyme before aSSaying. For all
‘further experiments we used the soluble chloroplast brotein solution
as a source for glucose-6-phosphate dehydrogenase. | |
6-phosphog1uconate dehydrogenase, the second key’enzyme in the

OPP cycle is unaffected by Ribul-1,5-P, and the other metabolites tested
and was therefore not the subject of further investigations.

" The inhibition of glucose-6-phosphate dehydrogenaée by 1 mM RuDP
could be demonstrated in the presence of just saturating substrate
and coenzyme'concentrations. However,undér physiological conditions the
concentration of the coénzyme'NADP+ is subject to drastic changes within
the'ch10r0p1a§ts [17]. "Fig. 1 illustrates the change of enzyme activity
at decreasing NADP+vqoncentfations and increasing Ribu1-1;5—P2 levels. |
Both decreasing the coenzyme concentration and incréasing thé Ribu]f],S-Pz
concentration results in a decrease in enzyme aétivity; In other words the
lower the coenzyme concentration the more effectivé‘is the inhibition by |
Ribu]-],S—Pz.' At a saturating NADPT concentration oflO.S mM the eniyme
activity can be inhibited to 50% by 0.7 mM Ribu1-],5-P2; at 0.01 mM NADPf
1t can be inhibited to 50% by only 0.25 mM Ribul-1,5-P,; that is an inhibi-
tion of about 90% of the activity found at saturating NADP* concentrations
and without the addition of Ribu]—l,S-Pz. |

In a p]dt of 1/v versus ]/[NADP+] at different levels of Ribul-1,5-P,

using the data ffom Fig. 1.it can.be shdwn.that the inhibition of chloroplast
g]ucose-ﬁ-phosbhéte dehydrogenase by Ribu]-],S—Pé givés a noncompetitive
inhibition pattern in respect to the coenzyme NADP+‘(Figf 2). The Km

value for the coenzyme is calculated from the figure to be 55 uM. At that

|
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NADP™ concentratioh (half-saturating) there is about 50% of the enzyme - -
activity at saturating concentrations. This can be detreased to 25%
by addition of 0.5 Ribul-1,5- -P,. |

The activity of glucose-6-phosphate dehydrogenase is, however,
not only determined by the actua] concentration of its oxidized coenzyme
NADP but also by the concentration of the reduced one [9]. NADPH is
a competitive 1nh1b1tor of the enzyme activ1ty in respect to the ox1dized
NADPT (Fig. 3).

"To demonstrate how NADP' and NADPH levels are changing io‘intact
spinach chloroplasts during dark-light-dark transitions, these tw0'coenzymes
were measured in ch]oropiasts which were allowed to photosynthesiie. The
levels of NADPT and NADPH levels are subject to very fast changes after
a dark-1light or a light-dark transition (Fig. 4). In the light NADP
is reduced very rapidly to NADPH. After about 1 min the levels of NADPH
and NADP+ reach steady-state values. Upon switching off the 1igﬁt a rapid
oxidation of NADPH takes place. The changeo of the NADPH level in the

chloroplasts are a'ways just opposite to those of the NADPY level. The
NADPH/NADPT ratios are about 0.2-0.5‘ih the dark but incfease after

a dark-1ight transition very fast up to 1.5-2.5 depending on a previous

dark phase or the pattern of dark-light-dark a]ternation (Fig. 4).

The antagonistic effect of NADP' and NADPH on chioropiast glucose-
6-phosphate dehydrogenase is demonstrated in #ig. 5, Where the enzyme
activity is piotted against different ratios of NADPH/NADP+. At pH 7.6
and a ratio of 1 the enzyme activity is inhibited up to about 50%. A complete
inhibition can be reached at a ratio of 2.4 and higher.‘ At pH 8.2, an
increasing ratio decreases the enzyme activity much fastet than at pH 7.6f

The inhibition is-already,compiete‘ét a NADPH/NADP+ ratio of 1.5. Full
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enzyme activity is maintained at ratios up to about 0.25 at both pH Qa]ues.

