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Directed evolution, a new strategy of protein engi-
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Trehalose is a nonspecific protective agent for
iomacromolecules. Trehalose-6-phosphate synthase
OtsA)/phosphatase (OtsB), which is encoded by the
ene operon otsBA located at 242 of the Escherichia
oli genome, is the main enzyme system that catalyzes
he synthesis of trehalose in E. coli. We cloned the
peron and modified it by directed evolution. Unlike
n the previously reported work, we modified the
hole operon and screened the positive mutant simul-

aneously. Thus we believe that the gene complex
olves the negative effects between two enzymes if one
f them diversifies its structure or functions and finds
he form most suitable for trehalose synthesis. It is
hus mimics the natural process, in which the func-
ional improvement of organisms is related to alter-
tions in coordinated enzymes. The evolution proce-
ure was carried out in a sequence of error-prone
CR, shuffling PCR, and then strict screening of the
utants. After screening of a library of more than 4000

olonies, about 15 positive colonies were analyzed, re-
ulting in a higher concentration of trehalose than
ontrol. One of them, E. coli TS7, shows 12.3-fold
igher trehalose synthesis ability than E. coli DH5a. In
ontrast, we introduced the cDNA sequence of the tps1
ene from Saccharomyces cerevisiae, which has 54%
dentity with the gene otsA, as one of the templates in
huffling PCR. By hybrid evolution and screening, we
btained 10 positive colonies with higher concentra-
ions of trehalose than control. E. coli TS22 appears
o have 5.3-fold higher trehalose synthesis ability
han E. coli DH5a and 1.6-fold more than E. coli
EF3(pOTS11). This result demonstrated that coevo-

ution and hybrid evolution, as powerful protocols in
rotein engineering, are effective in modifying en-
yme. It indicates that repeating the process of
enomic evolution in nature is feasible. © 2001 Academic

ress
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eering, has been widely used in recent years to design
nzymes with improved activities or properties (1, 2).
here are many successful examples in the list, such as
rameri’s work on para-nitrobenzyl esterase (3),
eaudry’s work on ribozyme (4), Shao’s work on sub-

ilisin E (5), and Zhang’s work on aspartase (6, 7). In
heir work, the sequence of gene fragments was ran-
omly mutated and recombined in vitro to construct a
arge mutant library. The library was then screened
nder conditions to procure the target characters. It is
ot necessary to know the detailed three-dimensional
tructure and the catalytic mechanism before we de-
ide to re-form a protein with this method. The efficient
rotocol makes it possible for us to obtain various novel
henotypes in one step. It is just like the molecular
volution progress in nature. We found that single
enes coded all these enzymes. However, as we know, a
henotype change is not always the contribution of one
ene modification. The directed evolution method does
ot work in a more complex expression system such as
east (not published). Also, it cannot duplicate natural
volutionary events, in which related proteins were
ltered in coordination.
Trehalose [O-a-D-glucosyl-(13 1)-a-D-glucoside] is a

isaccharide combined with two glucoses with (a, a)-
3 1 glucosidic bonds. It is a stress metabolite in

arious organisms (8). It has been suggested that tre-
alose can nonspecifically protect biological macromo-

ecular from destruction. There are three main ways
or organisms to synthesize trehalose in vivo. The first
ay is catalyzed by trehalose synthase (9), which con-
erts maltose into trehalose by transglycosidation. The
econd way is catalyzed by trehalose phosphorylase to
ynthesize a trehalose molecule from a molecule of
-glucose 1-phosphate and a molecule of glucose (10).
he last is the most common way adopted by microbes
nd depends on a two-enzyme system requiring a high-
nergy intermediate of glucose metabolism as sub-
trate. Trehalose-6-phosphate synthase (TPS) trans-
ers a glucose unit from UDP-glucose to glucose
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Cloning of the operon otsBA. The genomic DNA of E. coli DH5a
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nd trehalose-6-phosphate phosphatase (TPP) hydro-
yzes the Tre6P into trehalose and Pi. In E. coli, the two
nzymes are coded by the operon otsBA (11, 12). In
rder to study the relationship at the sequence level of
he two overlapping genes and to construct an engi-
eering microbe to produce trehalose, we have cloned
he operon and mutated two enzymes simultaneously
y directed evolution, which we call coevolution. An-
ther problem in directed evolution of the E. coli otsBA
peron is that the potential for enzymatic activity en-
ancement is limited. The number of base pairs of the
peron is definite, and after billions of years of natural
election, most of the evolutionary possibilities have
een already eliminated. To increase the potential of
volution, we have adopted a hybrid evolution strat-
gy. Because of homogeneity, the truncate product will
ond to the heterogeneous template and add foreign
equence when extended. This evolution protocol was
amed hybrid evolution because the templates come
rom different sources.

