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Lysozyme purification from tobacco extract by
polyelectrolyte precipitation
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Abstract

Tobacco is widely used as a model plant for feasibility studies of recombinant protein production from transgenic plants. However, dealing
with large quantities of biomass to recover recombinant proteins is a challenge for down-stream processing. In this study, the effect of
isoelectric precipitation on native tobacco protein was first studied. Among the three acids studied, hydrochloric acid is shown to be more
effective than acetic or citric acid, and at pH 4, 60% of native tobacco protein was precipitated by HCl. Egg white lysozyme was used as the
model protein to test the feasibility of polyelectrolyte precipitation in protein recovery from tobacco extract. Precipitation of lysozyme at pH 7
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as shown ineffective probably because of the interference of polyphenolic acids. However, after isoelectric precipitation at pH 5 po
cid (PAA) was shown to precipitate 85% of the soluble lysozyme when the polymer dosage was increased to 1.5 mg polymer/mg
hile negligible amounts of native tobacco protein was co-precipitated. Lysozyme precipitation by PAA in tobacco extract obtaine
as also studied, and lysozyme yield was significant improved.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Plant systems are very cost-efficient in biomass produc-
ion, and they do not carry viruses and other pathogens dan-
erous to humans such as human immunodeficiency virus
HIV), prions, hepatitis viruses and so on. In addition, the
rotein synthesis pathway is conserved between plants and
nimals, so plants can fold and assemble recombinant human
nd other mammal proteins efficiently to produce bioactive
roteins[1,2]. Thus, transgenic plants have been widely stud-

ed as alternative sources to other expression systems, such
s microbial, animal cell, or transgenic animal expression
ystems, to produce recombinant proteins.

Tobacco was the first flowering plant to be transformed
nd regenerated[3], and it is one of the easiest plants to be

Abbreviations: BCA, bicinchoninic acid; BSA, bovine serum albu-
in; CMC, carboxymethyl cellulose; DHB, dihydroxybenzenes; PAA,
oly(acrylic) acid
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genetically engineered. Because of its ease of culture
transformation, it is still used as an alternative model
tem for studying plant development. Tobacco has also
recognized as an ideal production system for plant base
ologics[4,5]. After the appearance of the unapproved S
link Bacillus thuringiensis(Bt) toxin from recombinant cor
in the food supply, it is increasingly obvious that as a n
food and non-feed crop tobacco is a much safer altern
for production of pharmaceutical proteins. Furthermore,
tein production from transgenic tobacco can be easily sc
up. Tobacco’s biomass (leaf) yield can reach as muc
170,000 kg/ha, and each plant can produce about 15
seeds for reproduction and scale-up[5]. Tobacco has als
been shown to successfully express numerous therap
proteins and many monoclonal antibodies. However, c
mercialization of tobacco as a host for recombinant
tein production is dependent on the development of
effective and efficient methods to handle huge amoun
biomass. Since the overall cost of a protein’s purificatio
mainly determined by the efficiency of the initial recov
and purification, extraction and initial purification procedu
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.10.018
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of recombinant proteins from tobacco need to be devel-
oped.

Because it is a simple unit operation, relatively inexpen-
sive and straightforward to be scaled-up, precipitation is of-
ten used in the early stages of protein purification processes
for protein recovery and purification. Both isoelectric and
polyelectrolyte precipitation have been shown to be effec-
tive and surprisingly selective in separating proteins from the
extracts of various plant hosts[6,7]. Isoelectric precipitation
is achieved by adjusting the pH of a protein solution and is
based on that a protein’s solubility is at minimum at its pI,
and proteins form aggregates during isoelectric precipitation
mainly through hydrophobic interaction. However, it may re-
sult in loss of activity due to denaturation if the target protein
is precipitated. On the other hand, protein precipitation by
polyelectrolyte, which is based on the electrostatic interaction
between a charged polymer and oppositely charged proteins,
has additional advantage because the precipitated proteins
maintain their bioactivities and can be readily resuspended
in aqueous solutions, often at higher concentrations[8].

Zaman et al. used isoelectric precipitation to remove na-
tive canola protein from lysozyme in canola extract[6]. They
reported that at pH 5, 70% of native canola proteins pre-
cipitated, while 90% of lysozyme remained in solution. In
the same report, however, precipitation of lysozyme with
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p rob-
a tract.
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PAA was purchased from Polysciences Inc. (Warrington,
PA, USA). Its molecular mass is ca. 500,000. CMC was ob-
tained from Sigma, and its molecular mass is ca. 700,000 with
degree of substitution (DS) of 0.9. Glass H, sodium hexam-
etaphosphate with an average of molecular mass of 2200, was
donated by Astaris (Lawrence, KS, USA).

