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. SUMMARY

On the basis of absorption and circular dichroism (CD)
spectral measurements, we conclude that the photoreduction of
protochlorophyllide to chlorophyllide in homogenates of etio-

lated bean seedlings (Phaseolus Vu]gafis L.) involves two Tight

steps in series. Before illumination, the active protochloro-

‘phy11ide occurs in -a dimeric form in the holochrome protein.

The initial light reaction converts one of the protochloro-

phyllide moiecu]es and forms a éh]orophy]1ide—protoch10rophy]]ide

holochrome intermediate with a weak, characteristic CD spectrum.

The second Tight reaction subsequently converts the second

~ protochlorophyllide in a less efficient reaction that is tem-

perature dependent. This produces a chlorophyllide holochrome
which exhibits a strong double CD charactéristic of dimers and
which is stable below 1°C. At higher temperatures this dimeric
chlorophyllide transforms in the dark to a monomeric form with
]bw CD amplitude. Sucrose at high concentrations (2 M) alters”
the'ch]orophy]]ide holochrome CD spectrum and prevents the
final dark dissociation step, Analysis of the photochemica]
kinetics confirms the occurrence of the two-step photoreduction
and supports the stoichiometry of two (proto)chiorophyllides

per holochrome pfotein.



CINTRODUCTION : | B .
v_The biosynthesis of.chiorpp1aS£ mémbraneé.invo]ves several | | w

distinct 1igHt feactiqns. 'In'Higher.p]ants the best‘Characterized |

of these reactions is the photoreduction of protochlorophyllide

to ch]oréphy]iide by a rea;tion involving the transfer of two

hydkogen”atomé at an enzymatic site. Subsequent]y,zchTorophy]]ide

is fransformed into ch]orophyf] by additionvo%’phyt01 fn a dark ,

reaétion. ‘Several reviéws of this subject Have appeared}recent1y1'3.i
""we have focﬁSed our attentipn\oh the photochemi;a] step and

thefmmédiately fo]Tonng dark reactions. Extracts df.etio1atéd

leévés can be used to preﬁare a purified, active comﬁongnt,

]’4’5; This pigment-

common1y called protochlorophyllide ho]ochfome
protein complex retaihs»the abi]ity'to be'photoconvertéd; and we
aSSQmé that its basic stfucture and photocheﬁisthy are similar to
tthé occurring in the leaf, even if tﬁe Spectkoséopic‘properties
__aré'hot‘identical. In the 1eaf; the pfotothibfophy]]ide'absorbing
at 650 nm is photoconverted into chlorophy]lide absorbing at
678.ﬁm; in dark steps, invb]ving structuraj modifications,-the
chlorophyllide absorption band shifts first fo 684 nm and fhen
to 672;hﬁ (Shibata'shift)s. By contrast, the absbrption max imum
of théiprotoch]orophy]]ide holoéhrome is at‘639 nm, and the ab-
sorpfidn maximum of the newly formed chjorpphy]]iae shifts direqt]y
from 678 nm to shortervwaveTengths4.

fSevefa] detailed studies of the kineiicﬁ of the photochemical

reaction have pointed out that it is not simple first-order5’7f8.



Both in the ]eaf and in homogenized matefia] the reaction can be
approximated as the sum of two first-order processes having dif-
ferent temperature dependences. The molecular interpretation of
these kinetic data has been either that there are two different
types'of protochlorophyllide molecules, each displaying first-

5’8, or that some interaction between two proto-

order kinetics
chlorophyllide molecules leads to a different probability of
reaction for the second molecule once the first has been reduceds.
Several types of experiments indicate_fhat more than one
molecule of protochlorophyllide occurs in close proxﬁmity in the
etioplast subuhits. Butler and Briggs, in order to exp1ain the
absorption shifts observed in leaves, postulated an aggregated ”
state for both the protochlorophyllide and the newly formed
chlorophyllide, and concluded that the Shibata shift is the ex-

9

pression of a structural disaggregatibn . In support of this

model, Schultz and Sauer obtained evidence based on CD spectra

for interaction between protochlorophyllide molecules and between
10

newly formed chlorophyllides in pyrified holochrome preparations
This spectroscopic result is in agreement with structural infor-
mation obtained by Schoepfer and Siege]man,}who found at least

two molecules of protochlorophyllide per protein unit1]. Kahn

'gz_ 1., studying the fluorescence properties of partly converted

material, concluded that energy transfer occurs among at Jeast

four molecules of pigments, both in the Teaf and in homogenized

materfa]lz. | |
Using circular dichroism, a technique indicative of short-

range intermolecular interaction among chromophores, we have
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,‘ JobfaTnedvadditiona]‘informatioh béa}ing on'tﬁe'structure of tﬁe‘
holoéhrome, on fhe pHotochemicé] stéps invd]véd in the pigment -
’traﬁsformatidn and on the subSequeht;dérk reactions. This work
-has been done using clarified hombéenates{of.etioiated bean i
Teaves. A complementary study on intact Jeaves will be pub]iéhed
eTSeWhere]?. The CD data indicate that thére‘aré two steps in
the'phbtochemica] ch]ordphyT]ide formation. The first forms'a‘
- protdﬁh]ofopﬁy]]ide?ch]orophy11ide mixed d{mer'intermediate§ the
éecohd‘transforms th15~intermediate into a qh]qrophy]]ide dimer.-
The chlorophyllide dimer exists in at Jeast tWo confofmétions |
which can be distinguish$d on the basis'of’their CD spectra: a
~ stable one, in the presence of sucrose, and an unstab]e one, in
»the absence of sucrose. The latter converts in the dafk.to a dis—

sociated form, characteri zed by its short—Wave]ength_absdrption'

