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Abstract Characterized by a photo—catalysis

property, nano-anatase TiO2 is closely related to

photosynthesis of spinach. It could not only improve

light absorbance, transformation from light energy to

electron energy and active chemical energy, but also

promote the activity of Rubiso activase of spinach.

However, the relation between the activity of Rubiso

activase and the growth of spinach promoted by

nano-anatase TiO2 treatment remains largely unclear.

In this study, we find that the amount and the activity

of Rubiso activase are obviously increased by nano-

anatase TiO2 treatment, which led to the great

promotion of Rubsico carboxylation and the high

rate of photosynthesis, thus improving of spinach

growth. The significant enhancement of Rubiso

activase activity of nano-anatase TiO2 treated spinach

is also accompanied by conformational changes as

determined by spectroscopic analysis. But bulk TiO2

effect is not as significant as nano-anatase TiO2, as

the grain size of nano-anatase TiO2 (5 nm) is much

smaller than that of bulk TiO2, which entered spinach

cell more easily.
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Introduction

Nano materials (NM) and nano technology have

been widely applied in world. Recently, nano

compound fertilizer has also been applied in agri-

culture. The effect of NM on plant growth to date

was also reported (Wang et al. 1999). However, few

studies have focused on the mechanisms of NM

effect on high plant. As shown by a photo—

catalyzed characteristic, nano-TiO2 under light could

cause oxidation-reduction reaction (Crabtree 1998).

Considering the fact, we speculate that nano-TiO2

might interfere with photosynthesis of plants. Our

previous results showed that nano-TiO2 treatments

could markedly promote aged seeds vigor and

chlorophyll biosynthesis of spinach, particularly,

the ribulose-1,5-bisphosphate carboxylase/oxygenase

(Rubisco) activity and the photosynthesis efficiency.

The nano-TiO2 treatments also have obvious effects

on the improvement of growth and development in

spinach, however bulk TiO2 (non-nano-TiO2) treat-

ments have only little effects (Zheng et al. 2005).

The studies on improving photosynthesis of spinach

suggested that nano-anatase TiO2 could increase

light absorbance, accelerate transport and transfor-

mation of the light energy, protect chloroplasts from

ageing and prolong photosynthetic time of chlorop-

lasts (Hong et al. 2005a, b, c). Our recent results

proved that the complex of Rubsico and Rubisco

activase could be induced in nano-anatase TiO2

treated spinach, which promoted Rubsico carboxylation
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and increased the rate of photosynthetic carbon

reaction (Gao et al. 2006).

Rubisco catalyzes the carboxylation and oxygena-

tion of ribulose-1, 5-bisphosphate(RuBP), the first

committed steps in the competitive metabolic path-

ways of photorespiration and photosynthetic CO2

fixation in higher plants (Hong et al. 2005c; Spreitzer

1999). Recently, physiologists and biochemists

showed much interest in the activation mechanism,

structure, function and molecular biology of Rubisco

(Keegstra et al. 1989; Chua and Schmidt 1979). The

regulation of Rubisco activation in vivo depends on

Rubisco activase (R-A), a chloroplastic enzyme of

nuclear encoding. The activation of Rubisco driven by

Rubsico activase is a photophosphorylation hydroly-

sis-dependent action, followed by an immediate bind-

ing of CO2 and Mg2+ at the physiological level and the

formation of an enzyme-CO2-Mg (ECM) complex,

thus gaining a maximal activation speed. Rubisco

activase releases the inhibition from RuBP on Rubisco,

and is possibly a new member of the molecular

chaperone family (Portis et al. 1986, 1995; Jimenez

et al. 1995; Han et al. 2000). Robison and Lan et al.