In a further experiment we were interested in the change of glucose-
6-phosphate dehydrogenase activity in_the presence of certain NADPH/NADP+
ratios and by adding increasing amounts of Ribu]-],S-PZ. For fhis experi-
ment we chose ratios of 0.5, 1.0, and 2.0 at a pH value of 7.6 (Fig..6).
Under these conditions Ribu]—],S—Pé became an even more effeCtive.inhibitor
in the presence of increasing NADPH/NADP® ratios. At a ratio of 1 the
enzyme activity is decreased by about 50% (cf. Fig. 5) corresponding to
the same enzyme activity at a half-maximal concentration of NADPY in the
absence of NADPH (cf. Fig. 1 and 2). In the'latter.case a concentrationv
of 0.5 mM Ribu]-],S-P2 was necessary for the inhibition of the enzyme |
activity up to 75%, while at a ratio of 1, a concentration of 0.3 mM
Ribu1-1,5-P2'has already the same inhibitory effecf. At high NADPH/NADP+
raties such as exist in chloroplasts in the light jg_!jxg_[17], the
inhibitory.effect of Ribu]-’l,5—P2 becomes even strongef. Addition of 0.5
mM Ribul-1,5-P, at a ratio of 2 brings the inhibition to nearly 100%.

With an increase in pH of the assay mixture to a value of 8.2, the
relative inhibition by Ribu]—1,5-P2 within a concentration range from
0.1-1.0 MM is not different from that at pH 7.6 (Fig. 7). Even with an
NADPH/NADP+ ratio of 0.5 there is no difference in the relative inhibition
at the two pH values. However, the iﬁhibitory effect o%'beu1-1,5-P2 |
incfeases at higher ratios. This effect is even more-éeveré at the'high
pH.(cempare the two curves for the ratio of 1 in Fig. 6 and 7). Thus, _
Ribul¥1,5-P2 is a most effective inhibitor for glucose-6-phosphate dehydro-

genase at high NADPH/NADP' ratios and in a slightly alkaline medium.
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DISCUSSION -
In an earlier study [6] standard physiological free energy changes

of reactions of the reductive and oxidative pentose phosphate cycle were

measured during‘steady-state photosynthesis in Chlorella pyrenoidosa.
Using the criterion of large negative free energy changes as an indieator E
for reactions catalized by fegd]éted enzymes, the oxﬁdation of glucose-
6-phosphate, mediated by glucose-6-phosphate dehydrogenase, with a free
energy change of -8.4 kcal was already considered atreguIated step'in‘
the oxidative pehtose'phosphate cycle in chleroplasts. Direct measurements
of the enzyme activity in spinach chloroplasts have showh that the enzyme
is activated in the dark and inhibited up to 70-80% in the light [9].
This inhfbition in the 1ight occurs within the firstvminute after a dark-
light transition and is completed after 1-2 min i]]umination.

Another indication of the different activities of glucose-6-phosphate
dehydrogenase in light and darkness is the immediate appearance of 6-phospho—'
gluconate acid in the dark or with vitamin K addition-tn a substantial |

amount in tracer studies with spinach chloroplests [2] or Chlorella

pyrenoidosa [7]. This intermediate was not detectable in the light,

without vitamih K5 addition. These findings led to the concept of

‘exclusive opefation of the oxidative pentose phosphate cycle in the dark

‘and of the reductive pentose phosphate cycle in the Tight [7].

From results first indicated in an ear]ier»communication [9]vand
further e]aborated above, it is clear that the general regulation of
the activity of glucose-6-phosphate dehydrogenase is determined by the
ratio of the reduced to the oxidized state of its coenzyme NADPT . However,
the reaction in vivo, with a aG® of -8 to -12 Kcal, is essentially irre-

versible, and the concentrations of reactants and substrates have little
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or no effect on rate via mass action, since all are in.the 0.01 mM to
1.0 mM range. Thus a specific regulatory effect of NADPH and NADP®
on enzyme aétivity is required.