(674 nm) and the low magnitude of {ts. CD spéctrum.‘
MATERIAL AND METHODS

Bio]dgiéél méierial

" Red kidney beans_(Phaséo1us vulgaris L.) were grown 11 i‘l
days on vermicu11f¢ in thé dark at 2]°C (roqm temperature) . The{.
Teaves (30 g) wére harvested and ground ih'SO ml of a solution - | .-
consisting of 3 vo]umesiof_buffer (sucrqse-0,47M, trfcine 0.1 M, -
pH 8.0) p]ugfl volume of glycerol, in a Waring blendor. Eéch
sample was homogenized during fivé 90 sec i;tervals, separated by

15 min, with the blendor in a cold room ét{-12f§. The. homogenate
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was filtered through 4 layers of cheese-cloth, and the Jjuice was
centrifuged 30 min at 16,000 g. The superhatant was dialyzed
overnight against 2 jiters of buffer di]uted 10 times, and then
centrifuged 5 to 10 fold by ultrafiltration against powdered
polyethyleneglycol (Baker; M.W.: 6000). After harvesting, all
operations were carried out between 0 and 4°C,.under minimum
green light. The homogenates were used immediately or stored at
-10°C before use. To prepare a homogenate containing sucrose,
we added the désiked amount of a 2.7 M sucrose solution in water.
In an alternative preparation, the juicé after filtration
was centrifuged twice, as above, and the supernatant used
directly. In this case the buffer contained sucrose, 0.1 M and
tricine, 0.05 M, pH 8.0. The results obtained with these'prepara-
tions were identical in every respect to those obtained with the

concentrated material, attesting that the sucrose and the ultra-

filtration against po]yéthy]eneg]yco] have no irreversible effect.

Spectra§ i]TUmination

Absorption spectra were measured using a Cary 14 spectrophoto-
meter. Corrections were made for the turbidity of'the samples
based on measurements on unilluminated material. The absorbaﬁce
determined in this way is proportionaT_to the concentration of the
homogenate, and extraction experiments using acetone-water (4:1,
V/Y) showed that the absorbance is also proportional to the chloro-
phyllide concentration. | ‘ '

CD spectra were measured with a JASCO J-20 spectrometer using

a bandwidth smaller than 3 nm. For measurements at temperatures
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lowér than room temperatdre, the cylindrical cuvette was placed
ih~a coo]ed tell holder in the Cary 14; this cell holder could
also be pdsitfoned in the CD spectrometer.  The phototrénsformation
ihdUcéd by the-meaﬁUringfbeam of'the'CD spectrometer was ﬁot negli- . . >~
‘gible and keached‘a maximum\of 5%. This effect caﬁ introduce some
‘alferations in fhe CD'spectra at r<650 nm. This'partia1,photo-_
conversion does not affectvthe main results’reportéd heré,'which
'are concerned. mostly with A>650 nm, because the CD spectra were |
scanned from Tong toward short wavelengths and the .absorption
maximum of active protochlorophyllide 1s,at,639 nm.. Thus,‘thef'
photétdnversion occurred op]y after the most reieVant spectra1
~region had a]ready.begn scanned. . The absorption spectra were re-
corded before the-correspoﬁding CD spectra.

X

RESULTS

§Q§CtroscopicAproperties of homogenétes

'~ Homogenates containing a high concentration of sucrose. In the

presence of a high concentration of sucrose (approx. 2 M) the proto-

ch]orophy]]ide ho]ochrome is stab]e and'rétajﬁs its ability to bé

photdcbnverted'~‘After phOtoconversion thé ch1orophy111de ho]ochrome

is a]so very stable and maintains its spectroscoplc propert1es un- [

changed for at least one day at room temperature in the dark. |
"~ The absorption and CD spectra of homogenates conta1n1ng proto-

'ch]oropny]]1de or chlorophyllide holochrome in 2 M sucrose are

given in'Fig. 1. The wavelengths of the maximum of .absorption are



at 639.0 + 0.5 and 678.5 + 0.5 nm for the protochlorophyllide
aﬁd”ch]orophyllide forms, respectively. The CD spectra are very
similar to those obtained by.ScHultz and Sauer!° for purified
holochrome, except that there is a general deviation toward nega-
tive values with deéreasing.wavelength in the homogenates. This
effect is not clearly understood; it could result from the turbi-
dity of the material or from some additional component present in
our dnfractionate& hbmogenates. v

‘  The CD spectrum of the chlorophyllide homogenate in sucrose
is éharacterized by a large positive peak_at'676 + 1 nmand a

small negative peak around 689 + 2 nm. Some variability is ob-

served in the relative amp]ftudes of these two peaks; the ratio is

between 3 and.’5 at room temperature. This variation is mostly in

1
the magnitude of the negative peak. Experiments performed at

higher sucrose concentration and Tower temperature (+1°C) give a

~smaller negative peak (compare Fig. 1 with curve 6 of Fig. 5).

