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ABSTRACT

The role of ion pair R60-D27* on the subunit interface of Thermus
thermophilus xylose isomerase was investigated by site-directed
mutagenesis and structure analysis. The conserved residue Arg60 in
thermophilic xylose isomerases was substituted with hydrophobic residue
(Phe) in the mesophilic counterparts. The results show that the maximal
specific activity of the mutant V 144A/R60F is32.1 U/mg at 85 °C, which is
about 10.46% of V144A, and exhibits an obvious decline in akaline
environment. Asto thermostability, after 4 hincubationat 75 °C, the V144A
displays about 80% of itsinitial activity while the mutant VV144A/R60F
retainsonly about 50%. Moreover, the catalytic efficiency of mutant V144A/
R60F isonly 25.34% of that of VV144A,, which showsan obvious decrease.
The structure comparison of V144A and V144A/R60F reveds that the
residue D27 shifts dightly outward because of the disruption of ion pair
R60-D27*. Thisaffectsindirectly the conserved residue F25 which belongs
to the active site. The above analysis indicates that the specia ion pair
R60-D27* playsanimportant rolein keeping the high thermostahility, and
what’s more, it helps to maintain the proper conformation of F25* in the
active site of thermophilic xylose isomerases.

© 2013 Trade SciencelInc. - INDIA

INTRODUCTION

Xyloseisomerase(XI) (EC5.3.1.5), widely known
asglucoseisomerase, catalysesthereversibleisomer-
ization of D-xyloseto D-xyluloseand D-glucoseto D-
fructosg. It playsan essential roleinthe metabolism
of sugarsinmicroorganismg?4. Thisenzymeisapplied
to the production of high-fructose corn syrup and con-
tinuesto be one of themost abundantly applied indus-

trid enzymes. Recently, the utilization of xylosein pre-
treated and hydrolyzed lignocel luloseto produce etha-
nol becomes afavoritetopic>8. The Saccharomyces
cerevisiaeiscommonly used for ethanol production.
However, it lackstheability to ferment pentose sugars
like D-xyloseand L-arabinose”®. Functional expres-
sionof aXlin S cerevisiae haslong been regarded as
the most promising approach to reconstruct S.
cerevisiaefor alcoholicfermentation of D-xylosg®. Up
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to now, severd xyl A genesencoding X | have been suc-
cessfully heterologously expressedin S cerevisiag™™
121, Oneof them isfrom T. thermophilug >,

The Xlscan bedividedintotwo classesaccording
to the homology of amino acid sequences?. TthXl is
includedin Class|, anditsstructure (PDB ID: 1BXB)
was determined by X-ray crystallography!®. Each
monomer of TthX| has 387 resduesthat iscomposed
of two domains, acatalytic domain (residues1-321)
andasmall C-terminal domain (residues322-387)1¢1,
Thecatayticdomainisfoldedinto an (o/),-barrel and
thesmdl domain consstsof helicesandloops. Theac-
tivesitesthat contain two metd cationsat the C-termi-
nal end of the barrel*”18, C-terminal domain makes
extens ve contactswith ane ghboring subunit resulting
inmany interactions.

Thermogtability asanimportant characteristic of in-
dustridly used enzyme has been paid greet attention by
the study of thermophilic proteinsin comparison with
their mesophilic counterparts'®?l. The Cys306 toAla
mutationwithin Sreptomyces . SK glucoseisomerase
dramaticaly affecteditstherma stability by decreasing
the haf-life, whilethe Alab3 to Ser replacement in-
creased thishalf-life?. Theelectrophoretic anaysis
provesthat the residue Cys306 participatesin oligo-
merization of theenzyme.

In comparison with the mesophilic X1s, the de-
creased cavity volumes and some additional ion pairs
on the subunit interfaces of TthXI are considered to
contributeto thermostability!*¢. The subunit interac-
tionsare usually composed of hydrophobic interac-
tion, hydrogen bond and el ectrostati c attraction of the
ion pairson theinterfaced®?, lon pair interactionis
one of the major stabilizing forcesfor thermostable
proteing?-*3, Chang et al. presented that some of the
additiond ion pairslocated on the subunit interfacein
TthX1 areinvolved in stabilizing the long loop re-
giong*®l. Agp27 in one subunit formsanion pair with
Arg60 of the Q axis-related subunit in TthXI. It seems
that an extrastabilization of longloop regionsby ion
pairsandion pair networksincludinginter-subunition
pairs contributesto the enhanced thermostability of
Thermus caldophilus xyloseisomerase (TcaxX|) and
TthXI.

