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The reduction of triphosphopyridine nucleotide (TPN) by illuminated
chloroplasts is most probably the consequence of a multi-component (or
multi-reaction) process. To date, very little is known concerning the
number of intermediate steps required in the formation of reduced TPN at
the expense of light energy.

Studies in this laboratory have established that the photochemical
reduction of TPN requires both chloroplasts and a soluble factor isolated.
originally from chloroplasts (San Pietro and Lang, 1958). This finding
represented the first demonstration that a soluble factor can be added back
to chloroplasts to recoustitute their over-all electron transport reaction.
The soluble enzyme, photosynthetic pyridine nucleotide reductase {PPNR),
has been purified extensively and it has been shown (Keister et al., 1961)
that, under the proper counditions, the reduction of TPN proceeds at a rate
(about 3295 pmoles per hour per mg. of chlorophyll) commensurate with that
of photosynthesis (Kabinowitch, 1956,

The elucidation of the mechanism of action of PPNR is basic to an
understanding of the mechanism of reduction of TPN. Toward this end, it
was desirable to gain some information on the physical properties of the

enzyme. In this report are presented the results of this siudy.

1Aided by grants from the National Institutes of Health, United States
Public Health Service {XG-4143) and from the American Cancer Society
(No. P-2034 and No. P-40a}.
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MATERIALS AND METHODS

The enzyme was purified as previously described (San Pietro,1961).
Enzymatic activity was determined spectrophotometrically by measuring the
initial raﬁe of formation of reduced TPN in the Hill reaction (San Pietro,
1961). Protein concentration was determined by the Folin Phenol method

(Lowry et al., 1951).

Free electrophoresis was carried out in a Perkin-Elmer Tiselius
apparatus, Model 33, with a 2 ml. cell. Zone electrophoresis on a Munktell's
cellulose powder column was performed at y° essentially as described by
Porath (1956).

Sedimentation was observed in a Spinco Model E analytical ultracen-
trifuge, equipped with Schlieren optics and automatic rotor temperature
control, at a rotor speed of 59,700 rpm. Sedimentation coefficients were
corrected to a standard state in water at 20°,

Diffusion measurements were made with a synthetic boundqry cell
(Pickels et al., 1952). The diffusion coefficient of the protein was
estimated by the use of the first moment method. The partial specific
volume of the protein was assumed to.be 0.7l and this value w#s used in all
calculations.

Molecular weight meaéuremenfs were performed by the method of
Ehrenberg (1957) with a 12 mm synthetic boundary cell with a rubber valve
and a rotor speed of 23,150 rpm. Viscosity measurements were made with an
Ostwald-Fenske viscosimeter, of 2 ml volume, in a constant temperature bath

maintained at 20 # 0.03°.

RESULTS AND DISCUSSION

Fig. 1 illustrates the nature of the pattern obtained during ultra-
centrifugation and demonstrates that the material sediments as a single
welght class. A single symmetrical peak was apparent at the protein concen-

trations tested; namely, 0.28, 0.59, 0.74 and 0.92 per cent. The extrapo-
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Fig. 1 Schlieren pattern in a synthetic boundary cell. Protein concentra-
tion was 7.4 mg./ml. Phosphate buffer, pH 7, at an lonic strength
of 0.1 was used.

lated value for the sedimentation coefficient of this single peak was 1.%6
Svedbergs. It may be of interest that the observed sedimentation-
coefficient increased slightly in a linear fashion with increasing protein
concentration and may reflect some association of the protein at the higher
concentrations. The relationship between the observed sedimentation
coefficient, S, and protein concentration, ¢, in per cent is given by the
equation § = 1.36 (1 + 0.25 c).

It should be noted that the purified PPNR is reddish-brown in color
(San Pietro, 1961). It is clear from Fig. 1 that the color remains associ-
ated with the protein during ultracentrifugation. Under acidic conditions
(pH 2) the enzyme is irreversibly bleached and there is a concomitant
loss of activity. Sedimentation analysis of this material indicated a high
degree of polymerization with a mean value for the sedimentation coefficient

of about 6 Svedbergs.
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The diffusion coefficient was estimated to be 6.60 x 10’7 cm2 sec-1

at zero protein concentration. A plot of the value of the diffusion
coefficient versus protein concentration yielded a straight line with zero
slope. Using the experimentally determined values for the sedimentation
and diffusion coefficients and the assumed partial specific volume, the
molecular weight of the enzyme was calculated by the Svedberg equation to
be 17,000. This value is given strong support by the results of the equi-
librium studies. The molecular weight measured at five successive intervals
during equilibrium centrifugation remained constant at 17,000 + 2,000. The
constancy of this value is additional evidence for the homogeneity of the
preparation.

Viscosity measurements were carried out in 0.005 M Tris, pH Y. The
reduced viscosity was estimated to be 0,150 dl/g at zero protein concen-
tration. Assuming the particle to be an anhydrous prolate ellipsoid, the

axial ratio calculated from the Einstein viscosity increment (¢ = 21) was

estimated to be 14, This is in reasonable agreewment with the axial ratio
calculated from sedimentation and diffusion data using the Perrin equation
(b/a = 18). These values seem high for a protein of such low molecular
weight.

As stated above, the enzyme is colored and the ratio of optical
density at 230 my to that at 260 my is about 1.2 (San Pietro, 19€1l). This
low ratio is most probably due to the chromophore but may be due to a con-
tamination with nucleic acid to the extent of about 1.5 per cent. These
alternative possibilities are under investigation.

In Fig. 2 is shown the elution diagram obtained in zone electro-
phoresis. One single and symmetrical peak is present at the pH and concen-
tration used. The results in free boundary electrophoresis at three
different pH's (6, 7 and 8) also show a single peak with no evidence of
other components. These experiments were carried out in phosphate buffer,
of ionic strength of 0.1, at 4°. At pH 7, the mobility was calculated to

be T7.57 x 10-5 cm2 sec:-1 volt_l. In acetate buffer, pH 5, it is possible
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Fig. 2 Cellulose column electrophoresis of PPNR. The size of the column
was 45 x 2.5 cm; the current was 25 mA; and the time was 18 hours.
Phosphate buffer, pH 8, at an ionic strength of 0.03 was used.

(e) Optical Density; (4) Activity.

to observe the presence of a small second component, the percentage of
which appears to increase in proportion to the loss in enzymatic activity.
Davenport (1960; has reported that the "methemoglobin-reducing
factor,’ shown previously to catalyze the reduction of methemoglobin and
metmyoglobin by illuminated chloroplasts, is also active in catalyzing the
reduction of TPN in this system. The molecular weight of the protein,
calculated from sedimentation and diffusion measurements, has been reported
‘to be 19,000 (Davenport and Hill, 1960). In view of this, and other
similarities between PPNR and the "methemoglobin-reducing factor," it may

be that these two activities are associated with the same protein.
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We wish to thank Dr. W, F. Harrington for his helpful criticism of

this work.
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