This difference can be understood in terms of experiments that

'will be discussed below.

There is some discrepancy between the magnitudes of the CD in

10, which are

our results and in the results of Schultz and Sauer
expressed as AA = difference in absorbance for‘]eft and right cir-
c&]ar]y polarized light. Here we express the CD as the measured
ei]ipticity, 8, in degrees, where: aA = ¢ x 3-]0"2. The discre-
pancy is attributed to calibration problems in the previous

experiments, where different instrumentation was used. It does

not affect any part of the interpretation.
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Homogenates containing a low concentration of sucrose. In the

,presehee of a low concentration of sucrose (0 04 to 0. 4'M) the -
spectroscop1c propert1es of the protoch]orophy111de ho1ochrome

are not d1st1ngu1shab]e from those in 2 M sucrose. The CDvspec—

trum of the homogenate in 0.4 M sucrose is glven in Fig. 2a

(dashed curue) After illumination the ch]orophy]11de form is

not suff1c1ent1y stable at room temperature to record the’ cD spec-

trum wh1ch_requ1res approx. 30 minutes. However, the ch]orophyl-

lide form is more stable at temperatures be]ow 0°C. For these
measurements we added 20% g]ycero] (v/v) to prevent free21ng

(At this concentrat1on, g]ycero] has no apparent effect on the
shape of -the CD or absorption spectra.)- The absorptlon spectrum
is 1dent1ca1 to that shown in Fig. ].‘ The.CD spéctrum isvalso--

similar at wave]engths under 640 nm, but above 640 nm the shape

of the CD 15's1gn1f1cant1y different from that in the presence of

sUérese. A‘negatiVe peak at_685vnm‘is mpre prominent ih the Iow |

sutrose homogenate (Fig, 2a, solid curve).',Fo]]owing'measurement

of the spectrum at -6°C, the sample was rapidly warmed to room' )

- temperature and two successive spectra (b and c).were recorded.

In each of several experiments.of this type wevobserved a progres-

sive decrease in the amplitude of the CD 51gna1 leading eventua]]y

to 1ts complete d1sappearance, without not1ceab]e alteration of .-
its shape. This decrease in CD amp11tude occurred concom1tant1y |

with a shift of the absorption maximum frpm_678 to 674 nm. We v~
also observed a small decrease in the maxjmum absorbance, which

may result partly from a widening of the'absorption'band.



‘ Further addition of sucrose, éo as to bring its concen-
frétion to 2 M, has no effecf once the dark shift has occurred.
When this addition is hade sooner and at 0°C, it is possible
to transform the CD spectrum to a shape very similar to the
shape of that in 2 M sucrose (Fig. 7, bottom spectrum). The

subsequent dark shift of the absorption spectrum is then blocked.

i

Effect of dilution of sucrose homogenates with water. Addi-

tion of cold water to chlorophyllide homogenates in 2. M sucrose,
so as to give a sucrose concentration of ~0.4 M, changes the-CD

to a spectrum typical of homogenates prepared initially in 0.4 M
sucrose. Subsequently, it is possible to observe the same dark
shift in the absorption spectrum and the progressive disappearance
of the CD signal, as with the Tow initial sucrose homogenate shown

in Fig. 2 (b,c). The rate of -evolution of -the spectra is increased

- at high diJution of the sucrose and at high temperatures (21°C).

. N r .
Photoconversion at various sucrose concentrations. In order

.to have a more precise understanding of the effect of sucrose,

we added various amounts of sucrose to the protochlorophyllide
homogenate and recorded the absorption and CD spectra before and
after complete photoconversion. These experiments were done at
+]fC, a temperature at which we could run a CD spectrum for all
the photoconverted materials without having}any detectable evolu-
tion with time. For all sucrose concentrations tested, the
absorption and CD spectra before illumination and the absorption

spectra after illumination were not detectably affected by the



-10-
addition of sucrose. Aftef i]]umjnation, the CD spectra were
‘a]sb very similar at wave]engths'under 640 nm, but at anger
wavelengths significant differences appeared at Fhe different
: fina]_sucrose concentrations (0.04 to 2.5 M), as depicted in
Fig. 3. | | | -

The spectra of Fig. .3 show a progressive tranéfermatioﬁ
‘withbincreasing'concentration of sucrose. A quantitative analysis
of thi$ series of spectra usingvan eigenvalue method]4 indfcates
that the spectré result f}om contributioés of on1y7two compoﬁehté.
In the case of two components we may -find isosbestic points'in‘
the CD curves. fhe possible isosbéstjc»points,.arOUnd 650 and
- 700 nm, are in regions where theesiéna1visetoe sma]]:fo draw any
definitive cone]usfon. The eigenvalue analysis indicates that
99%'ef‘the‘observed CD can be accounted for'without invoking a
third component. : o

~Glycerol and polyethyleneglycol have an ef%ect simi]a} to thet

of suérose. We did not study these effects quantitatively, however.