Burley tobacco was grown at the Virginia Tech Southern
Piedmont Agriculture Research and Extension Center, Black-
stone, VA during the summer of 2001. Plant tissue was stored
on ice during transport to Blacksburg then stored at−80◦C.

2.2. Tobacco extract

Tobacco extract was obtained following reported proto-
col [11]. Frozen burley tobacco leaves were thawed at room
temperature until soft. Deionized water was used to rinse soil
and other contaminants from the leaves. The leaves were then
blotted dry with paper towels. The total mass of the leaves
was measured. The stalk was separated from the leaf tissue
and discarded. The remaining leaf tissue was weighed and
blended. The tissue was then separated into approximately
3 g samples. Buffer was added to the samples in the ratio of
10 mL buffer:1 g leaf. For isoelectric precipitation, 50 mM,
pH 9 Tris buffer was used. For polyelectrolyte precipitation,
50 mM pH 7 sodium phosphate (NaPi) was used. The samples
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olyelectrolytes sodium hexametaphosphate (Glass H
oly(acrylic acid) (PAA) at near pH 7 was unsuccessful p
bly due to interference of canola components in the ex
AA was also used to separate lysozyme from egg-whit
ith much greater success[9]. Nine-fold higher specific ac

ivity was achieved, which also indicates that little dena
tion takes place during precipitation. It was also repo

hat lysozyme precipitation is pH dependent. Moreover,
oxymethyl cellulose (CMC), another negatively char
olyelectrolyte at neutral pH, was studied to recover

ein from whey[10], although the goal was to recover a
oncentrate the total protein rather than a target protein

In this study, the precipitation profile of native toba
rotein under different pH was first determined. Egg-w

ysozyme, molecular mass 14,000 and pI ca. 10.5, was the
sed as a model protein to test the effectiveness of poly

rolyte precipitation for selective lysozyme recovery from
acco extract. Three polyelectrolytes, PAA, CMC, and G
, were studied, and the influences of pH and extraction
ition on precipitation were also reported.

. Materials and methods

.1. Materials

Unless specified, all chemicals including egg-w
ysozyme were purchased from Sigma (St. Louis, MO, US
ovine serum albumin (BSA) and bicinchoninic acid (BC
ssay reagents were purchased from Pierce (Rockfor
SA).
ere then homogenized and weighed.
The homogenized samples were allowed to stand at

emperature for 15 min. Then, the samples were centrif
t 4◦C for 20 min. After centrifugation, the supernatant w
ollected and then filtered.

.3. Isoelectric precipitation

Filtered tobacco extract was separated into 2 mL sam
nd the pH of the extract was measured. Each sample

itrated with acid until it reached desired pH. Precipita
as tested at pH 3–8. Acids used were 0.2 M HCl, 0
itric acid, and 0.5 M acetic acid. Triplicates were perform
or each acid at each pH. Samples were then centrifug
◦C and 12857×g for 20 min.
After centrifugation, the protein content of the superna

f each sample was measured using BCA assay. Prior
ssay, samples with pH 5–9 were diluted (2× and 10×) be-
ause protein content was higher than the linear rang
he assay. Samples were diluted in 50 mM buffer with
ame pH to prevent additional protein precipitation. For
, citrate-phosphate buffer was used. Buffers from pH 6
ere prepared using sodium phosphate, and the pH 9 b
as prepared using Tris base.

.4. Polyelectrolyte precipitation with tobacco extract
btained at pH 7

Tobacco extract was obtained with pH 7 NaPi buffer.
al tobacco protein concentration is ca. 3.5 mg/mL. Lysoz
as spiked into tobacco samples with a final concentr
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of 0.2 mg/mL. The total volume of each sample was 1.4 mL.
For PAA and Glass H, the polymer stock solutions were
14 mg/mL in 50 mM NaPi, pH 7, and the amounts of poly-
mer used were 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, and 1.5 mg/mg
lysozyme. The 50 mM NaPi buffer at pH 7 was used to make
final total volumes equal. For CMC, the stock solution was
4.7 mg/mL, and the amounts of polymer used were 0, 0.1,
0.2, 0.3, 0.4, and 0.5 mg/mg lysozyme.

After addition of polyelectrolyte, samples were vortexed
and allowed to precipitate for 15 min and then centrifuged
in a Marathon centrifuge for 15 min at 10,000 rpm. Super-
natant was separated from precipitant by pipetting. Protein
concentration was measured with BCA assay. Concentration
of lysozyme was measured by SDS-PAGE gel analysis. A
lysozyme activity assay was attempted to measure lysozyme
content, but was unsuccessful. All experiments were carried
out at room temperature.