As the outer ch]Brop]ast membranes are impermeab]é towards pyridine
nucleotides, the total concentration of 6xidized plus reduced pyridine
nucleotides is quite constant ﬁnder certain physio]ogital condi tions
in ch]orop]ésts of different sourcés [17]. However; és the present
study showé,.the ratio of NADPH/NADP+ in spinach ch]orop]asts undergoes
drastic changes after dark-light or light-dark transifohs. Upon i1lumina-
tion of whole ch]orob]asts a rapid reduction of NAD.P-+ to NADPH by photo-
electrons occurs, increasihg the NADPH/NADP+ ratio. This ratio changes
from about 0.1-0.3 in the dark up to 2.0-2.5 in the light and drops
~again to its original‘value after a light-dark tkansition. In'contrast
to an earlier report by Heber and Santarius [17], the present study
shows that the ratios in'who1e'chlorop1asts determined during a dark
or light period are quite constant over many minutes. The ratio seems
to fall off slightly in a longer light period always accompanied by a
s]ight Ievelling'dff of the C02’fiXation'rate. It appears that the main;
tenance of a constént fixation rate is directly chrelated with at least
the ability of thé photoelectron flux to keep a certain. concentration
of_NADP+ in its reduced form. It can be assumed that the NADPH/NADP®
Eatio fs kept quite constant ig_gixg_maintaining-the highest level
of reducing power for reduciﬁg 3—phosphOglycerate and»for regu]qting
enzyme activities. The total amount of NADPH plus NADP'in whole chloro-
plasts illuminated or kept in the dark remains almost Unchanged; |
indicating that in our ch]ofop]ast preparatibns neither ai]ight-induced

conversion of NAD' to NADPY reported by Ci-Hama and Miyachi [19] occurs
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nor is an active phosphatase present which c]eaves either NADP -or |
NADPH to NAD+ or NADH [20], As the sum of the triphosphopyridine nucleo-
tides concentration in our measdrements is constanf; the occurence
of both kinase and phosphatase at the same time would at least have
no effect on the overall value of the NADPH/NADP' ratib and the total
amount of triphosphopyridine nucleotides.

The NADPH/NADP+ ratios determined in whole chloroplasts during
a light or dérk period can be simulated in reconstituted ch]orop]ést
preparations capable of photosynthesis [12]. In suéh preparatiohs;
all ehzymes'of the reductive and oxidativé pentose phbsphate cycle
are present as well as the chloroplast lamellae system. To this system
is added known amounts of NADPH and NADP+. In this system, glucose-

6-phosphate dehydrogenasé'activity is a direct reflection of the NADPH/

NADP' ratio present in the assay mixture. In the presence of high ratios
(up to 2.5) corrésponding to conditions during i1lumination in whole
chloroplasts, the enzymé activity is strongly or totally inhibited,

while with low ratios between 0.1-0.5 corresponding to the redox state ' _ o

in vivo during the dark, the enzyme is active. Ratios between these

two ranges are passed quickly during a light-dark tfanSition or dark-

- light transition. ‘ : - . - |
In whole ch]orop]asts, the kinetics of the changes of the NADPH/NADP+ o 5

ratio after turning off the 1ight are similar to thoéeﬂof the appearanée'

of 6-phosphogluconic acid in the dark in Chlorella [7], indicating the

operation of Qlﬁcose-ﬁ-phosphafe dehydrogenase. A simi]ar'correlatiohf

can be seen betwéen the kinetics of glucose-6-phosphate dehydrogenase

inhibition (as indicated by 6-phosphogluconate disappearancé) and increase

in the NADPH/NADP' ratio after a dark-light transition.
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It was reported earlier that the inhibition of glucose-6-phosphate
dehydrogenase in spinach chlorOplastS is complete after 20 min illumination

[9]. However with the improved technique for assaying the enzyme reported -

here we now see that the inhibition of the enzyme activity is complete

after 1-2 min light. This time period is the same asvthat'in which

| the ratio NADPH/NADP+ in“ch]ordp]asts increases rapidly and reaches

the level in the 1ight and G-bhosphogluconate diéappearSvin Chlorella
inlight. N |

In simulating the'NADPH/NADP+ ratio measured in whole chloroplasts,
the questiOn.of the proper concentrations of NADPH and'NADP+ arose. As
we do not knowvthe exacf volume of the chlorqplast édmpartment, we can
only roughly estimate the total triphoéphopyridine ﬁu;leotides concentration
to be between 0;05f1.0 mM. Since we chose concentratidns in the upper
part of this range and since the reported inhibition by Ribu]-l,S-P2 |
becomes relatively stronger with decreasing NADP' conCentrations, all
the described inhibitions should be even stronger ét Jower NADP® concentra- -

2 those concentrations were

- used which gave the maximal velocity of enzyme activity under our assay

conditions. A concentration of 0.4 mM Ribulél;S-Pz during_steady4

state photosynthesis inside the chloroplasts of photosynthesizing

~ Chlorella pyrenoidosa has been estimated, based on steady-state levels

of ]4C found during photosynfhesis with 14CO2 [6]. Thus, a concentration
in the range of 0.1—1.0 mM RuDP in spinach‘chloropTasts photosynthésizing-
in air (0.03% COZ)-may be within the normal physiolbgical range.

