
REDER AND ODELL-VITAMIN CONTENT OF TURNIP

riboflavin, thiamine, and carotene content of leaf
blades was not statistically significant over a period
of six weeks. In midribs and roots, the concentration
of each of the vitamins decreased as the plants grew
larger and the decrease was statistically significant for
each vitamin except carotene, in midribs, and thia-
mine, in roots.

Distribution of the whole plant content of caro-
tene, riboflavin, and thiamine among plant organs did
not change appreciably as plant dry weight increased,
but there was a marked change in the distribution of
ascorbic acid which rather closely followed the distri-
bution of plant dry matter.

In all experiments the total amount of each vita-
min per plant was positively and significantly corre-
lated with the total amount of plant dry matter. In-
crease in the total amount of vitamin per plant per
unit increase in plant dry matter was characteristic
for each vitamin and was not influenced by the en-
vironmental conditions under which the plants were
grown. Regression equations derived for the estima-
tion of the amount of each of the vitamins per plant
from plant dry weight were applicable to plants
weighing from 2 grams to 69 grams.
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THE EFFECT OF TEMPERATURE ON THE CONVERSION OF
PROTOCHLOROPHYLL TO CHLOROPHYLL A IN

ETIOLATED BARLEY LEAVES1

JAMES H. C. SMITH AND ALLEN BENITEZ
DEPARTMENT OF PLANT BIOLOGY, CARNEGIE INSTITUTION OF WASHINGTON, STANFORD, CALIFORNIA

Protochlorophyll is converted to chlorophyll when
dark-grown leaves containing it are illuminated, but
it is not converted to chlorophyll when dissolved in
organic solvents and illuminated. Conditions exist in
the leaf, therefore, which facilitate this conversion. In
order to analyze the mechanism of the transformation,
the effects of various factors on the reaction have been
examined. Among the factors examined is tempera-
ture, and it is chiefly with this factor that this paper
deals.

Only fragmentary data concerning the effect of
temperature on this conversion have been published.
Liro (12) found that irradiation of etiolated seedlings
at - 15°C produced chlorophyll. Scharfnagel (15)
detected chlorophyll formation in dark-grown corn
seedlings when they were illuminated at - 6°C. Lubi-
menko (13) observed that temperature had no sensi-
ble influence on the photochemical transformation of
protochlorophyll to chlorophyll. Koski and Smith
(8) showed that in dark-grown barley leaves the con-
version was completely inhibited by temperatures
around 90°C, and that the rate of photochemical con-
version was little if at all affected by changing the
temperature from 5 to 18°C (6, 9, 18).

The observations that the transformation takes
place at freezing temperatures, that the rate is little
affected by change of temperature in the room-tem-

1 Received June 11, 1953.

perature range, and that high temperature stops the
transformation suggested that a systematic investiga-
tion of the effect of a wide range of temperatures on
the transformation of protoehlorophyll in situ would
greatly extend our understanding of this process.
Accordingly, the transformation of protochlorophyll to
chlorophyll a in intact dark-grown barley leaves has
been studied in the temperature range from - 195 to
+55°C.

MATERIALS AND METHODS
LEAF MATERIAL: Leaves from etiolated barley

seedlings (Hordeum vulgare) were used in these ex-
periments. The seedlings were grown in pots of sand
and were watered with tap water. The temperature
of the darkroom in which they were grown was about
22°C. The leaves were harvested from seedlings
which had been grown from 9 to 13 days after plant-
ing. They were cut about 5 cm below the tip. Dur-
ing the care and handling of the plants, the only light
to which they were exposed was from a flashlight
screened with a dark-green cellophane filter. The ex-
posures from the flashlight to which the leaves were
subjected were ineffective for the transformation.

ANALYTICAL METHODS: The percentage transfor-
mation was measured by the method employed by
Koski, French, and Smith (7) in determining the
action spectrum for the conversion of protochloro-
phyll to chlorophyll a. In brief, it consisted of grind-
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ing the leaves in a mortar with sand and acetone,
transferring the pigments to ether, and measuringf the
relative concentration of the pigments spectrophoto-
metrically. Spectrophotometric measurements were
made with a Beckman 'Model DU spectrophotometer
at wave lengths 700, 663, and 624 m,u. At these
wave lengths the specific absorption coefficients of the
pigments are known (9) and from the absorption
values observed the relative concentrations of the
protochlorophyll and chlorophyll were calculated.
The absorption of the pigments at 700 mu is negligi-
ble so that the optical density observed at this wave
length served for correcting the optical densities ob-
tained at 663 and 624 miu. For convenience, a curve
relating the ratio of the readings at 624 and 663 mjA
to the percentage transfor(mation was used for calcu-
lating the percentage conversion. The equation used
for constructing the curve was