ATERIALS AND METHODS

Reagent and primers. Restriction enzymes, Taq DNA polymer-
se, and Pfu polymerase were purchased from MBI. Reagents and
rimers (POTS1, 59-GTGCGAGCTCATGTCTGTAAAGCGCGTTC-
GCG-39; POTS2, 59-GTGAGGTCGACGTGCTGTTAGTTCCACT-
AGG-39; PTPS1P, 59-GCGTGAGCTCCAAAGCAGGCTAACAAAC-
AGG-39; PTPS1M, 59-GCGGGATCCAGAAACCGGAACCAGGAA-
AGAAG-39) were purchased from Shanghai Sangon, China. The
rst primer sequence of the oligonucleotide was derived from the
equence reported by Kaasen et al. (12). The underlined sequences
re SacI and SalI restriction sites for POTS1 and POTS2, respec-
ively. The second primer sequence was derived from the sequence
eported by Bell et al. (13). The underlined sequences are SacI and
amHI restriction sites for PTPS1P and PTPS1M, respectively.

Deficient strain of trehalase. The host that lacks trehalose hydro-
ysis activity was prepared by UV mutation. E. coli strain DH5a was
ut under 253-nm UV light for 10 min and then spread on a LB
edium plate and cultured at 37°C. When bacterial colonies grew to
mm in diameter, the plate was imprinted to TST solid medium

0.5% tryptone, 0.5% NaCl, 1% trehalose, and 2% agar) and TSG
olid medium (0.5% tryptone, 0.5% NaCl, 1% glucose, and 2% agar).
he imprinted plates were incubated at 37°C for 16 h. Those colonies
hat could grow on TSG plate but could not grow on TST plate were
hosen.

Trehalose determination. Bacterial strains be used for trehalose
etermination were cultured for 16 h at 37°C in LB medium. Then
he cells were collected by centrifugation at 4°C. For trehalose mea-
urements, the pellets were washed three times with distilled water
t 4°C. The pellets were suspended in three times their volume of 0.5

trichloroacetic acid and extracted for 30 min at room temperature.
fter centrifugation, a second extraction of the pellets was performed

or 30 min at room temperature with a similar volume of 0.5 M
richloroacetic acid (14). The combined supernatants from the two
xtractions were assayed by phenol/sulfuric acid methods (15). The
ample was mixed with 5% phenol and sulfuric acid sequentially at
he ratio 1:1:5. The mixtures were incubated at room temperature for

min and then analyzed at 470 nm (on a Shimadzu UVPC-2501
pectroscope). In each experiment, we verified that trehalose was
ndeed the only carbohydrate extracted by HPLC.
397
as prepared as described by Ausubel et al. (16). The operon otsBA
as isolated by PCR with Pfu DNA polymerase. The oligonucleotides
OTS1 and POTS2 were used as primers. The template was purified
enomic DNA of E. coli DH5a. The amplified fragment was digested
ith restriction endonucleases SalI and SacI at 37°C for 2 h. Then

he fragment was ligated to plasmid pUC18, which was cleaved with
he same enzymes. The recombinant plasmid was named pOTS11.
yclic ligated products were transformed into E. coli DH5a. The

ecombinant plasmid was screened by blue/white selection (17).
loned fragment was confirmed by restriction digestion analysis.

Recombinant plasmid pTPS15. The S. cerevisiae tps1 gene was
mplified from S. cerevisiae mRNA using the reverse transcription
olymerase chain reaction (RT-PCR). The pair of primers is PTPS1P
nd PTPS1M. The amplified gene inserted into pUC18 by restriction
nzymes SacI and BamHI. The connected mixtures were trans-
ormed into E. coli DH5a The recombinant plasmid was screened by
lue/white selection. Sequence assay proved that the fragment is the
ene of S. cerevisiae tps1.