(Robison et al. 1988; Lan and Meott 1991) thought that

the activation mechanism of Rubsico activase on

Rubisco involved in a formation of Rubisco and

Rubsico activase intermediate complex, which could

change the conformation of Rubisco, cause the Rubi-

sco dissociation from RuBP and easily bind CO2 to the

activated sites. Then the carbamylation of Rubisco

would be accelerated (Robison et al. 1988; Lan and

Meott 1991; Robert et al. 2003), which led to the

promotion of Rubsico carboxylation. Therefore, the

activity of Rubisco activase is one of key factors for

regulating Rubisco activity.

As we know, about 50% of the total soluble

protein in spinach leaves are Rubisco, and the

Rubisco activase takes only 2% (Robison et al.

1988), thus the activity of Rubisco activase is the

most important event in promoting Rubsico carbox-

ylation and formatting the complex of Rubsico and

Rubisco activase. Nano-anatase TiO2 treatment can

promote photosynthetic carbon assimilation by induc-

ing the formation of a Rubisco-R-A complex (Gao

et al. 2006). However, the reason of the Rubisco

activase activity promoted by nano-anatase TiO2

treatment and the relation between the Rubisco

activase activity and the growth of spinach are still

unclear. In this study, we proved that the amount and

the activity Rubisco activase are obviously increased

in nano-anatase TiO2 treated spinach, which enable

the great promotion of Rubsico carboxylation and the

high rate of photosynthesis, thus leading to the

improvement of spinach growth. As shown by

spectroscopic analysis, the significant enhancement

of Rubisco activase (R-A) activity of nano-anatase

TiO2 treated spinach is attributed to conformational

changes.

Materials and methods

Material treatment and culture

Experimental material was Spinacia oleracea. The

seeds were purchased in a local seed company. Nano-

anatase TiO2 was prepared by Yang Ping’s laboratory

via controlled hydrolysis of titanium tetrabutoxide.

The details of the synthesis can be found elsewhere

(Yang et al. 2002). The average grain size calculated

from broadening of the (101) XRD peak of anatase

using Scherrer’s equation was ca 5 nm. Spinach seeds

were soaked with 0.03% nano-anatase TiO2, 0.03%

bulk TiO2 suspension for 48 h at 10�C under light, and

with deionized water for control, respectively. Then,

the seeds were planted in an experimental flowerpot.

Spinach seedlings in the stage of two leaves were

sprayed with 0.03% nano-anatase TiO2 and bulk TiO2

suspension once a week until it has eight leaves.

Growth measurement of spinach

Fresh weight and dry weight of single plants were

measured in the stage of eight leaves. And the

chlorophyll contents were determined according to

Arnon’s method (Arnon 1949), and photosynthetic

rate was detected with a portable photosynthesis

detector of CI-301PS (CID Co., USA). Carboxylase

activities of crud Rubisco and activities of crud

Rubisco activase were measured with the method of

Wang and Li (1980) (Fig. 1).

Purification of Rubisco, Rubisco activase

and Assay of enzyme activity

Rubisco and Rubisco activase were purified accord-

ing to the procedures reported by Sugiyama et al.
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(Sugiyama et al. 1968) and Salvucci et al. (Salvucci

and Klein 1994), respectively. The concentration of

protein was determined by the method of Lowry

(Lowry et al. 1951). Assay of Rubisco carboxylase

activity was performed in the same way as Li’s (Tang

et al. 1997). The activity of Rubisco activase was

detected according to previous work (Jimenez

et al.1995).

Polyacrylamide gel electrophoresis

and Western blot

Denaturing (SDS-PAGE) polyacrylamide gel electro-

phoresis was conducted as described by Laemmli

(1970). In this work, 15% (w/v) resolving gel coupled

to a 5% (w/v) stacking gel were utilized. Polyclonal

antibodies, recognizing Rubisco and Rubisco acti-

vase, were raised in New Zealand White rabbits as

described by Sambrook and Fritsch (Sambrook and

Fritsch 1989). Western-blot was carried out accord-

ing to To’s methods (To et al. 1996).

UV–Vis absorption spectrum of purified Rubisco

activase

The absorption spectra of the purified Rubisco

activase were measured at 273 K with a dual-beam

spectrophotometer (UV-3010, Hitachi Co., Japan).