Spectroseqpicgprogerties of part]y‘photeconverted hemogenates

As reported'previous1y]o, The CD spectra of dark and of fu}]y

cdhveffed material are indicative of strongvpigment interaction.
Thekefore, we sought evidence of some non-linear behavior of the
system as\a function of progressive ch]orophy11ide formation; Q;Q;,
hypOe or hyper-chromism, changes in the shabe of the absorption or

Qf_fhe CD spectrum.'
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Material containing a high concentration of sucrose. Progres-

sive 111umination of protochlorophyllide homOQenates containing
2 M sucrose gives a completely regular evolution of the,absorption
spectrum, at all temperatures tested (from -40°C to +21°C). The
absorptioh_maximum of the chlorophyllide is always at 678.5 nm
and the shape of the band does not change throughout the course
of the photoconversion_(F{g; 4). By extracting the chlorophyllide
with a mixture of acetone~Water_(4:], v/v), we found that the.ab;
sorbance of the homogenates at 678.5 nm was proportionai to the
chlorophyllide concentration, within i_S%. We could not detect
any hyper— or hypochromism at partial conversion;\ The maximum
photoéonvertibi]ity of the protochlorophyllide in our preparation
is approx. 65%, which is referred to as complete conversion in
this article.
By contrast wifh the absorption spectra, tbe CD spectra do

not evolve Tinearly during the course of photoconversion. In Fig. 5
the CD spectrum is plotted at different stages of illumination of
a single sample. The spectrum at low percentage of photoconversion
(<20%) consists of a single weak positive component centered around
682 nm. Upon further illumination we see the development of the
double CD spectrum characteristic of fully cohverted material (as
in Fig. ]). Running such a series of experiménts takes around 5 h.
At éach”Step of the photoconversion the material is stable over a
]ther duration in 2 M sucrose.

| Eigenvalue analysis of this series of spectra (Fig. 5) reveals

that they are the result of only two éomponents within + 1%. When
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the CD spectra are normalized to the same amount of ch]orophylllde,
an 1sosbest1c po1nt appears at 681.5 + 0.5 nm..

| The initial poswt1ve CD component is d]ff]CU]t to fo]]ow

quant1tat1ve1y at high percent conversion.  The magn1tude of the
]arger, double CD component can be characterlzed, approx1mate]y,
by‘the difference in CD between 675 and 689 nﬁ ,This difference,.
A6675 ggg> relative to.the maximum va]ue at complete photocon— |
version is plotted in Fig. 6 for various stages of photoconversion
(measured using the absorbanceratv678.5 nm relative to that at
comp]ete photoconvers1on) This p1ot compares‘severa] different _
exper1ments, each is represented by a d1fferent open symbo]s and
1nc]udes 3 to 5 intermediate points. An.jnterpretatlon of the *
“non-linear behavior pf.the CD during the photoconversion (Fig. 6)

is presented in the Discussion.

Material containing a Tow concentration of sucrose.  In order

to'aVOﬁd conp]ications owing to the darkfshfft following photocon-
;verslon, the’ exper1ments carr1ed ‘out on mater1a1 suspended in Tow
sucrose were performed at -10°C, w1th 25/ g]ycero] added. _Under
these conditions the absorpt1on evolves regularly during the: "
photoconversion, but the magnitnde of fhe CD signals is not‘pr05
portional to the eh1orophy]1 concentratien, Fig. 7 (a,b,c) illus-
trates the evolution of the CD spectrum. Ai low sucrose ‘concen-
traiion there is no evidence for the'prominent_positiye CD signal
that eccurs in hﬁgh sucrose (Fig- 7d){ Furthermore ;he shape of
the final CD spectrum is distfnct from.that obtained with the

‘ minimum_amount of sucrose (Fig. 3, curve 5) and is more simi]ar‘to
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thét obtained with an intermediate sucrose concentration. This
difference is attributed to the presence of glycerol, which has
an effect somewhat like that of sucrose. In Fig. 6 we report
the values for three different experiments in the absenée of =
sucrose, each having only one intermediate point; the non-linear
character of the incréase in the CD signal is even more accentuated
than in the presence of sucrose. |

When similar experiments are performed at higher temperatures,
a progressive shift from 678.5 to 674 nm in the absorption of this
material occurs during measurement, and the CD spectra are not
reliable. In 0.3 M sucrose the absorption shift is accomplished
in approx. 1 h at room temperaturé. For pahtly converted material
(4 to 30%) the shift occurs only about half as fast. This quali-
tative observation is ofvinterest in comparison wifh”the behavior
of leaves, where the dark shift to shorter wavelength is much

faster at low percentage of photoconversion13.