T= 39.9 x 100(D624/D663) 95 + 26
in which T is the percentage transformation, D624 and
D663 are the optical densities observed, 39.9 and 95
are the specific absorption coefficients of protochloro-
phyll and chlorophyll. a at 624 and 663 m/A respec-
tively, and 26 is the difference between the specific
absorption coefficients of protochlorophyll (39.9) and
chlorophyll a (13.9) at 624 my (equation 1 (7)). In
the development of this equation, it is assumed that
the specific absorption coefficient of protochlorophyll
is 0 at 663 mu, and that no chlorophyll existed in the
leaf previous to illumination.

From the optical density measurements, D624 and
D663, the optical density at 624 mnU due to proto-
chlorophyll if no conversion had occurred (designated
as pchl) can be calculated from the equation:

pchl = D624 + 0.275 D663
The constant, 0.275, is the difference of the specific
absorption coefficients of protochlorophyll and chloro-
phyll a at 624 mu, divided by the specific absorption
coefficient of chlorophyll a at 663 mMu. This optical
density can be related to the amount of protochloro-
phyll in the sample before undergoing any treatment
and in this way the degree of loss of pigment brought
about by the treatment can be estimated. In our
experience, the value of D624 for protochlorophyll in
1 gm of untreated dark-grown barley leaves is ap-
proximately 0.1, and this value has frequently been
used by us to judge the destructiveness of any treat-
ment to which the leaves have been subjected.

APPARATUS FOR IRRADIATION: Various light sources
were used in the different experiments. In the experi-
ments with polychromatic light, a 40-watt tungsten
lamp was used. It was placed at the correct distance
from the leaves to furnish the desired intensity of
irradiation.

Monochromatic light was obtained from either a
sodium or a mercury lamp. The sodium vapor lamp
used was a Lab-Arc, manufactured by the General
Electric Vapor Lamp Co. Light predominantly of
wave length 589 mu was obtained from the sodium

lamp. To further monochromatize this light either a
copper sulfate solution or a Zeiss Monochromat Filter
A was placed in the light path. The intensity of the
irradiation was controlled by varying the distance of
the leaves from the lamp or by inserting wire screens
in the light path.

The mercury lamp used was of the type Mazda
100-watt A-H4. The different spectral lines used were
isolated from the general radiation by means of vari-
ous filters.

The wave length 436 mML was isolated by means of
Corning glass filters No. 5113 and 3389; the wave
lengths 577/579 m,u by Zeiss MIonochromat Filter A;
and the wave length 546 mMu by Corning glass filter
no. 4303 with Zeiss Monochromat Filter B.

The intensities of irradiation used in the different
experiments were measured by means of a General
Electric light meter (foot candle meter, 8DXV 40 Y16).
This instrument was not used to measure intensities
in absolute units but only in comparative units. Also
it was used, comparatively, only with light from the
same source and of the same quality.

The relative number of quanta per second neces-
sary to produce a given response of the light meter
at different wave lengths were:

wave length in m,i 589 579 546 436
relative no. quanta 1.046 1.000 1.060 1.196

TEMPERATURE TREATMENTS: In the experiments
carried out at temperatures from - 195 to + 5°C, the
following procedure was used: The harvested leaves
(1 gim) were placed in a vial or test tube, about
20 x 150 mm, surrounded with a metal sheath and im-
mersed for from 30 to 60 minutes in a bath at the
desired temperature. The vial or test tube was fitted
with a stopper carrying a long glass tube which was
open to the air but protected the leaves from the
vapor of the bath. The container for the bath was an
unsilvered Dewar flask of either 350 or 430 ml capac-
ity. The lowest temperature, - 195°C, was obtained
by using a bath of boiling liquid nitrogen. The tem-
perature - 77°C was attained by adding solid carbon
dioxide directly to an acetone bath. Higher tempera-
tures, up to + 5°C, were obtained by putting solid
carbon dioxide into a long test tube which dipped into
the acetone. The desired intermediate temperatures
were maintained constant by manually introducing
solid carbon dioxide into the test tube as required and
by adjusting the carbon dioxide container to the
proper depth of immersion.

After the leaves had attained temperature equi-
librium with the bath in the dark, the metal shield
was removed and the leaves were illuminated in the
bath for the desired time. The leaf container was
rotated continually, either manually or mechanically,
during the exposure so that all the leaves would re-
ceive as nearly equal illumination as was possible with
this set up. The light source used will be indicated
in the description of the individual experiments.

In these experiments, the geometry of the appa-
ratus was such that the exact intensity incident on the
leaves could not be measured; however, the geometry
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was kept constant so that in comparative experiments
the intensities of irradiation should have been strictly
comparable.