Fluorescence emission spectrum of purified

Rubisco activase

The fluorescence emission spectra of the purified

Rubisco activase were recorded at 273 K and 300–

500 nm on a F-4500 fluorometer (UV-3010, Hitachi

Co., Japan). Excitation was at 285 nm. The concen-

tration of Rubisco was 0.06 mg/ml

Assay of circular dichroism (CD) spectrum of the

purified enzyme

CD spectrum was detected at room temperature on

JASCO-J-810 spectropolarimeter with a quartz sam-

ple cell of an optical path length of 1 cm. The

concentration of Rubisco was 0.2 mg/ml. Molecular

ellipticities [h] in deg cm2.dmol�1 were calculated

using mean residue weight of 114.2. The secondary

structure indexes, a-helix, b-sheet, b-turn and random

coil of enzyme samples were determined by using

Perczel’s method (Perczel et al. 1992).

Results and discussion

Effect of nano-anatase TiO2 on growth of spinach

The growth of spinach was greatly improved by

nano-anatase TiO2 treatment. As shown in Table 1,

the single fresh weight and dry weight of spinach

with nano-anatase TiO2 treatment were increased by

60.21% and 70.32%, respectively. The chlorophyll

contents were enhanced by 17.23%; and the net

photosynthetic rate was promoted by 28.82% as

compared with the control, while the bulk TiO2

treated spinach had no such significant changes.

These results indicated that, by improving the growth

of spinach, accelerating the synthesis of chlorophyll

and promoting the photosynthesis rate, nano-anatase

TiO2 could significantly increase the dry weight of

spinach, demonstrating that nano-anatase TiO2 treat-

ment could promote the accumulation of cellular

compounds of spinach.

The carboxylase activity of crud Rubisco and the

activity of crud Rubisco activase in bulk TiO2 treated

spinach were nearly the same as the control, while

Fig. 1 Effect of nano-

anatase TiO2 on spinach

growth. The spinach was

cultured as described in

‘Materials and methods’.

The picture was taken after

four weeks cultivation
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nano-anatase TiO2 treatment resulted in significant

improvement, by up to 1.9, 2.5 times to the control,

respectively, which might be the reason the enhanced

photosynthetic rate and accumulation of organic

substances of spinach.

Purification, assay of electrophoresis

and Western-blot of Rubisco activase

In order to make sure whether or not the nano-anatase

TiO2 treatment has an effect on the contents of

Rubsico activase, we purified Rubisco activase from

each 50 g spinach leaves. The results showed that the

contents of Rubisco activase from the nano-anatase

TiO2 treated spinach was increased by 42% compared

with the control, while bulk TiO2 treatments resulted

in the 5% improvement. The above results were

further confirmed by SDS-PAGE electrophoresis and

Western-blot, in this course, 1% (5 ll) of each

purified protein was assayed and the results were

shown in Fig. 2a and b. Consistent with earlier

results, two bands at 41 and 45 kDa were observed

(see in Fig. 2a), which respectively attributed to two

subunits of Rubisco activase (Liu et al. 2006; Hong

et al.2005d). The bands of ‘‘Rubisco activase’’ puri-

fied from the nano-anatase TiO2-treated spinach

(Lane 3 in Fig. 2a, b) are much broader compared

with the control (Lane 1 in Fig. 2a, b), while the

strands of bulk TiO2-treated spinach were nearly the

same as the control (Lane 2 in Fig. 2a, b).