Strategy for coevolution. Random mutagenesis was carried out
sing error-prone PCR (5) with oligonucleotides POTS1 and POTS2.
he recombinant plasmid was used as PCR template. The amplified
CR products, which were about 2.1 kb in length, were purified by
el electrophoresis and extracted using Silver Beads DNA Extraction
it (Sangon, China). The purified DNA fragments were used as PCR

emplate for another round of error-prone PCR. DNA shuffling is also
ccomplished by PCR (shuffling PCR). The amplified fragment mix-
ure containing otsBA mutant operon was isolated and used as PCR
emplate. The new amplifying process was carried out with the same
wo primers in a PCR of 10 cycles of 95°C 60 s, 50°C 60 s, 72°C
0 s, 3 20 cycles of 95°C 60 s, 52°C 70 s, 72°C, 20s, 3 70 cycles of
5°C 60 s, 53°C 90 s, 72°C 30 s, followed by 72°C for 10 min. The final
CR products were ligated into pUC18 vector. The ligation mixture
as then transformed into competent cells of E. coli strain with the
henotype (tre2) to generate a library of otsBA mutant operons.

Strategy for hybrid evolution. The purified recombinant plasmid
NA (including otsBA operon) was used as one of the shuffling PCR

emplates for hybrid evolution; the other template was recombinant
lasmid DNA that included the sequence of tps1 cDNA and mixed
tsBA DNA and tps1 DNA in the ratio of 1 to 5. The shuffling PCR
ethod is similar to the coevolution PCR method. The final PCR

roducts were ligated into pUC18 vector. The ligation mixture was
hen transformed into competent cells of E. coli strain with the
henotype (tre2) to generate a library of otsBA/tps1 recombinant
perons.

Screen of positive strains. The positive strains were imprinted on
TS medium plate (0.5% tryptone, 0.5% NaCl, and 2% agar). After

ncubation for 16 h and colony growth to 1 mm in diameter, the plate
as immersed into 0.5 M trichloroacetic acid for 5 min at room

emperature. Then the plate was treated with 0.4 ml 5% phenol
olution and 2 ml sulfuric acid. The colonies gave different colors
rom light brown to deep black. Colonies on the original plate that
howed black spots were inoculated into to 2 ml LB liquid medium
nd cultured at 37°C for further analysis.

ESULTS AND DISCUSSION

An organism is a more delicate and complex system
han we have ever though. For some enzymes involved
n the process of cell metabolism, we cannot always
hange the phenotype of the cell by modifying one
rotein. A series of factors related to the process must
e altered synchronously to get a different metabolism
athway. We could easily enhance TPS and TPP ex-
ression levels by random mutagenesis or other ge-
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etic protocols. But it is difficult for us to control the
alance between synthesis and hydrolysis of T6P in
ivo.
If we modify the two genes at the same time and

creen the variants in a library which contains all
volution potentials, we could find the exact one that
as the most cooperation of the two enzymes—
nzymome. It is not necessary to analyze the properties
f the two enzymes. We should consider them sepa-
ately, since it is not our original thought to look at the
wo enzymes as a whole.

Screening mutant strain of E. coli with phenotype
re2. Under conditions of low pressure, bacterial cells
ill produce trehalase to hydrolyze the overproduced

rehalose. We cannot measure the activity changes of
rehalose synthesis accurately if we cannot inhibit the
unction of trehalase. Using the method described un-
er Materials and Methods, we obtained an E. coli
train that is trehalose utility defective. About 20 col-
nies grew on a TSG plate but not on a TST plate.
mong them, 4 strains grew much slower than others

n TST liquid medium for 16 h at 37°C. The concentra-
ion of trehalose in the medium changed little after
6 h culturing (see Fig. 1). And one of them, DEF3,
early cannot utilize trehalose at all. But it can grow
n medium in which glucose was used as the carbon
ource, as well as that for E. coli DH5a. We named the
train E. coli DEF3 (tre2) and used it as host for foreign
ene in later work.

Coevolution of the operon otsBA. We developed a
ovel method of DNA shuffling. The main idea of the
ethod is to reduce the extension time and let the

FIG. 1. (a) Growth ability and (b) saccharide metabolism of dif-
erent strains of E. coli in TSG and TST media. All data were
ollected after cell culturing at 37°C for 16 h.
398
ng cycle (Fig. 2). Thus, the final products of PCR
eaction consisted of all possible combinations of the
oint mutations introduced by error-prone PCR. Un-
ike the strategy of StEP designed by Zhao et al. (18),
he amplifying process was performed by a pair of
rimers instead of single one. Two primers allowed
huffling and amplifying in one simple PCR step to
educe the amount of template. Nearly all amplified
ragments were recombined products. This makes the
creening process more efficient because we need not
eal with a large number of parent variants.
Figure 3 shows the extension process of shuffling