Abébrptﬁvitxfof‘pfotochlorophyllide
Koski and Smith found a value of 34.9 z—g']—cm'] at 623 nm in
acetone for the speéific absorptivity of protochlorophyll extracted

from etiolated barley ]eaves]5.

Because etiolated leaves contain
far ‘more protochlorophyllide (M.W. = 613) than protochlorophy]]
(M.W. = 891.5), some doubt was expresséd by Hbussier and Sauer as
16

to the molar absorptivity deduced from this specific absorptivity
In the experiments described above, where we prepared 80% acetone

extracts of homogenates at different extents of photoconversion,
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we were able to compare the increase of cthrbphyllide absorption
with'the decrease in that of protochlorophyllide, cqrrecting for o
the Contribution ef ch]orophy]]ide at'thé\ane1ength of maximum,
protOChlqrophy1]ide absorption in the red;_lThe molar absorptivity
of Eh]orophy11ide a is essentially identicd] to that of chTorO-

17- 19, wh1ch has a value of 81 000 L-m ]-cm—]\at 665 nm in

20

phy]] a

80%.acetone On the basis-of th1s value and our experiments,

we. calculate ecyg = 30,900 2-m Teem™! for protoch]orophylllde in

the same solvent. Assumlng that,Kosk1 and Sm1th d1d, 1n fact, .
isolate phytylated protoch]orophy]] the1r measured specific ab-
sorpt1v1ty yields €603 = 31, 100 in 100% acetone Bpfh,MackjnneyZ]
| and Vernon20 have shown that the absorpt1y1t1es Qf chﬁorOphy11 g_
differ by only 2% between 80% and 100% acetone. If this is also
true for protochlorophyl1(ide), then our resnlts are in excellent
agreement with those of Koski and Sm1th, and the doubts- ra1sed

by Houss1er and Sauer over the authent1c1ty of the protoch]oro-

) phy]] 1so1ated by Kosk1 and Sm]th appear to be unwarranted There
remalns the question of why the molar absorpt1v1ty of crystalline
4-vinyl protochlorophy1] (demonstrated to contain phytol) obtained
by Honssier and Sauer from the seed coat'of'pUmpkin seeds {s 30%.

1ess than that of protochlorophyﬂ]6

DISCUSSION

The interpretation that we propose in-order to account for
ourjresuits is illustrated in Fig. 8. -Protochlorophyllide holo-

chrome contains two interacting protoch1orophy11ide molecules
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which are photoreduced by two successive photochemical reactions
with rateé k] and k2 respectively. The chJoréphy]]ide holochrome
so produced exists in two forms: the one in the presence of
sucrose is stab]e, the other in the absence of sucrose is not
stable and d1ssoc1ates to give two non-interacting chlorophyllide
molecules. We will discuss this interpretation of the structural
and photochemical properties in some detail. Our scheme {s kineti-
cé]]y simple and does not imply any heterogeneity in the holochrome;
however, it iné]udes a number of "states" for the pigment-protein

comp]ex, designated P-P, P"Psuc’ p-C, P“Csuc’ c-c, C—CsuC

'Stfﬁéturé. In fhé presence of higﬁ concentrations of sucrose
(Figs. 1 and 5) we. find three different types of CD spectra. Before
ij]umination, the CD speétrum in the bands owing to protochloro-
phyllide indicates pronounced bigment-pigment interaction, as
pointed out previously by Schultz and Sauer]of The evidence for
this interaction includes the large magnitude of the CD, its mul-
tip]e character, and the feversa] in sign df the long wavelength
CD relative to that of monomeric protochTorophy]l in ether]6
At intermediate photoconversion a second species is formed,
characterized by a weak, éositive single CD in the chlorophyllide
region. At greater gxtent of photoconversion a double CD (negative
at Jong wavelengths) appears in thé region of chlorophyllide ab-
sorption. This {s indicative of a third constituent, one that
exhibits increased aggregation relative to the second22’23. The
presehcé of the three constituents and théir order of appearance are

accounted for by the scheme: P-P ¢] —=>P-C_ . —gﬁa-c Coper M
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_ qfheacase of P-CSuc the difference in energies'of the long wave-

Jehgth‘transitions ih protOCE1orophyllide and eh1or0phy111de is

net favorable for exciton interactith_ This .intermediate species

could a1so aceount for the'unusua1]y-high f]uofescence efficiency

of the initially formed ch]orophy111delo | | |
| W1th a ]ow concentrat1on of sucrose and at Tow temperature

vy pog Pvs oo, accounts for the CD

a similar pattern, P P
measurements summarized in Fig. 7 (a b ,C). We could not detect
“any distinctive CD 51gna1 attributable to P=C in the 670-700 nm
régiOn. Both in the presence and absence df sucrqserthe chloro-
phy]Tiae homogenates'disb]ay,a negative CD_at:SZS nm. ‘We cannot
determfne'whether this fesu]ts frbm chioroehy11ide'or from the |
rema1n1ng inactive protoch]orophy1]1de however, this peak d1s—
appears progress1ve1y durlng the course of the dark Shlft