In our previous study, the gene of TthXI was
coloned and expressedinE. coli BL21 (DE3). Then, it
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waspurified, anditspropertieswerestudied in detail
¥ TheTthXI activity has been enhanced by site-di-
rected mutation on thesubunit interfaces. Resultsshow
that the specific activitiesof mutants D375G K355A
and V144A wereremarkably increased over atem-
perature range of 40-90 °C at pH 7.0%5%, Our ex-
perimenta resultssupport theassumption thet additiona
ion pairsformed between R258, E372 and D375 con-
tributeto theenhanced thermostability of thermophilic
X159, Wead so reveal ed the effects of temperatureon
TthXI subunit interactionsand residueflexibility by
molecular smulation®”. The B-factors of helix-loop-
helix region of involving most of res dues 55-80 show
largeincreaseat 360 K.

In present work, to reveal theroleof ion pair R60-
D27* onthe subunit interface, the R60F mutation was
employedin TthX| whichhasV144A mutation acquried
in previous study™™. The catalytic properties of the
mutant V 144A/R60F wereinvestigated, and the pos-
siblestructura determinantswere proposed.

MATERIALSAND METHODS

Chemicals

All reagentswere of andytica grade unlessother-
wise specified and were used as described by the manu-
facturer. D-xylose was purchased from Sigma
(Steinheim, Germany) and sorbitol dehydrogenase
(SDH) from Roche (Basdl, Switzerland). Restriction
endonucleases were purchased from New England
Biolabs(MA, USA).

Srainsand plasmids

T. thermophilus HB8 was purchased from the
German Resource Centre for Biologica Material
(DSMZ). Escherichia coli BL21 (DE3) (F- ompT
hsdS (rB- mB- ) gal dcm (DE3)) and V 144A mutant
whichwasmutated from T. thermophilusHB8 X| were
storedinour 1ab’®. Plasmid pET22b(+) was purchased
from Novagen.

Oligonucleotide synthesisand DNA sequencing

PCR primers and mutagenic oligonucleotides
(TABLE 1) were synthesized by Shenergy (Shanghai,
China). DNA sequencesweredetermined by Bioasia
(Shanghai, China).
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Site-directed mutagenesis

The R60F mutationwasintroduced intotheV144A
gene using the QuickChange® Multi Site-Directed
MutagenesisKit (Stratagene). For thismethod the PCR
primersareshownin TABLE 1. Themutationinthe
V 144A/R60F wasidentified by DNA sequencing.

TABLE 1: Oligonucleotidesused for site-directed mutagen-
esis

Mutations Oligonucleotides
5-AGGGAGCTGAG
V144A
GCGGAGGCCACGGGC-3
5-ACCTGATCCCG
V 144A/R60F

TTTGGCACGCCTCCTCAG-3’

Expression of V144A and V144A/R60F in E. cali
BL21 (DES3)

E. coli BL21 (DE3) harbouring the plasmids
pPET22b(+) with gene V144A or V144A/R60F was
culturedin Luria-Bertani medium containing 100 pg'mlL-
tampicillinat 37 °C. Proteins were expressed for 7 h
after induction at log phase (A, = 0.6-0.8) by addi-
tion of 0.9 mmol-L!' isopropyl pB-D-1-
thiogal actopyranoside (IPTG)™. Then, thecdllswere
harvested by centrifugation and washed oncewithice-
cold digtilled water.

Protein purification

Washed cdllsweredisrupted by sonicatingfor S5min
(3spulse, 5 sinterval, 150 W). Cell debriswas re-
moved by centrifugation (15, 000xgfor 8minat 4 °C).
TheE. coli proteinin thesupernatant was precipitated
by hesat treetment (20 min, 75 °C), and then removed by
centrifugation. Thenthesupernatantswerepurified by an
ion-exchange chromatography asdescribedin previous
paper™. This enzyme preparation was analyzed by
Bradford protein and enzymatic activity assays®,
Coomass eblue-stained sodium dodecyl sulate-polyacry-
lamidegel electrophoresis(SDS-PAGE). Each XI was
shown asasingle band in SDS-PAGE (Bio-Rad) gel
with amolecular mass of about 44 kDa. The enzyme
sampleswere concentrated to 2—-6 mg-mlL—1 and de-
salted with MicroconY M-10 centrifugal filter device
(MilliporeCorporeation, Bedford, MA).

Xylose isomer ase assays

Xyloseisomerase activity was determined by the
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coupled sorbitol dehydrogenase (SDH) assay asde-
scribed in the previous paper(*49,

Biochemical characterization of xyloseisomer ase

Theeffect of temperature on enzymatic activity was
determined inthereaction mixtureat varioustempera:
turesranging from40to 90°C.

The effect of pH on enzymatic activity at 60 °C
was determined by the routine assay described previ-
oudy'*! except that the Tris-HCI buffer was substituted
with 50 mmol-L—-1 sodium acetate (pH 4.9—5.6) and
50 mmol-L-1 Tris-HCI (pH 7.0-9.0). All pH values
were adjusted at room temperature.