After the leaves had been irradiated, they were
placed in the dark and flooded with 12 ml of acetone
and the pigments extracted and measured in the man-
ner already described.

In the experiments in which the leaves were treated
at temperatures from + 35 to + 55°C, the leaves, usu-
ally 1 gin, were harvested, placed in a wire basket,
and immersed in a two-liter bath of distilled water.
The leaves were held in the dark at the proper tem-
perature for the desired time, from 5 to 120 minutes,
and then were quickly removed from the bath and
plunged into cold distilled water. After that, they
were spread out on a glass plate parallel to each other
and as close together as possible and then were illumi-
nated for 10 minutes at room temperature with light
from a 40-watt tungsten lamp at 100 fc intensity.
Although the transformation limits may not have been
reached by this exposure, they were approached
closely enough to give a true qualitative picture of the
inactivating effect of temperature. The leaves were
then transferred to acetone and the quantities of pig-
ments determined.

KINETIC STUDIES: The progress of the transforma-
tion was followed in etiolated barley leaves by irradi-
ating a series of one-gram samples with monochro-
matic light of constant intensity (15 fc) for various
periods of time. Fixed periods of illumination were
used in all experiments, namely, 0.5, 1.5, 3.0, 5.0, 7.5,
10.0, 15.0, and 25.0 minutes. The irradiations were
carried out at, a temperature of 6 ± 2°C in a cold-
room. Since the reaction rate is little affected by tem-
perature, this relatively crude temperature regulation
was satisfactory. In order to study the conversion
without interference by formation of additional proto-
chlorophyll, a temperature considerably below room
temperature was necessary.

In these experiments, the cut leaves were stored
for about an hour in the dark coldroom, then laid out
close together and parallel to each other on a glass
plate and irradiated for the desired time at the desig-
nated intensity. After irradiation, the extent of the
transformation was determined by the analytical
methods already described. The wave lengths used
were 589, 579/577, 546, and 436 m,.

RESULTS
The percentage transformation of protochlorophyll

to chlorophyll a at various temperatures, from - 77°C
to about 23°C, is shown in figure 1. The results desig-
nated with a plus sign inside a circle (@) were ob-
tained with leaves which had been maintained for 60
minutes in the dark at the temperature indicated
before being illuminated for 10 minutes at 100 fc in-
tensity with light from a tungsten lamp. These results
demonstrate that even at low temperatures a remark-
ably large photochemical transformation of proto-
chlorophyll to chlorophyll a takes place in the leaf.
However at the lowest temperature used, - 195°C

(not shown in the figure) there was no conversion of
protochlorophyll to chlorophyll.

At - 10 and - 20°C, the transformation obtained
by the procedure just described fell far below the
curve projected from the results obtained at other
temperatures. If, however, the leaves had been frozen
at about - 77°C and maintained at this temperature
for a half hour before being raised to - 10 or - 20°C
and equililbrated at these temperatures for 25 minutes
before being illuminated, the percentage transforma-
tion was increased as the points marked writh the
double circle (0) indicate. This result suggests that
slow freezing damages the tissue. This is compatible
with similar observations obtained with other biologi-
cal material. The effect is variable, however, because
in some experiments under other circumstances the
conversions obtained at - 10 and - 20°C were consist-
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FIG. 1. The percentage transformation of proto-
chlorophyll to chlorophyll a in etiolated barley leaves
when illuminated at temperatures from - 77° to 23°C
for 10 min with light of 100 fc intensity supplied by a
40-watt tungsten lamp.

ent with those obtained over the whole temperature
range.

When the leaves were frozen at a low temperature
and then thawed, they lost entirely their capacity for
bringing about the protochlorophyll-chlorophyll trans-
formation. This effect is well illustrated in the foll-ow-
ing examples: After the leaves had been frozen at the
temperature of solid carbon dioxide, they were thawed
in the dark and illuminated with the tungsten lamp
at about 100 fc intensity. When the thawing and
illumination took place in air, the transformation ob-
served was 0 %. Under these conditions, the reten-
tion of the pigment was low, about 20 %. In order
to avoid photooxidation, the thawing and illumination
was carried out in an inert atmosphere; in carbon
dioxide, 5 % transformation was observed and 83 %
retention; in hydrogen, 0 % transformation and 100 %
retention. These results demonstrate that even though
oxidation of the pigments is prevented by using an
oxygen-free atmosphere, practically no photochemical
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conversion to chlorophyll occurs in leaves which have
been thawed. Separate experiments demonstrated the
conversion to be nearly complete when fresh etiolated
leaves were illuminated in a hydrogen atmosphere.