After comp]ete photoconvers1on, C-C and- C C appear to be

suc
in djfferent proportions depending on the'sucrose concentration .
(Fig. 3). This\observation can explainvthe variability we found,
even at high sucrose concentration, in the negative peak. It is
pdssib?e‘that, even at the higher concentratiens of sucrose we |
useq, part ofvthe chlorophyllide was in the C-C form (coﬁpare
Fig.'3, curve 1 with Fig.,S; curve 6). Thevtransformations between

) CeC and C-C,, ¢ appear to be reVersib]e Theveffecf of sucrose
cou]d result from opt1ca] art1facts OW1ng to its own rotatory

' power, but the absence of such an effect on the CD spectrum of

- protochlorophyllide ho]ochrome‘makes thxs,exp1anat1on unlikely.

'Theimest plausib]e“exp]anation is that sucrose, by reducing the
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activity of water; Teads to a change in the conformation of the
protein moiety, which in turn affects the pigment-pigment 1nter-
action. A significant effect of sucrose on protein conformation
has been reported by Ciement*Metra1 and Yon for 3-]actoglobu1in24.

The CD spectrum of the mixed protochlorophyllide-chlorophyl-
lide dimer in P-C is also apparently sensitive to the effect of
suéroSe; and we suggest that the conformafiona] change occurs
eVén before illumination. The CD spectrum of protochlorophyl]ide
holochrome appears not to be sensitive to this cohformationa]
change; however, the protochlorophyllide holochrome does exhibit
incfeaséd stability in the presence of sucrose.

The C-C species changes progressively in a reaction affected
by the temperature and'berhaps by the viscosity. The product of
this evolution ﬁas an absorption peak at 674 ﬁm and an undetectable
CD (by contrast with the observation of a sfng]e, negative CD re-

ported by'Schultz and Sauer]O).

We assume this to be indicative
of chlorophyllide monomer. A similar dissociation, producing
chlorophyllide attached to a small protein, has been reported by

Bogorad gﬁ_g1,25.

Butler and Briggs have'previous]y attributed

the Shibata shift in leaves to a disaggregationg. .We héve no
diréct evidenc? bearing on'fhe state of chlorophyllide after
dissociation. It is prbbab]y_boqnd‘to a §ma11 part of the protein,
but it might be free in so]ufion, as ch]oréphy1]ide is somewhat
water soluble.

Kahn et al. presented experimental evidence based on low tem-

perature-fluorescence studies which they interpreted to indicate
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the pkéSgpce of at least four molecules of associated pigment -

12. Our results are not necesséri]y in disagree-

in the holochrome
ment with their findfngs. We méy consider the protochiorophyllide
and ¢h1orophy]]ide interactions to occuf at several levels, in- |
cluding short—range'weak exciton 1htefactidns‘between pigment
dimers'within the holochrome partjc1es and long-range Flrster
typé fnteractionsZG'amOng pigments in adjacent holochrome par-
tié]es; The observation' by Kahn g;_gi. of'énergy transfer
~lééding to ﬂuorrescence]2 could result from the ]ongfrahge Fbrﬁter
tfansfer. Apparently various dissotiatingiagents can-disrupt the
aggregates, possib]y even at the dimer ]eyel; without a dramatic'
]oss of photochemical act1v1ty11’27 |
It is remarkab]e that, apart from the monomeric form C, a1]
| ch]orophy11ide forms mentioned here have the same absorption
spectrum. This emphasizes the insensitivity of absorption spectroé
scopy in such cases. The situafion may be different for proto-
ch]orophy]]ide, for which we cannot draw definitive conclusions;

- it may also be different in the leaf, where complex absorptioh

changes are known to occur during the first stages of 'greening.

Photochémfstry Previous Jnvestlgat1ons showed that the v'
photochem1ca] transformation of protoch1orophy111de to chloro-.
phyllide is kinetically complex. Boardman,was able to fit his
reSults on the isolated pigment?protein usiﬁg two first-order
reactions whose rate constants are affectédvdiffereht]y by tem-
peratures. Sironval et al. obtained similar ;esu1ts with Teaves

gnd found, moreover, that the kinetics were'different depending

Y
w

.y
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on whether the wavelength of the actinic 1ight wés 630 or 647 nm8.
Our studies confirm the pr different rate constants for two photo-
chemica] steps in series and demonstréte that these rate constants
are altered when the holochrome conformation {is changed by added
sucrose. The kinetic ana]ysis for two first-order reactions in

