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ABSTRACT

Previous studies have shown that over-productiogiutimate pathway ig-KG to glutamate by through the gdh of
reduction.Therefore, deleting the gdh gene blodke generation of glutamate. The strain with gdhtrdzed
showed no L-gluDH activities, resulting in up tad4imesa-KG production than the original strain in flaskltwre.
There results suggest that L-gluDH is the key epziynthe generation of glutamate. Over-expressibpyouvate
carboxylase can enhance g@ixed and improve the metabolism stream of pyeivatoxaloacetate. The result is
that the strain C. glutamicum KGA-2pXMJ19peG production increased 15.7% more than the o@dgjistrain.
Our results can be applied in the industrial proton of a-KG by using C.glutamate as producer.
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INTRODUCTION

a-KG (KGA) is an intermediate in the tricarboxylicid cycle (TCA) and a major contributor to aminadac
formation and nitrogéh,®l. So it has wide applications as a food additivel am the agrochemical and
pharmaceutical industri¢d, ¥l. ¢-KG is also used in biochemical researches and aimedias a substrate for
assaying activity of such enzymeswakG dehydrogenase, aspartate transaminase, andetsansaminase for the
diagnosis of broad spectrum of diseases (hepatitie, myocardial infarction, muscular dystrophyrndatitis, and
others)®. Besidesp-KG can protect from cyanide intoxication.

In general, there are three differenKG production processes: chemical synthesis pp@wymatic process, and
microbial fermentation process. Among those praegsthea-KG microbial production from sustainable, low-cost
carbon source has the merits in terms of both igll and high product purit§. However, chemical synthesis is
still the main approach to produaeKG in the industry. At present, low yield and apgtion of toxic chemical and
solvents increase the cost and limit its wider ippibn™ ©.

In microbesa-KG is mainly synthesized by oxidative decarboxglatof isocitrate by isocitrate dehydrogenase in
via TCA, and then is partly consumed to synthesized glugweetalyzed by glutamate dehydrogenase (enconded
by gdh). In recent years, several constructive and nexeks concerningi-KG production byTorulopsis glabrata

has indicated that-KG could be over-synthesized by microorganishé’!. However, the period 0f-KG
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fermentation byT. glabrata seems a bit long (approximately 120h). Sine€G is the precursor of glutamate, it
makes sense thatKG can be synthesized by glutamate produdBwynebacterium glutamicurwith shorter
fermentation period througidh deletion.

Pyruvate carboxylase (encoded fy is a biotin-dependent and a key enzyme in the T&iction pathway, the
pyruvate node comprises a series of metabolic pathwompeting for carbon fluxes with L-glutamatatkgsis,
including L-alanine and L-lactat’. So thepepoverexpression could enhance the carbon fluxibligton flowing
into the TCA cycle, and was expected to furtherrimp a-KG production.

In this study, we attempted to constraeKG producing strains fronC.glutamicumKGA, which was used as a
L-glutamate producer and had the advantages of lhiglitamate accumulation and short fermentatioriope?®..
Given these facts, enhancementeKG production was investigated by deletion of #hene gdh (encoding
L-gluDH) and overexpression of the gepep Resulting strains exhibited a dramatic accumaitatf o-KG in the

culture medium.
EXPERIMENTAL SECTION

Materials

Strains and plasmids used in this work are liste@iable 1.FronCorynebacterium glutamiculkGA breeding high
yield in thea-KG strain, as a production afKG of the original strainThe strain was routinely grown at 32 °C in
Cglll medium containing 1% peptone, 0.25%NaCl, 1%ast extract and 2% glucose. FBorynebacterium
glutamicumKGA competent cell productioorynebacterium glutamicu@DK-9 Single colony transfer to 5mL of
BHIS medium (BactoTM brain heart infusion 37g/L;sBrbitol 91g/L) wave pipe for the overnight traigjragain
with 2 ml bacteria liquid transfer to 50 ml BHISa#te flask medium. The cells were grown continuousliil they
reached an absorbance of 1.75 at 578 nm. Thenretteeveere harvested and with TG buffer (1m mol/isTHCI;
10% glycerol; pH7.5) washing and 10% glycerol wargurn washing cells 3 time#dd 1 ml glycerin heavy
suspension, each EP tube is installed 100 ml bacliquid, deposited in the -80°C refrigerators rgpa=or the
production ofa-KG in flask culture, the seed culture was caroedl at 32°C for 6-7 h with shaking (200 r/min) in
seed medium (pH7.0, adjusted with NaOH) contair@Bg/L glucose; 33mL/L Corn steep liquor; 22mL/L $egn
protein hydrolysate; 2.2g/L KPQ,-3H,0O; 0.9g/L MgSQ: 7H,0; 3g/L urea. One milliliter of seed culture was
transferred to 10 ml of fermentation medium (pH7a@justed with NAOH) containing 80g/L glucose; 1l1g
molasses; 33mL/L Corn steep liquor; 2.83g/LINRO,- 12H0; 1.33g/L KCI;0.233mg/L VB 2.33mg/L MnSQ;
2.33mg/L FeSQ@ 1.83¢g/L MgSQ-7H,O. The cells were grown for 34 h at 34°C, and #mperature sequence
control (lift 0.5°C per 4 hourskEscherichia coliwere grown in LB medium (5g/L Yeast Extract; 10J/typton;
10g/L NaCl) at 37°C.