Therefore, the nano-anatase TiO2 treatment in-

creased the amounts of Rubisco activase. High

Table 1 Effect of 0.25% nano-TiO2 on growth of spinach

Indexes Control Bulk-TiO2 Nano-anatase TiO2

Single plant fresh weight (g) 3.43 ± 0.18a 3.56 ± 0.16a 5.49 ± 0.21b

Single plant dry weight (g) 0.61 ± 0.07a 0.63 ± 0.08a 1.04 ± 0.04b

Chlorophyll content (mg g�1FW) 1.39 ± 0.09a 1.42 ± 0.07a 1.63 ± 0.10b

Net photo-synthetic rate (lmol CO2 m�2 s�1) 21.95 ± 1.08a 22.04 ± 1.12a 28.28 ± 1.21b

Rubisco carboxylase activity (lmol CO2 mg�1�protein min�1) 0.53 ± 0.01a 0.56 ± 0.02a 0.95 ± 0.03b

Rubisco activase activity (lmol CO2 mg�1 protein min�1) 0.25 ± 0.01a 0.28 ± 0.03a 0.60 ± 0.02b

The indexes listed above were determined by the assays described in ‘Materials and methods’. The data presented are an average of

the recordings from five independent experiments. a and b indicates that the differences of values followed by different letters in the

same line are significant at P = 0.05 level (t test)

Fig. 2 (a) and (b) Western-

blot of SDS-PAGE. Purified

protein, control spinach

Rubisco activase (lane 1),

normal TiO2 treated spinach

Rubisco activase (lane 2),

and nano- anatase TiO2

treated spinach Rubisco

activase (lane 3) were

resolved by SDS-PAGE

(5 ll each). Gels were

either stained with

Coomassie blue (Fig. 3) or

transferred to nitrocellulose

membranes for Western-

blot analysis and revealed

with antibodies raised

against Rubisco activase

(Fig. 4). This panel is

representative of three

independent experiments
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concentrations of Rubisco activase in the chloroplast

stroma may possibly provide an environment con-

ductive to self-association and cause the enhance-

ment of its ability to function efficiently in vivo (Kim

and Portis 2005). We therefore speculate that the

nano-anatase TiO2 treatment might also have an

effect on the activity of Rubisco activase.

Activity of the purified Rubisco activase

For the purpose of proving our speculation, the

activities of the purified Rubisco activase from spinach

were measured, and the results are listed in Table 2.

The activity of pure Rubisco activase in nano-anatase

TiO2-treated spinach is significantly higher than the

control, by up to 2.5 times, whereas the activity of pure

Rubisco activase with bulk TiO2 treatment was only

increased 9%, suggesting that nano-anatase TiO2

treatment may cause higher concentrations of Rubisco

activase, which provide an environment that lead to

self-association and enhance the activity of pure

Rubisco activase. As we know, the regulation of

Rubisco activation in vivo is dependent on Rubisco

activase, Therefore, with the Rubisco activase activity

enhanced by nano-anatase TiO2 in spinach, the Rubi-

sco carboxylase activity would also be markedly

improved, which was shown in Table 1.

Spectral analysis of purified Rubisco activase

The activity of pure Rubisco activase in nano-anatase

TiO2-treated spinach was significantly higher than

that of control, we, thereby, suppose that it is related

to not only the self-association of Rubisco activase,

but also the structure of Rubiso activase. To prove

this, spectroscopic measurements of purified Rubisco

activase was carried out.

UV–Vis spectra of the purified Rubisco activase

UV–Vis spectra of the purified Rubisco activase are

shown in Fig. 3. As we can see, the Rubisco activase

purified from different treated spinach all have a

characteristic peak of the tyrosine or tryptophan at

278 nm, and a characteristic peak of the amide bonds

at 210–220 nm. However, the characteristic peak of

the amide bonds from the nano-anatase TiO2-treated

spinach is red shifted by 5 nm compared with the

control, and the characteristic peak of the amide

bonds from the bulk TiO2-treated spinach is nearly

the same as control. The absorption intensity of the

enzymes from the nano-anatase TiO2- treated spinach

is higher than that of the control, with the order of

nano-anatase TiO2 treatment > bulk TiO2 treat-

ment > control, suggesting that the microenvironment

around tyrosine or tryptophan residue and the

contents of the amide bonds of Rubisco activase are

different from different treated spinach.