series is straightforwardZB, but it Teads to a simple integrated

rate expression only if k; = 2k2} (The factor of 2 comes from

. the two protochlorophyllide molecules in the holochrome.) In

this case the yield of final product, C-C . ., should be proportional to

the square of the total ch]orophy11ide formed (Fig. 6, curve b).
The other cases represented in Fig. 6 are: (a) ky<<ky, (¢) kyi= 8Ky,
and (d) ky>>k,. The case where kj<<k,-is excluded by the high
qUantum yield for the initial photdfeductionzg. In the presence
of sucrose and at.temperatures between 1 and 21°C, the points Tie
slightly below curve (b), indicating approx. ky = 3k,. For the
experiments performed at -10°C in the absence of sucrose, the
points 1ie in the region indicating k]>8k2. The fact that all of
the experimental pofnts Tie to the left of curve (d) is consistent
with the model where one-half of the initial protochlorophyllide
molecules are converted via one reaction énd the other half react

via a kinetically distinct mechanism. This provides support for

the proposed stoichiometry of-~two interacting active protochloro-

phyllides per holochrome.

It is worth noting that, even at 3% photoconversion, we found

no evidence for the pigment absorbing at 688 nm in the leaf, con-

sidered by Thorne to be a photoechemical intermediateC. The

L\
N
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intermediate and.finél fbfms of ch]orophyT]fdé'ho]oéhrome havé
indistingufshab]e absorption spectra and differ only in their
CD. Our own results with Jeaves suggést'that the 668 nm form
s nqt”ah intermediate-but ié.fhe result df a*rapid dark side

reaction]3.

CONCLUSION

" 'Both the photochemica] analysis and'the'characteristjc shapes
of the CD spectra of the components are in-agreement with the
*‘scheme of Fig. 8. There is a two step photoreduction of dimeric
profbch]oréphy]]ide in the homogenate. Thé dimeric pigment—proteins
can occuf in two different tohformations and only the one present
withodt addedvéucrosé'can 1eéd finally to a_dissociated'ch1oro- '
phyllide species. The relationship of tﬁe'pigment molecules to
the protein and, in particular, to the reduéing site is still un-
known. Future studies will be aimed at c]arffyihg this question
and réTating the observations on homogenates to the analogous

process occurring in intact seedlings.

ACKNOWLEDGEMERTS

.

The eigenvalue analyses were carried out using a computer pro-

gram written by Dr. David Lloyd, to'whom weveXpress our appreciation.

'This research was supported, in parf, by a grant from the National
Science Foundation (6B-24317) and, in part, by the U.S. Atomic

Energy Commission.



-21-

REFERENCES

00 N O O

10,

11.
12.

13.
14.

15,
16.
17.

N. K. BOARDMAN, in L. P. Vernon and G. R. Seely, The Chloro-

* phylls, Academic Press, New York, 1966, p. 437.

J. T. 0. KIRK AND R. A. E. TILNEY-BASSET, The Plastids, W. H.
Freeman, San Francisco, 1967, p. 402.

J. T. 0. KIRK, Ann. Rev. of Plant Physiol.,21 (1970) 11.

J. H. C. SMITH, in M. B. Allen, Comparative Biochemistry of

Photoreactive Systems, Academic Press, New York, 1960, p. 257.

N. K. BOARDMAN, Biochim. Biophys. Acta, 64 (1962) 279.

K. SHIBATA, J. Biochenm. (Tokyo),_44_(1957) 147.

" J. H. C. SMITH AND A. BENITEZ, Plant Physiol., 29 (1954) 135.

C. SIRONVAL, M. BROWERS, J.-M. MICHEL AND Y. KUIPER,

Photosynthetica, 2 (1968) 268.

W. L. BUTLER AND W. R. BRIGGS, Biochim. Biophys. Acta, 112

(1966) 45.

A. J. SCHULTZ AND K. SAUER, Biochim. Biophys. Acta, submitted
1972.

P. SCHOPFER AND H. W. SIEGELMAN, Plant Physiol., 43 (1968) 990.

A. KAHN, N. K. BOARDMAN AND S. W. THORNE, J. Mol. Biol., 48

(1970) 85.

P. MATHIS AND K. SAUER, in prepafation}

I. TINOCO, JR. AND C. R. CANTOR, in D. Glick, Methods of Biochemical

Analysis, vol. 18, Academic Press, New York, 1970, p. 81.

V. M. KOSKI AND J. H. C. SMITH, J. Am. Chem. Soc., 70 (1948) 3558.

' C. HOUSSIER AND K. SAUER, Biochim. Biophys. Acta, 172 (1969) 492.

A. S. HOLT AND E. E. JACOBS, Am. J. Botany, 41 (1954) 710.




18.
19.
20.
21.

22.

23.
24.

25.

26.

27.
28.

29.
30,

. "22..‘ .
F. C. PENNINGTON, H. H. STRAIN,W. A. SVEC AND J. J. KATZ,
. Am. Chem. Soc., 86 (1964) 1418. . )

. R. SEELY AND R. G. JENSEN, Spectrochim. Acta, 21 (1965) 1835.

. MACKINNEY, J. Biol. Chem., 140 (1941) 315,

J

G
‘L. P. VERNON, Anal. Chem., 32 (1960) 1144.
G

E

. A. DRATZ, A. J. SCHULTZ AND K. SAUER, Brookhaven Symposia

" in Biology 19 (1966) 303.