The inhibition of the transformation at very low
temperatures may be reversed at higher temperatures
provided the leaves are not thawed or brought even
to incipient thawing. This was demonstrated by sub-
jecting etiolated barley leaves to various irradiation
treatments at the two temperatures -69 and - 40°C.
The upper temperature limit was set at - 40°C so as
to avoid the variable effects of incipient thawing. The
results of several experiments are given in table I.
These results show that if there is no illumination at
the lower temperature, the reversal of the tempera-
ture inhibition is complete (series no. 6 and 7). If
there is illumination at the lower temperature there

TABLE I
THE REVERSAL OF THE LOW-TEMPERATURE INHIBITION OF
THE TRANSFORMATION OF PROTOCHLOROPHYLL TO CHLORO-
PHYLL A. IRR.ADIATION WITH WAVE LENGTH 577/579 M,L

AT 200 FC INTENSITY

SERIES TEMPERATURE TREATMENT TRANSFORMATIONDARK LIGHT

no. °C min. min. C
1 - 69 60 30 49.1
2 - 69 30 30 49.2
3 - 40 60 30 68.5
4 - 69 60 30 61.9

- 40 30 30
5 - 69 60 15 62.8

-40 30 15
6 - 69 60 0

- 40 30 30
7 - 69 30 0 68.2

- 40 30 30
8 - 69 60 15 52.3

- 69 30 15

seems to be a slight permanent damage to the trans-
formation mechanism (series no. 4 and 5).

A divided period of illuminatrion increases the de-
gree of transformation relatively little over a continu-
ous period of illumination of the same duration.
(Compare no. 8 with 1, 2.) This was also demon-
strated in another experiment at - 69°C in which two

5-minute periods of illumination were divided by 60

minutes of darkness; the pericentage transformation
was 34.4. With another lot of leaves, ten minutes'
continuous illumination gave a transformation of

33.5 %. In both cases the intensity used was 200 fc

and wave length 579/577 mu (mercury lines).
The chief conclusion from all these experiments

is that a very low temperature does not of itself

permanently damage the photochemical transforma-
tion system.

The transformation obeys the reciprocity law at

low temperatures. At about - 76°C, illumination with

100 fc intensity (tungsten lamp) for 10 minutes
yielded 38.0 % conversion while 33.3 fe intensity for

30 minutes gave 37.5 % conversion. And 100 fc in-
tensity for 30 minutes gave 49.7 % conversion as
against 49.9 % conversion brought about by 10 min-
utes' irradiation with 300 fe intensity. The adherence
to the reciprocity law is also shown by the data in
figure 2 in which the percentage transformation is
plotted against the product of time and intensity.
Although neither was held constant in the different
runs, the points obtained fall close to a smooth curve.

The protochlorophyll-chlorophyll conversion obeys
formally a second-order rate law in which the propor-
tionality factor, k, includes the intensity of irradiation
(cf equation 1). Integration of equation 1 leads to
equations 2 or 3, when T is zero at zero time. By
substituting T' and t', and T" and t" in equation 2,
two equalities are obtained from which k can be elimi-
nated and equation 4 obtained.

dT = k(Tr-T)2= k'I(T.-T)2dt

k= 1 11k=t IT.-T T.
T kT.2t

1 + kT.t

T' (t"- t')
T. -tf

Tf
'-t" t

(1)

(2)

(3)

(4)

From equation 4, the transformation at infinite time,
T., can be obtained from the transformations T' and
T" observed at times t'and t". Substitution of T., in
equation 2 permits k to be evaluated and placing T.
and k in equation 3 allows the transformation, T, to
be computed for any time t.

In figures 4 and 5 the close fit of the calculated
curves to the experimental points (circles) demon-
strates the suitability of the second-order rate expres-
sion for calculating the progress of the reaction. The
constants used for computing curves 1 and 2, figure
4, are

curve 1: TX, 94.1; k, 0.0190; I, 50 fc
curve 2: T., 95.7; k, 0.0066; I, 17 fc

The ratio of the light intensities used was 2.94 and the
ratio of the velocity constants observed was 2.88.
The close agreement of these two values indicates how
nearly the velocity of the transformation depends on

the first power of the light intensity.
At all temperatures, the transformation follows a

second-order rate law when the progress of the re-

action is related to the total incident energy. This is
shown in figure 2 where the percentage transforma-
tion, T (ordinate), is plotted against the product of
intensity x time, i.e., foot candle-minutes (abscissa).
The points represent observed values gotten at the
three temperatures indicated, and the smooth curves

values computed according to the second-order law.
The values of T. and k for the three temperatures
are shown in table II. The velocity constant increases
with the temperature. The energy of activation cor-
responding to the increase in temperature from - 70.0
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FIG. 2. The progress of the transformation of proto-
chlorophyll to chlorophyll a in etiolated barley leaves
when illuminated with light of wave length 579/577 m/A.
The intensity used was either 100 or 200 fc and the time
of illumination was varied from 0.5 to 240 minutes. The
circles represent the values determined experimentally
ei'ther at 100 fc (Q) or 200 fc (0); the lines depict
values calculated from the second-order rate law, equa-
tions 1 to 4, using the constants listed in table II.