Another sét»of cbmpounds undergoing change in concentration between
light énd darkvare the adenylatéﬁ. It is known that ATP 15 involved

in the regu]ationVOf glucose-6-phosphate dehydrogenasefin several
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organisms [21-24]. However, ATP concentration has no effect on the
enzyme activity in spinach chloroplasts (Table 1), Expekiments with}
vitamin Ks_added to spinach chloroplasts demonstrated that while the
oxidative pentdse phosphate cycle is activated upon addition of the

vitamin in the 1ight, the ATP level is almost unaffected [2].' vDifferent

ATP concentrations in the presence of NADPH also have no inhibitory effect.

Thus there is ho'evidence for a regulatory participétion of ATP in the

operation of the:oxidatiVe pentose phosphate cycle in spinach chloroplasts.

Other key steps in the reductive cycle may also be affected by the
redox level of cofactors in the chloroplasts. The addition of vitamin
K5 to Chlorella, diverting electrons and inducing the operation of the

OPP as revealed by immediate 6-phosphogluconate appearance, also caused

a sudden rise in fructose-1,6-diphosphate and sedoheth]ose—],7-diphosphate'

[2]. This is indicative of an inactivation of the respective diphosphatase

activities. The hydfolyses of these two sugar'diphosphates to their

mohophosphates have been identified as key‘regulated steps of the RPP

~cycle from a variety of kinetic and enzymatic evidence [2,5,7]. Moreover,

ndw it appears that the conversfon of'fibulose-s-phOSphate to ribulose-1,
5-diphosphate, mediated by phosphoribulokinase, also étdps rapidly in the’_
dark, or upon diversion of electrons with vitamin KS [2,5]. There thus

appears to be a general regulatory mechanism in chloroplasts in which_

" the ratio of reduced to oxidized cofactors controls the activities'of the

principal regulated steps of the OPP and RPP cycles. While NADPH/NADP®

ratio is‘imp1icated in the glucose-6-phosphate dehydrogenase and ribulose

diphosphate carboxylase mediated reactions, control of phoéphoribu]okihase

and of hexose/héptose diphosphate mediated steps may bevvia the reduced

to oxidized ratio of some other cofactor such as ferredpxin [25,26]{_,It is



D0 . vasUi504

-19-
possible that anbther general regulatory factor could be the ratio of
adenylates, sihce-ATP/ADP-ratio, or ”energy—chargef‘is important in other
systems. However, there is little evidence for this in_spinach chlordp]asts
to date.

Besides the généfa] regu]atofy'mechanism, it is now clear that there
are some Specific metabolite controls. Thus iju]f1,S;Pé effecté the
g]ucoSe-G-phosphéte dehydrogenasé 6n1y in the 1ight and'6-phosphogluconate
effects ribulose diphosphate carboxylase only under dark conditions,
sihée‘these fine regulators are only present in measurable and effecting
amounts under certain physiOTOgica1 conditions (1ight or dark). Both
NADPH and NADP® have the same binding site on the glucose-6-phosphate
dehydrogenasg'mbTeCule, competing each other for this site. ‘Ribul-1,5-P,
is a noncompetitive.inhibitdr with respect to NADP*, and thus: shows the
characteristics of al]ostefié binding, effecting the coenzyme binding
site in favbring' the binding of NADPH in the presence of ‘Ribul-.1,5—P2.