Fluorescence emission spectra of the purified

Rubisco activase

Figure 4 shows that the fluorescence emission peak at

334 nm of the purified Rubisco activase from nano-

anatase TiO2, bulk TiO2 treated spinach is not

shifted; which is attributed to the tryptophan residues,

indicating that the polar environment of fluorescent

Table 2 Effect of nano-anatase TiO2 on the purified Rubsico activase activity of spinach

Control Bulk-TiO2 Nano-anatase TiO2

Rubisco activase activity (l mg�1 protein) 0.51 ± 0.02a 0.55 ± 0.02a 1.27 ± 0.02b

The indexes listed above were determined by the assays described in ‘Materials and methods’. The data presented are an average of

the recordings from five independent experiments. a and b indicates that the differences of values followed by different letters in the

same line are significant at P = 0.05 level (t test).

Fig. 3 Effects of nano-TiO2 on UV–Vis spectra of the purified

Rubisco activase from spinach
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aromatic groups does not change. But the intensity of

the fluorescence emission peak of the purified

Rubisco activase from nano-anatase TiO2-treated

spinach is 1.4 times that of control, which might be

different from the microenvironment of Rubisco

activase purified from different treated spinach.

Considering the enhancement of absorption and

fluorescence emission of Rubiso activase by nano-

anatase TiO2 treatment, we believe that the nano-

anatase TiO2 treatment affected the microenviron-

ment around tryptophan residue, which might lead to

the change of the secondary structure of Rubiso

activase.

Circular dichroism (CD) spectra of the purified

Rubiso activase

To further confirm that nano-anatase TiO2 treatment

might affect the secondary structure of Rubiso

activase, the CD spectra of the purified enzymes

from spinach were detected and the results are shown

in Fig. 5: the CD spectra of the purified Rubiso

activase from nano-anatase TiO2-treated, bulk TiO2

treated spinach and the control have a nearly same

negative peak at 216 nm, but the negative peak

intensity of the purified Rubiso activase from the

nano-anatase TiO2-treated spinach is significantly

higher than that of the control and bulk TiO2 treated

spinach. The results configured by using Perczel’s

method indicate that compared with the control, the

a-helix, b-sheet and b-turn contents of Rubiso

activase from nano-anatase TiO2-treated spinach are

increased by 12%, 18% and 13%, respectively, and

the random coil contents are decreased by 57%.

However, the secondary structure of Rubiso activase

from bulk TiO2 treated spinach is nearly the same as

the control.

Conclusion

In the present research, the effects of nano-anatase

TiO2 on the activity and conformation of Rubiso

activase were studied, and the results show that with

the nano-anatase TiO2 treatment, the amount of

Rubiso activase is increased by 42%, and the activity

of Rubiso activase is also obviously enhanced, by up

to 2.5 times compared with the control, thereby,

conducing to the great improvement of Rubsico

carboxylation and the high rate of photosynthetic

carbon reaction. Spectroscopic analysis indicates that

the intensities of absorption and florescence of

purified Rubiso activase from the nano-anatase

TiO2 treated spinach are significantly higher than

that of the control, the secondary structure of the

purified enzyme is also very different, the a-helix, b-

sheet and b-turn contents are markedly increased, and

the random coil contents are greatly decreased.

Accordingly, it is suggested that the nano-anatase

TiO2 treatment could not only increase the amount of

Rubiso activase which leads to self-association, but

also improve the conformation of Rubiso activase,

which resulted in the great enhancement of the

enzyme activity and the rate of photosynthetic carbon

reaction, improved spinach growth. However, bulk

TiO2 effect was not as significant as nano-anatase

Fig. 4 Effects of nano-TiO2 on fluorescence emission spectra

of the purified Rubiso activase from spinach

Fig. 5 Effects of nano-TiO2 on ultraviolet CD spectra of

Rubisco activase of spinach
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TiO2, as the grain size of nano-anatase TiO2 (5 nm) is

much smaller than that of bulk TiO2, which entered

spinach cell more easily.