Protein precipitation with PAA was also attempted at pH 5.
For this study, lysozyme-spiked tobacco extract at pH 7 was
first titrated to pH 5 with HCl. After isoelectric precipitation,
polyelectrolyte precipitation with PAA was performed with
concentrations of 0, 0.3, 0.6, 0.9, 1.2, and 1.5 mg PAA/mg
lysozyme originally added. Again, protein concentrations
were analyzed using BCA assay and SDS-PAGE analysis.
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Fig. 1. Isoelectric precipitation profiles of native tobacco protein. They-axis
indicates the weight percentage of tobacco protein remaining in the solution
after precipitation at different pH. The extract pH was titrated with different
acids.

3. Results and discussion

3.1. Isoelectric precipitation

The solubility of tobacco protein was considered as a frac-
tion of the tobacco extract obtained at pH 9, which was as-
signed to be 100%. It should be noted that the pH of the
extract dropped to approximately pH 8.7 after extraction. All
results were measured using BCA assay and confirmed with
SDS-PAGE gel analysis.

As shown inFig. 1, different acid has different tenden-
cies in precipitating proteins. The tobacco protein solubility
profile obtained with HCl is noticeably different from that ob-
tained with citric acid or acetic acid. For HCl, tobacco protein
solubility reached a minimum at pH 4 at ca. 40.2%. For citric
and acetic acid, the highest protein separation was observed
at pH 3. The minimum solubility was 44.3% for citric acid
and 43.3% for acetic acid. Interestingly, the solubility curves
seem to converge at pH 3.

For acetic acid, titration to pH 3 from pH 4 required a
10-fold increase in acid added by volume. For citric acid, it
required a 4-fold increase. However, this additional acid only
improved precipitation about 5%, from 49.0% to 43.3% with
acetic acid and from 48.9% to 44.3% with citric acid. The
large volume of acetic and citric acid needed to decrease the
s
i tion.
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.5. Polyelectrolyte precipitation with tobacco extract
btained at pH 5

Tobacco protein extract was obtained with 50 m
itrate–phosphate buffer, pH 5. PAA stock solution
4 mg/mL in the extraction buffer, and the dosage of P
tudied was same as above. Overall lysozyme concent
n the spiked extract was 0.2 mg/mL, and the spiked ex
as allowed to stand at room temperature for 15 min then

exed and filtered before PAA precipitation. The precipita
rotocol is same as above.

.6. BCA assay

Protein concentration was determined by bicinchon
cid assay[12]. Bovine serum albumin was used as stand
ifty microliters of sample was mixed with 1 mL of the wo

ng reagent and incubated at 37◦C for 35 min. The sample
ere allowed to cool to room temperature before absorb
as measured at 562 nm.

.7. SDS-PAGE electrophoresis

Samples were prepared with 2× sample buffer, and th
nal concentration of�-mercaptoethanol in the samples w
%. The sample/buffer mixture was incubated at 85◦C for
min. The gels were run for 1.5 h at 125 V.
After running, the gels were washed and stained

oomassie-blue. The gels were then scanned with a Bi
ensitometer, and analyzed using Quantity One Softwa
olution pH is not surprising because the pKa of acetic acid
s 4.74 and the acid is weakly ionized in aqueous solu

eanwhile, the pK values of the three carboxyl groups
itric acid are 3.13, 4.76, and 6.40, respectively. Moreo
he protein solubility showed a large drop between pH 5

for all three acids. Insignificant protein precipitation w
bserved at pH 6 for citric acid and acetic acid, but the

ein solubility dropped to about 69% at pH 5. For HCl,
olubility dropped from 68.4% to 48.7% between pH 5 an
urther titration to lower pH was not efficient, as the pro
olubility at pH 5 was only about 8% higher than the m
um solubility achieved. This result indicates that titra
t different pH may be useful in separating proteins tha
ensitive to very acidic conditions.
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The different tendencies for protein precipitation with dif-
ferent acid may be attributed to the varying ability of the an-
ions (Cl−, CH3COO−, and CHO(COO)3−) interacting with
the positively charged amino acid residues on protein sur-
face. For HCl precipitation, it may be easier for the small
chloride ion to interact with the positively charged groups
on protein surface to reduce the repulsive electrostatic forces
during protein aggregation. From pH 9 to 6, the reduced re-
pulsive effect is significant to promote protein aggregation
during isoelectric precipitation by HCl. From pH 6 to 5, the
change of solution pH is more significant in inducing protein
aggregation for all three acids. At lower pH, the reduced re-
pulsive effect becomes less significant and eventually leads
to the convergence of the solubility profiles. In addition, the
tobacco protein solubility profile with HCl is very similar to
that of canola protein, except that the minimum is occurred
at pH 5 for canola protein instead of pH 4 for tobacco protein
[6]. For acetic and citric acids, protein precipitation is largely
dependent on the pH change. The reduced repulsive effect by
the interaction between anions and positively charged groups
on protein surface is minimal at elevated pH or absent at lower
pH.