This-exp]aihs the increasing inhibition of the enzyme activity by |
‘Ribu1-1,54P2 at increasing NADPH/NADP' ratios. It further illustrates
one,kihd'df interaction between a general regula.or and;a spécific regulator.
The spécific regulator, Ribul-1,5-P, in this case, amplifies the already
present control by NADPH/NADP+ ratio.v _ ‘

Among the:intermedia;es of the RPP cyc]e, Ribu]-],S‘szis-the only |
effective inhibitor'of g]ucbse-6—pho§phate dehydrogenaée in spinach chloro-.
pIésts.' Its inhibitory effect must play an impprtant'phyéiologica]-role
| in'the_ch]oroplésts metaboiism in respect to thé regulation of the oxidative
. pentose phosphéte Cycle,_'The slight inhibition by ribu]ose-s—phosphate“ .
found in the incubation experimenfs with the ch]drop]aﬁt_enzymes (Table I)

1; perhaps-due to some éndogenous_phosphorylétion, mediated‘by
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phosphofibu1ose kinase.. During a dark period the NADPH/NADP+ Eatio is
low, and thu§vthe'rate of the oxidative pentose phoSphaté cycle is uninhi-
bited. Furthermore the level of Ribu]-],S—P2 wi]]_be.vefy Tow or - zero
[6j. Under such'éonditions, the oxidation of g]ucbse-Gthosphate proceeds
at a substantial rate. The reaction sti]] is not reversible, and remains
the rate limiting step for the OPP cycle. Given the large negative
ffee enefgyvchange for fhe reaétidﬁ [6], the concéntration of glucose- |
6-phosphate would drop below the limits of detection if the oxidation
offglucose~6—phdsphate became very rapid. This doe§ ndf occur. although
there is a drop to about 1/2 of the light steady state:vaiue [6]. Since '
the binding constant of 6-phosphog1uconic acid dehydrogenase is about
0;09_mM [27], the concentration of 6-phosphogluconate rises to an appreciable

level: about 0.07 mM ih Ch]oreTTa pyrenoidosa [6]. This explains the appearahée

of labelled 6-phosphogluconic acid as an indicator of the operation of
thg oxidative cyc]e.[é]. |

At the begihning of a light period NADPT s qdfck]y reduced and
ADP is phosphohy]afed'resu1ting in a high NADPH/NADP‘+ énd ATP/ADP ratio; o
The high NADPH/N_ADP+ ratio slows the activity of glyéosé-6;ph05phate'dehydro- “
genase immediate1y. Simu]taneous]y'the‘64phosphogluconate level décreasés
rapidly and can't further serve as an acfivatpr of riby]ose-diphosphéte ~
cafboxy]ase but is rep]aced by NADPH as an activator [28]. The increasedv
level of reduced cofactofs apparently activates phosphoribu]okihase,
and with ATP pr@dﬂced by light feactions, ribulose-5-phosphate isAconVefted
to-ribu]ose-I,5-diphosphété. This substrate for the carboxylation reaction
also serves to inhibit further the oxidation of glucose-6-phosphate (Fig. 5-7);
rMoreover, the pH in the strbma increases in the 1ight [29] due to proton

pumping into the thylakoids [30]. This higher pH amplifies the inhibitory



| -21-
effect of Ribul-1,5-P, and the high NADPH/NADP® ratio, In this way
the OPP cycle is turned off and the RPP cycle is turned on without the

occurence of wasteful reactions.
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TABLE I

THE EFFECT OF DIFFERENT METABOLITES OF THE RPP CYCLE AND ATP ON
THE ACTIVITY OF GLUCOSE-6-PHOSPHATE DEHYDROGENASE

The assay mixture contained 10 mM MgC]é, 0.6 mM NADPT, 1 mM gTucése-s-
phosphate and 0.1 ml or 0.2 m]ich]oropIast suspension‘oF'ch]oFoplast
so]ub]e protein solution, respéctively, in 36 mM tFiethéno]aminé/HC]
buffer. The compounds were‘added with thé enzyme. After mixing all
ingfedients thé reaction was started after 1 minute. The control corre-
sponds to an enzyhé activity of 0.045 moles NADP+ Fedﬁcéd,x'mg-j
chlorophyll x min_.l (= 100%) in both assays wifh whole Eh]ordp]asts'or

protein so]utibn_of_the reconstituted system. The data results from

~at Teast four'independent experiments.