Thekineticvauesof K ,V__,andk_ for thepuri-
fied recombinant xyloseisomeraseswere measured by
theLineweaver-Burk method. Theenzymeactivity was
tested using D-xylose(ranging from 8-400 mmol-L-1)
in 50 mmol-L—1 Tris-HCI buffer (pH 7.5) with 10
mmol-L-1 MgCL,. Themolecular weight of 43.9kDa
was used to calculate the catalytic rate constant (k)
fromtherelationshipk , =V __/[EQ], where[EOQ] =to-
tal enzyme concentration.

Thermal stability waseva uated by measuring xy-
loseisomerase activity after incubation meta-freeen-
zyme preparationsin 50 mmol-L—1 Tris-HCl (pH 7.5)
in airtight tubes in a heated water bath at 75 °C for
varioustimes. At different times, sampleswerewith-
drawn and stored onice. Theresidua activity wasde-
termined at 60 °C as described above.

All xyloseisomeraseactivity determinationswere
performedintriplicate.

Multiplesequencesalignment and theanalysis of
three-dimensional structureof xyloseisomerase

Multiple sequences alignment was performed by
Clugtal X1.83*4. Thestructureof TthX| wasgot from
Protein Data Bank (ID: 1BXB). WHATIF 5.0 was
used for homol ogy modeling. Softwares DeepView
3.7%4 and RasM ol V2.7 were employed to visual -
ize

RESULTSAND DISCUSSION

M utation strategy

TheresdueR60 isconserved inthermophilic bac-
teria, whilethe hydrophobic residue (Phe) isconserved
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in corresponding mesophilic counterparts (Figure 1).
Theoverdl 3D structureand mutation positionin TthXI|
areshowninFigure 2. The residue R60 on the subunit
interfaceof TthXI interactswith theresdue D27 from
an adjacent subunit by forming theionpair (Figure 3
(8). Theion pair interaction playsanimportant rolein
stabilizing thelong loop consisted of residues 18-34.
Meanwhile, theresidue F25 at thetip of thelong loop
(residues 18-34) belongsto the active site of theadja-
cent subunit. Therefore, we can infer that theion pair
R60-D27* may havedud roles. If itisdestroyed, both
thethermostability and theactivity of TthXI will bein-
fluenced. The R60—F60 mutation (Figure 3 (b)) dis-
ruptstheion pair interaction between R60 and D27.
Theproteinrigidity might beweakened dueto thede-
creasing of ion pair amountson subunit interface™!.
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Comparison of propertiesof V144A with itsmu-
tant V144A /R60F

Effects of temperature and pH on the activities
V144A and itsmutant V 144A /R60F

Theeffectsof temperatureontheactivitiesof V144A
and itsmutant VV 144A/R60F were studied. The spe-
cificactivity of themutant VV 144A/R60F was remark-
ably decreased over atemperature range of 40— 90
°C (Figure 4). The maximal specific activity of the mu-
tant V144A/R60F is 32.1 U/mg at 85 °C, which is
about 10.46 % of V144A. However, the change in
optimum temperature of V 144A/R60F was not ob-
served. Theeffectsof pH ontheactivity of V144A and
itsmutant VV 144A/R60F wereinvestigated (Figure5).
InFigure5, theactivity of mutant VV 144A/R60F exhib-
itsan obviousdeclinein akdineenvironment (pH 8.0-
9.0), andis10.31 % of V144A at pH 7.5.

(a) (b)
Figure2: Sructureof TthXI.(a) The3D-gructureof TthXl;
(b) Thesinglesubunit of TthXI. TheresdueR60istheposgtion
for mutation

(a) ®

Figure3: Three-dimensional model of subunit interactions
around mutation site. SubunitsA, B, C and D areshownin
light blue, green, dark blueand gray, respectively. Thedis-
tances (nm) between different atomsareshown (a) V144A,
The atom-distances of NH2, NH1 and CZ in R60 between
OD2in D27 are0.284 nm, 0.341 nm and 0.357 nm, r espec-
tively. (b) V144A/R60F, AtomsF60 CD and CD1are0.923nm
and 1.023 nm from atom D27 OD2.
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Figure4: Effectsof temperatureon the specific activity of
TthXI mutants. (l) V144A; (o) V144A /R60F

I nactivation of theenzymeactivity at 75°C
Theresidual activitiesof V144A and its mutant
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V 144A/R60F were measured after heat treatment at
75 °C in water bath for various lengths of time. It was
shown that the thermostability of bothVV144A andits
mutant V 144A/R60F wasdecreased. TheV 144A ex-
hibited 77% of maximum activity after 4 h of incuba-
tion, whilstitsmutant V 144A/R60F had amorelow-
ered thermostability (Figure 6), only 50.3% of maxi-
mum activity. Thisindicatesthat introducing R60F mu-
tationin TthX| leadsto adecreased thermostability.
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Figure5: Effectsof pH onthespecificactivity of TthX1 mutants.
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Figure®. Inactivation graphsof TthX| mutantsat 75°C. (R)
V144A; (e) V144A /IR60F