to - 40.00C is about 5270 cal and from -40 to
+ 20.2'C a-bout 1330 cal. These values are more con-
sistent with photochemical activation of the proc-ess
than with thermoch-emical activation (2). The limit.
of the transformation, T., also increases with the tem-
perature. The data in table II show that In T. de-
creases linearly with increase of 1/9.

Preliminary results were obtained on the effect of
wave length on the transformation of protochlorophyll
to chlorophyll a at low temperatures. At the wave
lengths studied, 579/577, 546, and 436 mu, the degree
of transformation for a constant period of illumina-
tion increased with increase in temperature. The in-
crease in the percentage conversion with change of
temperature was practically the same for wave lengths
436 and 579/577 mu, but was slightly, probably not
significantly, larger at 546 mMu. If the positions of
the absorption bands shift with temperature (5),
there is no a priori reason why the ratios of the rates
at two temperatures should be equal for diff-erent
wave lengths.

The transformation of protochlorophyll to chloro-
phyll was studied also in leaves which had been heated

TABLE II
THE INFLUENCE, OF TEmPERATuRE ON THE VELOCITY CON-
STANT AND THE LimIT OF PHOTOTRANSFIORMATION OF

PROTOCHLOROPHYLL TO CHLOROPHYLL A

t k T. 1/0* Ink InT.

+ 20.2 0.000132 95.3 0.00341 - 8.934 4.558
- 40.0 0.0000735 71.3 0.00429 - 9.519 4.267
- 70.0 0.0000138 58.4 0.00493 - 11.195 4.067

* e is the absolute temperature.

to various temperatures above room temperature.
The results of these experiments are shown in figure
3. The values obtained at the same temperature are
designated by the same symbol and are connected by
a smooth curve.

A temperature of 35°C applied for 60 minutes be-
fore illumination had no detrimental effect on the
transformation. At 390C the effect of heating the
leaves was slight, yet noticeable. At 40°C the tem-
perature effect was definitely evident, and the damage
to the transformation was about proportional to the
length of time of heating. As the temperature of
heating was raised, the rate of inactivation was greatly
increased so that after heating for 30 minutes at
48.850C only 6 % of the pigment was transformed
by illumination. After heating at 55.3°C for 5 min-
utes, less than 4 % was transformed by illumination.
The heat of activation for the inhibition of the trans-
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FIG. 3. The percentage transformation of proto-
chlorophyll to chlorophyll a in etiolated barley leaves
which had been immersed at the various temperatures
shown in the figure for various periods of time and then
illuminated for 10 minutes at room temperature with
light of 100 fc intensity from a tungsten lamp.

formation varies from approximately 280,000 to 60,-
000 cal. in going from the lower temperatures to the
higher. These results suggest that denaturation of a
protein is the cause for the decreased transformation
(10, 14).

Both the rate and the limit of the transformation
are decreased by heating the leaves, as the results
shown in figure 4 and in ta,ble III demonstrate.

In figure 4, the results obtained with heated (curve
3) and unheated (curve 1) leaves are compared.
Both samples of leaves were irradiated at room tem-
perature with light of wave length 589 m,u and 50 fc
intensity. The heated leaves had been held at a tem-
perature of 43.2°C for a period of 60 minutes before
being illuminated. The circles designate values deter-
mined experimentally and the smooth curves values
calculated according to the second-order rate law,
equation 3, by use of the constants estimated from
equations 2 and 4, namely,
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FIG. 4. The effect of light intensity and previous
heating on the transformation of protochlorophyll to
chlorophyll a in etiolated barley leaves illuminated with
light of wave length 589 mAi. Curves 1 and 2 depict
results obtained with unheated leaves illuminated with
light intensities of 50 and 17 fe respectively; curve 3,
results obtained with leaves heated for 60 minutes at
43.2°C previous to being illuminated with light of 50 fc
intensity. The circles represent experimental data; the
lines, data calculated from the second-order rate equa-
tion employing the constants listed on pages 138 and 140.

curve 1: T., 94.1; k, 0.0190; intensity, 50 fc
curve 3: T., 61.0; k, 0.0078; intensity, 50 fc

Both the rate and limit of the transformation are
lowered by heating the leaf, the rate being reduced
to 41.3 % that in the unheated leaf and, correspond-
ingly, the limit to 64.8 %.