Table 1 strainsand plasmids used in this study

Strain/plasmid Relevant characteristics Reference or source
Corynebacterium glutamicum
KGA The a-KG-producing strain This work
KGA-2 C.glutamicuniGDK-9 with gdhdeletion This work
KGA-2pXMJ19pep C.glutamicunKGA-2 harboring pXMJ19pep This work
Escherichia coli
DH5aMCR F ¢80dacZ/\ (lacZYA-argF)U169ecAl endAhsdRT(rk mk")supE44\ thi-1gyA96relAl

[12]
Plasmids
pK18mobsacB Integration vector, KoriVe [13,14]
pK18mobsacRydh Plasmid carrying thé.gdh This work
pXMJ19 Expression vectortar, lacl9, Cnl [15]

pXMJ1%ep Plasmid carrying thpepgene encoding Pyruvic carboxylase
This work

Km': resistance to kanamycin; Crmesistance to chloramphenicol.

Plasmid construction and recombinant DNA techniques

All restriction and modification enzymes used fdre tmanipulation of DNA were purchased from Takara
Biotechnology (Dalian) Co., Ltd. Plasmid isolatiand DNA purification kits were purchased fradiomed. All
primers used in this study were synthesized byifgeiliuhe and Huada Genomics Technology Co., LtlAD
sequencing analysis was done by Beijing Liuhe anddd Genomics Technology Co., Ltd. PCR amplificati@as
carried out with a mastercycfmersonal (Eppendorf) by using Tag DNA polymerasg Eermentas, Tianjin,
China).Plasmid pK18mobsacB apXMJ19 are ank.coli-Corynebacteriunshuttle vector by insertion of multiple
cloning sits. Other molecular biological methodsdi this lab are described elsend
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Table 2 Primer sequencesused in thislab

Primer Sequence(5'-3")

gdh 01S  TAT CTG AGC TCT GGT CAT ATC TGT GCG ACAC

gdh 01A TGC ACAGGT CTT GAA GAT GTT CAT TTC CTC GTCCC ATC TGS
gdh 02S  GAACAT CTT CAAGAC CTG TGC AGA GAC CGC AGEGAGTATG
gdh 02A  TAT CTAAGC TTA GGG AAG CCT TGA GGT TGG

pep 01S GCATAC AAG CTT GCG GTG TAC CCATCATTG TC

pep 02A GTATAC GAG CTC CCAAAT CCAACT CAC CCATCT

Km 01S CAGAGT CCC GCT CAG AAG

Km 02A ACTGGATGG CTTTCT TGC

Cm01S ATAGAA GGC GGC GGT GGAAT

CmO02A GTC GGATCAGCT TGAGTA GG

Construction of strains

To obtain thegdh mutant fromC.glutamicumKGA, a 2.744 kb complete gene fragmentgafh mutant was
amplified by PCR from the total chromosomal DNA bsing the primergdh01Sand primerggdh02AThe PCR
product was cloned intblind 11l and EcoRI site of pK18mobsacB vector to obtain kanamyeisistanceydh gene
fragment. Which was transformed info glutamicunKGA to integrate into the chromoson@dh locus by a single
crossover, generating the strain nar@egjlutamicunKGA-2.

To obtain thepep mutant from C.glutamicumKGA-2, a 3.98kb complete gene fragment pEp mutant was
amplified by PCR from the total chromosomal DNA bsing the primerpep01Sand primerpep02A.The PCR
product was cloned intblind 11l and Sacl site of pXMJ19 vector to obtain chloramphenicesistance pep gene
fragment. Which was transformed intd. glutamicumKGA-2, generating the strain named. glutamicum
KGA-2pXMJ19pep e8],

Deter mination method

Using Agilent 1200 high performance liquid chrongaiph (made in gemany), detector VWD (variable wength
UV detector),as the standard-type injector autosammjection volume 20uL;Column Eclipse XDB-C1&3m,
150mm x4.6 mm;0.05mol/L (NhJLbHPQO, as the mobile phase,sPlO;, adjusted to pH=2;column temperature of
30°C;flow rate of 1mL/min. Detection wavelengthZif5nm.