3.2. Polyelectrolyte precipitation at pH 7
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Fig. 2. Protein solubility profile after addition of (a) PAA and (b) Glass H.
Lysozyme concentration was obtained by Quantity One volume quantity
analysis of SDS-PAGE gels. Total tobacco protein and total protein concen-
trations were obtained by BCA assay. They-axis indicates the weight percent
of corresponding protein remaining in aqueous solution. The total tobacco
protein solubility curve was obtained with non-spiked tobacco extract.

10.5 and 11.3. In the presence of these substances, the
isoelectric range of lysozyme shifts to pH range 6–7 (o-
DHB), pH range 3.5–9 (p-DHB), or pH range 3–9 (gallic
acid). This means that in the presence of any of these sub-
stances or other commonly found polyphenolic acids in to-
bacco leaves, such as chlorogenic acid[14], lysozyme is
mostly insoluble or uncharged (or negatively charged) at
pH 7. Thus, precipitation of lysozyme in tobacco extract
at pH 7 with negatively charged polyelectrolytes becomes
impossible.

On the other hand, total tobacco protein (unspiked) and
the total protein including lysozyme do not vary with the
addition of polyelectrolytes. The fact that no significant
native tobacco protein was precipitated with either of the
polyelectrolytes shows that most of the tobacco proteins
are of acidic nature. Our previous work showed that the
overall tobacco cellular environment is acidic, and more
acidic proteins are present in aqueous tobacco extract[11].
This actually presents opportunities for selective recovery
of basic proteins, such as lysozyme, and it needs to be
taken into consideration when tobacco is considered for
recombinant protein expression. However, the interference
from the presence of polyphenolic compounds needs to be
overcome.
Tobacco protein extract was obtained with 50 mM N
t pH 7 with total concentration ca. 3.5 mg/mL. For all th
olymers studied, polyelectrolyte precipitation was un
essful. Lysozyme content was measured with SDS-P
el analysis, because lysozyme activity assay proved u
ble. As shown inFig. 2 (data for CMC precipitation is no
hown), the solubility of lysozyme is approximately 30%
ardless of the amount or the variety of polymer added t
xtract. The variation of lysozyme solubility is likely due
he error in protein quantification by Quantity One.

The low solubility of lysozyme in tobacco extract is u
xpected. Zaman et al. spiked 0.2 mg/mL of T4 lysozym
.2 mg/mL of canola protein (lysozyme accounted for 1
f total protein), and almost all T4 lysozyme was solubl
H 7 [6]. In this study, lysozyme only accounted for ca.
f the total protein in spiked samples. However, about
f lysozyme was lost due to precipitation. Interestingly,
emaining lysozyme does not appear to interact with e
f the polyelectrolytes, PAA (Fig. 2a) or Glass H (Fig. 2b),
ut both PAA and Glass H have been shown to induce

ysozyme precipitation[6]. One plausible explanation for th
henomenon is that some components in tobacco extra

eract with the positively charged lysozyme to prevent
rotein from interacting with the polymers.

The presence of phenolic substances in tobacco m
esponsible for the precipitation of lysozyme and shi
ng off lysozyme from interacting with the polyelectrolyt
awel et al. demonstrated that several phenolic subst

ound in plants,o-, p-dihydroxybenzenes (DHB), and g
ic acid form complex structures with lysozyme[13]. The
soelectric range of unmodified lysozyme is betweenI
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Fig. 3. Lysozyme precipitation in spiked tobacco extract at pH 5 by PAA.
Tobacco extract was obtained at pH 7. They-axis indicates the weight per-
centage of protein remaining in the solution after precipitation.