Kineticpropertiesof V144A and itsmutant V144A
/R60F

Thek /K isthecatalytic efficiency that reflects
theoveral conversion of substrateto product. Kinetic
features of the V 144A and its mutant V 144A/R60F
were determined with D-xylose as substrate (TABLE
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2). Thecatalytic efficiency of V 144A/R60F showsan
obviousdecrease, andis25.34 % of V144A. There-
aultindicatesthat the R60F mutation dtersthecataytic
feature of V144A. Kinetic analysis suggeststhat the
decreasingink /K ratio of V144A/R60F is caused
by adecreased k , value due to the declineinV__ .
Meanwhile, theK  of V144A/R60F shows about 2-
fold lower than that of theV 144A, meaning ahigher
affinity for D-xylose. Thedecreaseink_, also shows
that theenergy of activation of V 144A/R60F has been
enhanced compared with V144A.

TABLE 2: Kinetic parameter sof V144A and VV 144A/R60F

Keat Keat/Kim
Km(mM) Vimax(U/MQ)
sh (s™mM™)
V144A 271+34 21930+ 209 160.48 5.92
V 144A/R60F 13.17+1.2 26.93+2.5 19.71 150

Analysisthestructural mechanism of themutant
V144A/R60F

Theresultsof enzymatic properties show that the
activity of mutant V 144A/R60F decreases obvioudly
by introducingthesinglemutationtoV 144A. Although
theresidue R60 does not locate at the active site, the
ion pair between R60 and D27* (from another subunit)
playsanimportant rolein stabilizing the conformation
of thelong loop (residues 18-34)(Figure 7).

M2l
Mal : 2R X
T
D=xy lose :

Dy

RE0

Figure7: Thelocation of loop (18-34) in TthX1. Loop (resdue
18-34) isshowninred ribbon
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In order to analyze the structural mechanism of
V 144A/R60F, the homology model of V 144A/R60F
was constructed. Thestructure comparison of V144A
and V 144A/R60F suggeststhat the conserved residues
(H53, T89, E180 and W136) in the active site show
no obviousdifference. Theresidue D27 shiftsoutward
dightly becauseof thedisruption of ion pair R60-D27*.
The above change affectsthe position of residue F25
through residue G26, and the distance between residue
F25 and substrate D-xyloseisincreased. The minor
changesintheactivesite of V144A/R60F may bethe
main reason to result inthe significant decreaseinthe
activity. Theabove anaysisindicatesthat the special
ionpair R60-D27* on the subunit interface of TthXI
playsanimportant rolein keeping the high thermosta-
bility, what’s more, it helps to stabilize the long
loop (residue 18-34) to keep the right conformation of
F25* intheactivesdite.

Thelarger conformation change of residue F25 at
360 K was also observed in previousMD simulation
[37]. Theresidue F25isconservedinal known XIs,
and protrudesinto the active site of adjacent subunit.
Thelarger conformation change of residue F25 might
have an essential role on substratesmovingin and out
of theactivedites.

CONCLUSIONS

Most of studies havefocused on enhancement of
protein stability by reinforcing the subunit interfaces,
whereastheinfluenceof decreasing subunit interactions
isbardy referred. lon pair interactionisoneof thema:
jor stabilizing forcesfor thermostable proteins. Here,
theroleof ion pair R60-D27* on subunit interface of
Thermusthermophilus xyloseisomerasewasinvesti-
gated by Ste-directed mutagenessand sructureandysis.
Theresultsshow that the maximal specific activity of
themutant VV144A/R60Fis32.1 U/mg at 85 °C, which
isabout 10.46% of V 144A, and exhibitsan obvious
dedineindkadineenvironment (pH 8.0-9.0). As to ther-
mostability, after 4 hincubationat 75 °C, the V144A
displaysabout 80% of itsinitia activity whilethemu-
tant V 144A/R60F retainsonly about 50%. Moreover,
thecata ytic efficiency of mutant VV144A/R60F isonly
25.34% of that of V144A, which shows an obvious
decrease. The structure comparison of V144A and

V 144A/R60F reved sthat theres due D27 shiftsdightly
outward because of the disruption of ion pair R60-
D27*. Thisaffectsthe conserved residue F25 which
belongsto the active site, as deduced from the con-
structed three-dimensiond model. Theaboveandysis
indicatesthat the special ion pair R60-D27* locateson
thesubunit interface of TthX1 playsanimportant rolein
keeping thehigh thermostability of TthX 1, what’s more,
it helpsto stabilize the long loop(residue 18-34) to
maintain the proper conformation of F25* intheactive
dte.
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