Acknowledgements This work was supported by the

National Natural Science Foundation of China (grant no.

20671067, 30470150) and by the Jiangsu Province Universities

Natural Science Foundation (grant no. 06KJB180094).

References

Arnon DI (1949) Copper enzymes in isolated chloroplasts:

polyphenol oxidase in Beta vulgaris. Plant Physiol 24:1–

15

Chua NH, Schmidt GW (1979) Transport of proteins into

mitochondria and chloroplasts. J Cell Biol 81:461–483

Crabtree RH (1998) A new type of hydrogen bond. Science

282:2000–2001

Gao FQ, Hong FS, Liu C, Zheng L, Su MY (2006) Mechanism

of Nano-anatase TiO2 on promoting photosynthetic car-

bon reaction of spinach: Inducing complex of Rubisco–

Rubisco activase. Biol Trace Element Res 111:286–301

Han Y, Chen G, Wang Z (2000) The progress of studies on

Rubisco activase. Chin Bull Botany (in Chinese)

17(4):306–311

Hong FS, Yang P, Gao FQ, Liu C, Zheng L, Yang F, Zhou J,

(2005a) Effect of nano-TiO2 on spectral characterization

of photosystem II particles from spinach. Chem Res Chin

Univ 21(2):196–200

Hong FS, Yang F, Ma ZN, Zhou J, Liu C, Wu C, Yang P

(2005b) Influences of nano-TiO2 on the chloroplast ageing

of spinach under light. Biol Trace Element Res

104(3):249–260

Hong FS, Zhou J, Liu C, Yang F, Wu C, Zheng L, Yang P

(2005c) Effect of Nano-TiO2 on Photochemical Reaction

of Chloroplasts of Spinach. Biol. Trace Element Res

105:1–11 [1] Wang LJ, Guo ZM, Li TJ, Li M (1999)

Biomineralized nanostructured materials and plant silicon

nutrition. Prog Chem 11:119–128 (in Chinese)

Hong FS, Liu C, Zheng L, Wang XF, Wu K, Song WP, Lv SP,

Tao Y, Zhao GW, (2005d) Formation of Complexes of

Rubisco–Rubisco activase from La3+, Ce3+ treatment

spinach. Sci China Ser B Chem 48(1):67–74

Jimenez ESD, Medrano L, Martinez-Barajas E (1995) Rubisco

activae, a possible new member of the molecular chap-

eronefamily. Biochemistry 34:2826–2831

Keegstra K, Olsen LJ, Theg. SM (1989) Chloroplastic precursors

and their transport across the envelope membranes. Annu

Rev Plant Physiol Plant Mol Biol 40:471–501

Kim K, Portis AR (2005) Temperature dependence of photo-

synthesis in Arabidopsis plants with modifications in

Rubisco activase and membrane fluidity. Plant Cell

Physiol 46(3):522–530

Laemmli UK (1970) Cleavage of structural proteins during the

assembly of the head of the bacteriophage T4. Nature

277:680–685

Lan Y, Meott KA (1991) Determination of apparent Km values for

ribulose 1,5-bisphosphate carboxylase/oxygnase (Rubisco)