C.. HOUSSIER AND K. SAUER, J. Am. Chem. Soc., 92 (1970) 779.

J. CLEMENT-METRAL AND J. YON, Biochim. Biophys. Acta, 160
(1968) 340. | |
L. BOGORAD, L. LABER AND M. GASSMAN, in K. Shibata, A. Takamiya,

A. T. Jagendorf and R. C. Fuller, Comparative Biochemistry and

Biophysics of Photosynthesis, University Park Press, State

College, Pennsy]vania, 1968, p. 299.

Academic_Press, New York, 1965, p. 93.
K. W. HENNINGSEN AND A. KAHN, Plant Physiol., 47 (1971) 685.

A. A. FROST AND R. G. PEARSON, Kinetics and Mechansim, 2nd Ed.,

John Wiley, New York, 1961.
'J. H. C. SMITH, Brookhaven Symposia in Biology, 11 (1959) 296.

©S. W. THORNE, Biochim. Biophys. Acta, 226 (1971) 113.




-23-
FIGURE LEGENDS

Fig. 1. Absorption and CD spectra of protothlofophyllide homo-
~genate in 2 M sucrose (so]id curves) and the same material
after complete photoconversion (dashed curves) at room tem-

perature. Path length, 2 cm.

Fig. 2. CD spectra of a homogenate containing 0.4 M sucrose . -
and 20% (v/v) glycerol. (a) Protochlorophyllide (dashed
curve) and chlorophyllide (solid curve) forms measured at
~6°C. (b) and (c) recorded successively for the ch]orophy]]ide
homogenate after warming to 21°C. Path Jength, 5 cm. Curves
(b) and (c) artificially displaced downward. Absorption
characteristics for chlorophyllide homogenates:

16.2 nm

il
i

(a) absorbance = 1.27 at —_— 678 nm;.m\]/2

"
fl

(b) absorbance = 0.90 at A__. = 677 nm; My = 19 nm

1}

(c) absorbance 0.84 at x,, = 674 nm; &g, = 19 nm
-AA]/Z is the width of the Jong-wavelength absorption at half-

“maximum height.

Eigégg. CD spectra of chlorophyllide homogenate after complete
_ photoconversion of suspension confaihing yvarious amounts of
sucrose: (1) 2.5 M; (2) 1.1 M; (3) 0.6 M; (4) 0.17 My (5)
0.04 M. Temperature, +1°C. Path length, 5 cm. The values of
the CD have been divided by the absorbance (approx. 0.75) of

chlorophyllide at 678.5 nm for each suspension.
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'FIGURE LEGENDS (continued)

Fig. 4. Differential absorption spectra (the reference cuvette

Fig. 5
~+1°C at different stages of the_ﬁhotoconversion; Path Tength,

contains unilluminated méter%a])'at partiai (3.3%; dots) and
comp]ete,(jine).photoconverﬁion of Hohogénate in 2 M sucrose.
'The curves afe>norma]izéd to the absorbancé of the pértia]]y
Vconverted sample. Room temperature. Path 1ength, 1 cm. At
3.3% photoconversion the -spectrum wés meaéured with the ex-

panded slidewire of the Cary 14 specirpphotometerﬂ

\

5. CD spectra of a homogenate containing 2.3 M of sucrose at

5 c¢cm. Absorbance 1.54 at 678.5'nm; for cﬁrve 6. Percent

photoconversion: (1) 21.3, (2) 34.4, (3) 46.1, (4) 63.6, (5)

793, (6) 100.

Fig. 6. Plot of the relative CD (6675,° 6689)/(6675 - 6689)max at

various percents of photocohversion'(A678/A678 max) for dif-

ferent experiments. Open symbo]si homogenate + sucrose_(approx.

- 2 M); each symbol is for a different experiment. Temperature

range, +] to +21°C. Full dots: homogenate + 25% g]ycefo], but
Jower sucrose concentration (approx. 0.04 M). The three poihts

represent three different experiments. 'Temperature,_apprbx.

 -10°C. a,b,c,d are theoretical curves (see text).

(a) kyeskps (5) Ky = 2ky, () Ky = By, (d) kpoky.

"



-25-
FIGURE LEGENDS (continued)

Fig. 7. CD spectra of a protochlorophyllide homogenate (a), and
the same material after partia]/ahd comp]efe photoconversion
(b,c); sucrose 0.05 M; 25% glycerol; path 1engtﬁ, 5 cm; tem-
perature —TOfC. (d) + sucrose: sample (c) to which a concen-

~trated solution of sucrose has beeﬁ added§ sucrose 1.4 M; 13%
Q]ycero]; ﬁath length, 10 cm; température O°C. Absorbance at
678.5 nm: (a) 0, (b) 0.52, (c) 0.90, (d) 0.92.

'Fig. 8. Schematic representation of pigment-holochrome forms des-

cribed in this article and their mutual transformations.
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