The conclusion that heating the leaf lowers both
the rate and extent of the transformation can be
drawn from further experiments in which duplicate
samples of leaves were heated for definite periods of
time at 43.2°C. One sample of the pair was illumi-
nated for 0.5 minute and the other for 15 minutes
with wave length 589 ml, at 50 fc intensity. The re-
sults of these experiments are given in table III. The
fact that heating lowers the extent of the transforma-
tion is evidence that part of the holochrome is de-
stroyed by heat. In this experiment, the destruction
progresses nearly logarithmically with time.

TABLE III
THE EFFECT OF HEATING BARLEY LEAVES AT 43.2°C, FOR
VARIOUS PERIODS OF TIME, ON THE RATE AND LIMIT
OF TRANSFORMATION OF PROTOCHLOROPHYLL TO CHLORO-
PHYLL A. SODIUM LIGHT OF 50 FC INTENSITY WAS USED

PERIOD PERCENT TRANSFORMA- LIMIT OF SECONDE
OF TION OBTAINED BY TRANSFORMA- VELOCITY

HEATING ILLUMINATION FOR TION CALC. CONSTANT

MIN. 0.5 MIN. 15 MIN. T<,> k

0 44.9 89.2 92.4 0.0205
20 20.9 71.0 77.3 0.0096
40 16.2 60.5 66.8 0.0096
80 9.7 45.9 52.7 0.0086

Heating of the leaves preceding, illumination lowers
the rate of the reaction more in the early stages of
heating, than in the later stages. In the first 20 min-
utes of heating the rate was reduced to 46.8 % that
of the initial rate, whereas an additional 60 minutes of
heating lowered the rate only an additional 5 %.

In the previous sections of this article, the sec-
ond-order rate law (equation 1, p. 138) has been used
to correlate the data of various experiments. How
applicable is this equation to the transformation re-
action ?

This question was answered by following the prog-
ress of the transformation in leaves which had been
illuminated for various periods of time with light of
various wave lengths as described on page 137. The
results of these experiments are given in figure 5 and
in table IV. In figure 5 the data obtained in indi-
vidual determinations are designated with dots; the
average values of the percentage transformation for
each period of illumination are represented by circles;
and the percentages of transformation calculated from
the second-order rate equation are represented by the
smooth curves.

In table IV are listed the calculated and observed
values of the transformation for each wave length,
along with the constants used for calculation. At
wave lengths 589, 579/577, and 546 mMu the calculated
and observed values agree very well, but at 436 my
there is considerable discrepancy between the two
values. The cause of this discrepancy is unknown.

The excellent agreement between the observed and
calculated results at the three longer wave lengths
justifies the correlation of experimental data by the
second-order rate equation at these wave lengths as
has been done in the previous sections of this article.

DISCUSSION
The primary objective of the work reported in

this paper was to analyze the mechanism of the
photochemical transformation of protochlorophyll to
chlorophyll a. Because the photochemical transfor-
mation of protochlorophyll occurs only when the pig-
ment is in its natural state and not when it is dis-
solved in organic solvents, it is concluded that the
pigment exists in the leaf in some sort of active com-
plex, called the protochlorophyll holochrome (18).

What is the chemical nature of this holochrome?
One approach for ascertaining this is to determine the
effect of heating the leaf at different temperatures
on the protochlorophyll-chlorophyll transformation.
Heating at temperatures from 40 to 55°C lowered the
limit to which the transformation proceeded. The
lowering of the limit was greater the longer the time
of heating, and the rate of lowering was faster the
higher the temperature (fig 3). Heating the leaf in
this temperature range brought about changes in the
limit, and in the rate of lowering the transformation
limit, similar to the effect of heating on the limits and
rates of the heat denaturation of certain proteins (10,
14). Because of this, it was inferred that the proto-
chlorophyll holochrome is a pigment-protein complex.
This was also indicated by the fact that freezing and
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TABLE IV
COMPARISON OF DATA OBSERVED WITH VALUES CALCULATED FROM THE SECOND-ORDER RATE EQUATION

AT DIFFERENT WAVE LENGTHS. INTENSITY = 15 FC IN EVERY CASE

WAVE LENGTH ....... 589 m/A 579/577 ms 546 m/A 436 mIA
T ............ 95.6 98.7 99.5 92.5 *
k ............ 0.00616 0.00367 0.00264 0.00449