Compound | o % of CdntrOI
| (PFOtein solution of
(whole chloroplasts) reconstituted system)
control 100 . | 100
Fru-1,6-P,  1mM o9 | N
Fru-6-P e w03 99
PeA ™o | 94 g5
Ru-5-P o 97 ' 9
‘Ribul-5-P  1mM 82 - 84
Ribul-1,5-P, 1mY 38 R

ATP InM . % 99
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FIGURE CAPTIONS

Fig. 1. Inhibition of'chlbroplast g1uCose-6—phosphaté‘dehydrogenase

by Ribu1-1,5-P2 atﬁdifférEnt NADP+ concentrations. Concentrations of
NADP® are indicated in the figure. Coenzyme and inhibitor were added

to the assay mixture.before 0.2 m1fof»so]ub1e protein sb]ution was

addéd. The conffo]s without Ribu]-],S-P2 corresponds td'enzyme activities
of 0.043,_0.026, 0.020 and 0.010 wumoles NADP+'reduced,x mgf] chlorophyll
x min™! at NADP® concentrations of 0.600, 0.090, 0.045 and 0.010 mM,

, respectiVe]y. o : : _

Fig. 2. Inhibition of ch10rop1ast'g1ucose—6—phosphate~dehydrogenase
by RibuT-l;S-Pé atvdffferent NADP+ concentrations. 'Cdncentrations

ovaibu]—T,S-Pz‘are'indicated in the figure. The enzyme'so1ution was
.added aftér all inaredients except thé substrate were in the assay mixture.

The reaction was started by adding the substrate.

Fig. 3. Inhibition of chloroplast glucose-6-phasphate dehydrogenase
by NADPH at different conCentrationS-ofiNADP+. Concentfationsvof NADPH
" are indicated in the figure. All other ingredients ofythe assay mixture

~-are those of the staﬁdard aséay mixture.

.Fig. 4, 'Changes'in the levels of NADP+ and NADPH in intact spinach
ch]oroplasts in a:dark-light—dArk;light transition. The dark periods
éré indicated by black bars. NaHCOé in a fin&] concentration df 6 m
,wés added during the first 1ight period at 5 min (indicated by arrow).
Thé NADPH/NADP+ ratfos are indicated in the lower paft_of the gréph.
The fixation rate of 14CO2 into aéid—stab]e productsvwa§,116 umoles

X mg"1 chlorophy1l x h!.
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Fig. 5. Inhibition of chloroplast g]ucose-ﬁ—phosphaté-dehydrogenase

activity at different NADPH/NADP+ ratios and at two different pH va]ues

(e—e PH 7.6; 0—0 pH 8;2).> The concentration of NADPT was kept constant .

at 0.6 mM, while the concentration of NADPH was chaﬁged giving the
~ratios indicafea in the figure. The two controls without NADPH were
considered as 100% and cofrespond to enzyme activitiégiof 0.045 (at pH
7.6) and 0.039 (at pH 8.0) moles NADP® reduced x mg~! chlorophyll x
min~!. '

Fig. 6. Ihhibitidn of-chlbrop]ast'g]ucose-6-phdsphate dehydrogenaée
by Ribul-1,5-P, at different NADPH/NADP® ratios. The concentration
of NADP'was kept‘constant at 0.6 mM while the concentration of NADPH

was changed giving the following ratios: ¢—, Wwithout NADPH; x-—x

NADPH/NADP® = 0.5; o—o NADPH/NADP® = 1.0; m—o NADPH/NADP® = 2.0.

The assays were run at pH 7.6, The controls (= 100%) without Ribul-
1,5-P2 correspond to enzyme activities of 0.046, 0.034;‘0;022, and

| 0.006 pmoles NADP' reduced x mg"1 th]orophyll X minf1 for the ratio
of 0, 0.5, 1.0, and 2.0, respeciive1y. |

Fig. 7. Inhibition of chloroplast g]ucose46-phosphate dehydrogenase
by Ribu]-],S-PZ.at.NADPH/NADP+ ratios of 0;0'(.-—.);-0.5.(x-—x); 1.0
(o?vo). The assayé-were run at pH_8.2. The controls,(= 100%)
without Ribulfl,S—Pz correspbnd to enzyme activities of 0.039, 0.024,

1 for the

and 0.012 upmoTes NADP+ reduced x mg'] chlorophyll x min~
ratios of NADPH/NADP® of 0.0, 0.5, and 1.0, respectively. The other

‘test conditions were the same as in Fig. 5.
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