3.3. Polyelectrolyte precipitation at pH 5 with tobacco
extract obtained at pH 7

To circumvent the problems posed by the presence of phe-
nolic substances in tobacco extract, lysozyme-spiked tobacco
extract was first titrated to pH 5 and then PAA was added.
As shown inFig. 3, after first titrating spiked tobacco extract
to pH 5, PAA becomes effective in precipitating lysozyme.
It should be noted that only ca. 33% of the originally spiked
lysozyme remained in the supernatant after pH adjustment.
Nevertheless, about 85% of the lysozyme remaining in so-
lution at pH 5 was precipitated by addition of PAA (1.5 mg
PAA/mg total lysozyme), and the amount of lysozyme precip-
itated increases with the amount of PAA added. Meanwhile,
over 92% of tobacco protein after pH adjustment remained
in the supernatant. The overall lysozyme recovered by PAA
precipitation (Fig. 4), however, is only ca. 29% due to the
loss of lysozyme at pH 7. Based on the results in the previous
section, it is safe to assume that the loss of lysozyme occurred
before the titration even started.

Compared to the precipitation carried out at pH 7 where
none of the three polyelectrolytes worked, however, this

F rall
r t was
o

still is a noticeable improvement. The enrichment ratio of
lysozyme precipitated at pH 5 is ca. 11. The reason for this
significant improvement could be that the interactions be-
tween lysozyme and polyphenolic compounds are weakened
or disrupted at pH 5 to allow PAA–lysozyme interaction to
take place. Precipitation studies with Glass H and CMC were
not performed.

3.4. PAA precipitation at pH 5 with tobacco extract
obtained at pH 5

Since the above results showed that at pH 5
lysozyme–PAA interaction was enabled but with low re-
covery due to the protein loss as pH 7, studies were car-
ried out to test if the extraction condition would affect the
lysozyme recovery. Total tobacco protein extracted at pH
5 is ca. 2.5 mg/mL, which is ca. 30% less than that of pH
7 extract. This 30% total tobacco protein decrease agrees
with the isoelectric titration curve shown inFig. 1. Fig. 5
shows the total protein and lysozyme remained in the super-
natant during PAA precipitation and the overall recovery of
lysozyme in the precipitate in reference to total lysozyme
spiked. It is clear that most of the spiked lysozyme (ca. 75%)
remained in pH 5 tobacco extract. Since lysozyme is a ba-
sic protein, extracting total tobacco protein at lower pH will
n re-
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ig. 4. Recovery of lysozyme at pH 5 by PAA precipitation and ove
ecovery in reference to total lysozyme spiked at pH 7. Tobacco extrac
btained at pH 7.
ot likely affect the amount of lysozyme extracted (for
ombinant protein extraction). Thus, this increased lysoz
olubility proves that by selecting extraction condition
ow pH, the possible basic protein precipitation cause
o-extracted polyphenolic compounds can be significa
educed.

The lysozyme and total protein solubility profiles are s
lar to those shown inFig. 3. The overall yield of lysozym
rom PAA precipitation is significantly improved. At th
osage of 1.5 mg PAA/mg of lysozyme, more than 53% o
riginally spiked lysozyme was recovered in the precip

n comparison with 29% inFig. 4. ComparingFigs. 3 and 5,

ig. 5. Precipitation of lysozyme by PAA at pH 5 with tobacco extract
ained at the same pH. The arrow indicates that the line is referred
-axis at the right for overall lysozyme recovery. The other two lines
eferred to they-axis at the left.
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it is clear that more PAA is needed to precipitate lysozyme in
pH 5 extract simply because there is more lysozyme present.
If the dosage of PAA was increased, it is expected that more
lysozyme would be precipitated and higher lysozyme yield
would be obtained. The calculated enrichment ratio is ca. 8,
which is lower than that obtained in the previous section be-
cause of the significantly higher lysozyme concentration in
the tobacco extract. In summary, by extracting tobacco pro-
tein at pH 5, lysozyme becomes more soluble in the extract,
and PAA is efficient in precipitating lysozyme for selective
recovery and purification.

4. Conclusion

Different acids tend to precipitate tobacco protein differ-
ently during isoelectric precipitation, and HCl is most effi-
cient. The difference may be attributed to the ability of the
chloride ions to interact with the positively charged groups
on protein surface to reduce the electrostatic repulsion dur-
ing protein aggregation. However, this effect diminishes at
lower pH. The maximum precipitation with any of the acids
was observed at pH 4 with HCl, where ca. 60% of tobacco
protein was precipitated.

Egg-white lysozyme was used as a model protein to test the
u ct.
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especially recombinant proteins expressed in transgenic to-
bacco, can be extracted and selectively separated by poly-
electrolyte precipitation. This should provide guidance for
process design for recombinant protein recovery and purifi-
cation from transgenic tobacco.
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