Time T calc. T. obs. T calc. T obs. T. calc. T obs. T calc. T obs.
min.
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.5 21.7 22.0 15.1 15.4 11.6 11.3 15.9 22.2
1.5 44.8 44.7 34.7 34.7 282 28.3 35.5 39.5
3.0 61.0 61.6 51.4 51.6 43.9 43.4 51.3 51.1
5.0 71.3 70.9 63.6 63.4 56.5 55.8 62.4 59.6
7.5 77.9 77.7 72.1 72.4 66.0 65.1 70.0 66.3

10.0 81.7 81.8 77.3 77.4 72.1 72.8 74.5 72.7
15.0 85.9 85.9 83.4 83.0 79.4 80.7 79.7 77.0
25.0 89.5 89.4 88.9 88.9 86.4 86.2 84.3 83.7

* An average value gotten from values increasing regularly from 88.7 to 96.3.

thawing completely destroyed the capacity for trans-
forming protochlorophyll to chlorophyll a.

Not only did heating decrease the limit of the
transformation but it also decreased the rate at which
the transformation took place (fig 4; table III). The
rate was lowered much more rapidly in the early
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o S89

zc

-
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stages of heating than in the later stages. In the
later stages of heating, the rate was not greatly af-
fected even though the limit of the transformation was
considerably reduced. Whether heating affects an
enzyme operative in the reaction, as well as the
protochlorophyll holochrome, or whether it disturbs

2520 25 0 5
IRRADIATION PERIOD IN MINUTES

FIG. 5. The progress of the transformation of protochlorophyll to chlorophyll a in etiolated barley leaves when
illuminated with various wave lengths of light (intensity 15 fc) at a temperature of 6 ± 20C. The dots represent
experimental results; the circles represent the average of the observed values; and the lines depict values calcu-
lated from the second-order rate equation by substitution of the constants shown in table IV.
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the optical absorption properties of the holochrome
and thus the rate, is still a matter of conjecture.

According to the commonly accepted chemistry of
the conversion of protochlorophyll to chlorophyll a,
the reaction is a hydrogenation (1). The question
then arises concerning the mechanism of hydrogen
transfer to the protochlorophyll molecule.

The fact that the reaction proceeds at low tem-
peratures has been taken as evidence against the en-
zymatic nature of the reaction. This may not be
strictly valid, inasmuch as enzymes are known to
possess appreciable activity at low temperatures (4,
16, 17). The temperature coefficients of the enzy-
matic reactions are, however, of an entirely different
order of magnitude from those found for the proto-
chlorophyll transformation. For example, in compar-
ing the activities of lipase, trypsin, and invertase at
20 and - 15°C, factors of 200, 3000, and 600 times
were obtained, whereas for the protochlorophyll trans-
formation a factor of about 10 was found for the tem-
perature interval from 20 to - 70°C. Furthermore,
at - 700C, no activity was observed for any of the
enzymes named during a 27-day period, while the
photochemical transformation of protochlorophyll
proceeded quite rapidly at this temperature. Because
of these facts, it is concluded that the reaction is con-
trolled by photochemical activation rather than by
enzyme activation (2, 3).

Although the reaction appears to be strictly photo-
chemical, it does not proceed at - 1950C. This lack
of transformation presents something of an anomaly.

If the reaction were strictly a photochemical, in-
tramolecular hydrogen transfer, the progress of the
reaction at constant light intensity and temperature
probably should conform to the first-order rate law
(11). Instead of this, the reaction follows the second-
order rate law under most conditions (figure 5). It is
difficult to square this rate law with strictly physical
processes; more likely, it relates to chemical processes.
Consequently, it seems highly improbable that the
photochemical action is a simple intramolecular hy-
drogen transfer within the holochrome. The second-
order rate law is in accord with the assumption of
hydrogen transfer through molecular collision.

Results obtained at low temperatures bear on this
point. The transformation limit depends upon the
temperature: the lower the temperature, the lower
the limit (table II), and at - 195°C the limit of the
transformation is zero. If the conversion depends on
intramolecular hydrogen transfer, it is difficult to
see how the limit would be so drastically affected by
the temperature. If it depends on collision between
molecules, then at low temperatures in the frozen
state of the leaf the sphere of action with the light-
excited reactant would become more circumscribed
and the transformation limit would tend to become
smaller.

Inasmuch as the kinetics indicate the reaction to
be bimolecular with respect to protochlorophyll, the
molecular species which reacts with the protochloro-
phyll must occur in the same concentration as the
protochlorophyll. This is probable only if the second

molecular species is protochlorophyll or is in equi-
librium with the amount of protochlorophyll present.
This points either to the reaction between excited and
unexcited protochlorophyll molecules or to the reac-
tion between protochlorophyll and a photodissociated
product of the protochlorophyll holochrome. For the
reaction to accord with a second-order process, the
loss of excitation energy should be rapid as compared
to the intermolecular reaction.