activase using the spectrophotometric assay of Rubisco

activity. Plant Physiol 95:604–609

Liu C, Hong FS, Wu K, Ma HB, Zhang XG, Hong CJ, Wu C,

Gao FQ, Yang F, Zheng L, Wang XF, Liu T, Xie YN, Xu

JH, Li ZR (2006) Effect of Nd3+ ion on carboxylation

activity of ribulose-1,5-bisphosphate carboxylase/oxy-

genase of spinach. Biochem Biophys Res Commun

342(1):36–43

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro-

tein measurement with the folin phenol reagent. J Biol

Chem 193:265–275

Perczel A, Park K, Fasman GD (1992) Analysis of the circular

dichroism spectrum of proteins using the convex con-

straint algorithm:A practical guide. Anal Biochem

203:83–89

Portis A Jr (1995) The regulation of Rubisco by Rubisco

activase. J Expt Bot 46:1285–1291

Portis A Jr, Salvucci ME, Ogren WL (1986) Activation of

ribulosebisphosphate carboxylase.oxygenase at physio-

logical CO2 and ribulosebisphosphate concentrations by

Rubisco activase. Plant Physiol 82:967–971

Robert L, Houtza, Portis A Jr (2003) The life of ribulose-1,5-

bisphosphate carboxylase/oxygenase—posttranslational

facts and mysteries. Arch Biochem Biophys 414:150–158

Robinson SP, Streusand VJ, Chatifield JM, Portis A Jr (1988)

Purification and assay of Rubisco activase from leaves.

Plant Physiol 88:1008–1014

Salvucci ME, Klein RR (1994) Site-Directed mutagenase of

reaction lysyl residue(Lys-247) of Rubisco activase. Arck

Biochem Biophys 314:178–185

Sambrook EF, Fritsch T (eds) (1989) Molecular cloning. Cold

Spring Laboratory Press, NewYork

Spreitzer RJ (1999) Questions about the complexity of chlo-

roplast ribulose-1,5-bisphosphate carboxylase/oxygenase.

Photosynth Res 60:29–42

Sugiyama T, Nakayama N, Ogawa M, Akazawa T, Oda T

(1968) Structure and function of chloroplast proteins:

Effect of q-Chloromercuribenzoate treatment on the ri-

bulose-1,5-bisphosphate carboxylase/oxygenase activity

of Spinach leaf fraction protein. Arch Biochem Biophys

125:98–106

Tang RH, Jia JW, Li LR (1997) Purification and character-

ization of Rubisco activase from tobacco. Acta Phyto-

physiol Sin (in Chinese) 23:89–95

To KY, Cheng MC, Chen LFO, Chen SCG (1996) Introduction

and expression of foreign DNA in isolated spinach chlo-

roplasts by electroporation. Plant J 10:737–743

Wang WG, Li LR (1980) A simplified purification method of

RuBP carboxylase from spinach leaves. Acta Phytophys-

iologia Sin (in Chinese) 40(3):256–262

Wang LJ, Guo ZM, Li TJ, Li M (1999) Biomineralized

nanostructured materials and plant silicon nutrition. Prog

Chem (in Chinese) 11:119–128

Yang P, Lu C, Hua N, Du Y (2002) Titanim dioxide nano-

particles co-doped with Fe3+ and Eu3+ ions for photoca-

talysis. Mater Lett 57:794–801

Zheng L, Hong FS, Lu SP, Liu C (2005) Effect of nano-TiO2

on strength of naturally aged seeds and growth of spinach.

Biol Trace Element Res 104(1):82–93

Biometals (2008) 21:211–217 217

123


	Was improvement of spinach growth by nano-TiO2 treatment related to the changes of Rubisco activase?
	Abstract
	Introduction
	Materials and methods
	Material treatment and culture
	Growth measurement of spinach 
	Purification of Rubisco, Rubisco activase �and Assay of enzyme activity
	Polyacrylamide gel electrophoresis �and Western blot
	UV-Vis absorption spectrum of purified Rubisco activase
	Fluorescence emission spectrum of purified Rubisco activase
	Assay of circular dichroism (CD) spectrum of the purified enzyme

	Results and discussion
	Effect of nano-anatase TiO2 on growth of spinach
	Purification, assay of electrophoresis �and Western-blot of Rubisco activase
	Activity of the purified Rubisco activase
	Spectral analysis of purified Rubisco activase
	UV-Vis spectra of the purified Rubisco activase
	Fluorescence emission spectra of the purified Rubisco activase 
	Circular dichroism (CD) spectra of the purified Rubiso activase 


	Conclusion 
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