CR. At the 40th cycle, there are large quantities of
onspecific amplification products ranging from about
hundred to several thousands. The shorter products
ere much less at cycle 80, when the truncated PCR
roducts were elongated.
More than 4000 colonies were screened. Among

hem, 15 colonies showed a deeper black than others.
he trehalose content of the cells was determined (see
able 1). Strain TS7 exhibited 12.3-fold higher carbo-
ydrate content than E. coli DH5a and 3.70-fold higher
han E. coli DEF3 (pOTS11). Figure 4 shows the pro-
ein constitution of E. coli strains DEF3 (pOTS11) and
S7. The expression levels of foreign proteins are sim-

lar in these two strains. We can derive from the fact
bove that the rise of trehalose content is mainly con-
ributed by the increasing activity of the enzymome.
urther TLC test (result not shown) confirmed that
rehalose was the only saccharide stored by the cell.

FIG. 2. Schematic illustration of DNA shuffling by PCR.
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Hybrid evolution of otsBA operon and tps1 gene.
he method of hybrid evolution is similar to coevolu-
ion. But the two templates in the hybrid evolution
iffer more from each other than in the coevolution. So
he nonspecific amplified product has increased obvi-
usly in quantity and distribution (result not shown).
or inserted allogenetic gene, we selected the two tem-
lates, otsBA operon and tps1 gene, in the ratio of 1
o 5.

We screened more than 1000 colonies. Ten colonies
ere a deeper black than others. The trehalose content
f strains was determined (see Table 1). Strain TS22
howed 5.3-fold higher carbohydrate content than E.

FIG. 3. Process of shuffling PCR. Lane 1, final shuffling PCR
roduct; lane 2, DNA molecular weight marker (l/EcoRI, HindIII);
anes 3–7, truncated PCR products collected at cycles 80, 70, 60, 50,
nd 40; the amount of sample added to the gel is increased step by
tep with the cycles decreasing (1.0% agarose gel).

TABLE 1

Trehalose Content of Cells1

E. coli strain Trehalose content (mg/g cells)

DH5a 1.04
DEF3 2.19
DEF3(pOTS11) 3.45
TS1 4.75
TS2 5.60
TS3 4.24
TS4 7.61
TS5 8.56
TS6 8.32
TS7 12.77
TS8 6.34
TS9 9.13
TS10 12.10
TS11 7.23
TS12 5.43
TS13 9.06
TS14 10.13
TS15 10.15

1 All data were collected after 16 h culturing.
399
oli DH5a and 1.60-fold higher than E. coli DEF3
pOTS11). But further SDS–PAGE analysis of the pro-
ein constitution of E. coli strains DH5a, DEF3
pOTS11), and TS22 (result not shown) proved that the
uantity of the allogenetic gene expression was not
igher than the wild type. We thought the increase
f trehalose because of the improvement of enzyme
ctivity.
From our work, we confirmed that hybrid evolution

s an effective tool in protein engineering and molecu-
ar evolution engineering. Hybrid evolution is an im-
ortant flight in the course of natural evolution. This
henomenon is rare in nature but every occurrence
as accomplished with an important change in the
iological universe, such as lichen (19) and Rhizobium
eguminosarum (20).

ONCLUSION

Screening efficiency is the hinge of directed evolu-
ion. But until now, there has been no fast and sensi-
ive approach to distinguish the differences in treha-
ose content among a large number of colonies. It was
ot our intention to inspect all the variants in the
utant library. Despite this, we have obtained a mu-

ant with 12.3-fold increase in carbohydrate by coevo-
ution. Another reason that we cannot obtain a variant
ith a higher enhancement of trehalose production is

FIG. 4. Protein constitution of E. coli strains DH5a (lane 2),
EF3 (pOTS11) (lane 3), and TS7 (lane 4). Lane 1 is marker (mid-

ange protein MW marker). The two overexpressed proteins, which
re about 29 and 54 kDa, correspond to the molecular weights of
tsB and OtsA, respectively (12).
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ignal of stress and the metabolism level of cell is
educed.

The result not only is beneficial for industrial pro-
uction of trehalose, but also demonstrates that mod-
fying a group of related enzymes at the same time by
oevolution is feasible. It also manifests that an organ-
sm that is inert in evolution has evolutionary poten-
ial. The stabilization of genotype is based on the sta-
ilization of environment, and the evolutionary
irection is determined by the type of environmental
hange. The theory of evolution is verified by some
spects of this study.
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