Since the limit of the transformation is decreased
when the temperature is lowered and is increased
again when the temperature is raised, the effect of
temperature on the limit of the transformation is re-
versible (table I). This is consistent with the as-
sumption of a collision mechanism for the reaction in
which the sphere of action in the frozen leaf material
is reduced reversibly by lowering the temperature.

The rate of the reaction depends on the first
power of the light intensity. This indicates that the
bimolecular process is not dependent on the collision
of two photochemically excited molecules.

From this analysis, it seems highly probable that
the formation of chlorophyll from protochlorophyll is
not strictly a photochemical, intramolecular transfer
of hydrogen within the holochrome but requires col-
lision processes. Whether the second reactant is an-
other molecule of protochlorophyll or whether it is
another substance that is excited by the light ab-
sorbed by protochlorophyll is still to be determined.

SUMMARY
The effect of temperatures from - 195 to + 550C

on the photochemical transformation of protochloro-
phyll to chlorophyll a in etiolated barley leaves has
been studied. At - 1950C no transformation occurs.
At - 700C fairly rapid and extensive conversion takes
place. The conversion increases in rate and extent
with increase in temperature up to 40°C. Freezing
the leaves at - 10 or - 20°C appears to damage the
transformation system. This damage can be partially
avoided by freezing the leaves quickly at -77°C be-
fore raising them to - 10 or - 200C for irradiation.
The extent of the transformation, which is limited by
a given low temperature, can be increased by illumi-
nation of the frozen leaf at a higher temperature,
provided no thawing occurs. Thawving of the leaf
completely prevents the transformation.

Leaves heated to 40°C begin to lose their ca-
pacity for bringing about the phototransformation of
protochlorophyll to chlorophyll a. The longer the
period of heating the greater becomes the loss of
transformation capacity, and the higher the tempera-
ture, the more rapidly the loss takes place. Heating
the leaves at 550C for 5 minutes almost completely
destroys their transformation capacity. These ex-
periments indicate that the protochlorophyll holo-
chrome is a pigment-protein complex.

Kinetic studies on the transformation in etiolated
barley leaves at wave lengths 589, 579/577, and 546
m,f show the progress of the reaction to be rigorously
a second-order process with respect to the proto-
chlorophyll; but at 436 m,u the second-order rate law
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is not strictly obeyed. The cause of this is not known.
This kinetic behavior coupled with the progfressive
lowering of the transformation limit with lowering of
the temperature suggests that the reaction is not
strictly a photochemical, intramolecular process but
involves intermolecular interactions. Because the re-
action depends on the first power of the light inten-
sity, it is unlikely that two photoactivated holo-
chromes have to react.
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THE DEVELOPMENT OF CHLOROPHYLL AND OXYGEN-EVOLVING
POWER IN ETIOLATED BARLEY LEAVES

WHEN ILLUMINATED1

JAMES H. C. SMITH
DEPARTMENT OF PLANT BIOLOGY, CARNEGIE INSTITUTION OF WASHINGTON, STANFORD, CALIFORNIA

When etiolated leaves are illuminated they produce
chlorophyll and acquire the ability to carry on photo-
synthesis. By following simultaneously the develop-
ment of chlorophyll and photosynthetic capacity in
such leaves much may be learned concerning the par-
ticipation of chlorophyll in photosynthesis. This ap-
proach has been used by several investigators, who
have reached different conclusions concerning the
simultaneity of chlorophyll formation and the onset
of photosynthetic capacity as a brief survey of previ-
ous investigations will show.

Engelmann (4) found that all the chlorophyll-con-
taining cells which he examined were capable of evolv-
ing oxygen when they were illuminated. Further-
more, he claimed that chlorophyll-free but etiolin-con-

1 Received July 2, 1953.

taining (protochlorophyll-containing (22) ) cells of
dark-grown seedlings gave off oxygen immediately
upon being illuminated, which claim was verified by
Ewart (5).

Irving (8) and later Willstatter and Stoll (23)
examined the development of photosynthetic capacity
in relation to chlorophyll formation by following the
photosynthetic utilization of carbon dioxide during
the greening of seedlings. Irvingf stated that "Etio-
lated leaves do not possess the power to photosynthe-
size CO2 even when they have developed a large part
of their chlorophyll. When the leaves have developed
their full green color photosynthetic ability develops
rapidly. Photosynthetic activity is not directly con-
nected to the amount of chlorophyll produced. It
must be some other component of the photosynthetic
apparatus which controls the beginning of the com-
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