Fer mentation

Fermentations were carried out in 5L bioreactofsaffghai Baoxing Bio-engineering Equipment Co., §han
China). TheC.glutamicumseed culture was grown in shake-flasks (100 mil seedium in a 1L shake flask, 200
rpm, 32°C) to an OB« about 0.7-1.0 within 7h and was transferred to 3heproduction medium fon-KG
production with 10% (v/v) inoculum size. Glucosencentration was kept close to 2.0% (20.0g/L).The vphs
controlled by the addition of 20% NaOH and mairgdirat approximately 7.2. The ammonium concentratian
kept not be higher than 0.1mmol/L. The concentratid dissolved oxygen was 20.0-50.0% during the lgvho
process.

Enzyme assays

The strains grown in LB medium were collected wiieey reached 2.5 atghy, and washed twice or triple with
phosphate-buffered saline (0.14mol/L NaCl, 2.7mm#&ICl, 10mmol/L NgHPO,, and 1.8mmol/L KHPO, pH7.5).
Finally resuspended in PBS followed by disruptidthwNoise isolating tamber (NingBo, scientz, bidteclogy Co.,
LTD. China).The supernatant was collected by ckigation and used as crude enzyme solution. L-glaRtivity
was measured by a spectrophotometer at 25°C inr8adtion system containing of 2.5ml 0.1mol/L Tri&H
(pH7.5), 0.2ml 1mol/L NECI, 0.15ml 0.2mol/La-KG, 0.2ml 0.25mmol/L NADPH and 0.05ml of crude gne
solution. The L-gluDH activity was determined by amaring the decrease in absorbance at 340nm. Ghefun
enzyme was defined as 1umol of NADPH or NADP corstiper minute.

Cells grown in LB medium were collected at 4 °C whihey reached 2.5 atgdh and washed twice with
phosphate-buffered saline (0.14mol/L NaCl, 2.7mm#&ICl, 10mmol/L NgHPO,, and 1.8mmol/L KHPO, pH7.5).
And finally resuspended in PBS followed by disropti with Noise isolating tamber (Ning Bo, scientz,
biotechnology Co., LTD. China).The supernatant e@kected by centrifugation and used as crude epzswiution.
Pyruvate carboxylase activity was measured by atsgghotometer at 25°C in 1ml reaction system dairtg of
100mmol/L Tris-HCI (pH7.8), 10mmol/L pyruvate, 10mih HCO;, 2.5mmol/L MgATP, 2.5mmol/L MgG)
0.25mmol/L acetyl-CoA, and 0.1ml of crude enzymé&tson. The PC activity was determined by measuiimg
absorbance at 415nm one unit of enzyme was defisggnerated 1umol of oxaloacetic acid per mifithé™ 2,
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Real-time RT-PCR

The RT-PCR technology uses UltraSYBR two-step qtativie PCR kit (Beijing Kangwei Century Biotech Co
Ltd.).The Reverse transcription reaction systemtaiaimg of 4ul dNTP Mix, 2ul Primer Mix, 1ul RNA teplate,
4ul 5xRT Buffer , 2ul DTT , 1ul SuperRT and 7ul Ri¢aFree water. The Reverse transcription reactodition is
incubate at 42°C for 50min and 70°C for 15 min.eAftompletion of the reaction, put it a brief céngation and
placed on ice to cool. The RT-gPCR reaction systentaining of 15ul 2xUltraSYBR Mixture (with ROX®.5ul
10mmol/L forward primer, 0.5ul 10mmol/L reversemer, 4ul cDNA template and 10ul RNase-Free watee T
cycling conditions comprised 10min polymerase ation at 95°C and 40 cycles at 95°C for 15 sec @Ot for

604241,

Analytics

During the fermentation process, 1ml samples wakert from the cultures, centrifuged at 4°C and 03@0dor 5
min. Glucose was determined with a biosensor {lrtstiof Biology, Shang dong Academy of Science,nghali,
China). Amino acids were analyzed by using higHgrerance liquid chromatography.

RESULTSAND DISCUSSION

The deletion of gdh gene and over-pression of pep gene

Detection ofgdhgene was confirmed by PCR amplification, sequenilata not shown) and enzyme activities. As
shown in Table 3, L-gluDH activity was not deted¢aim C.glutamicumkKGA-2, indicating thagdh gene has been
successfully deleted.

Table 3 Activities of glutamate dehydrogenase (L-gluDH), pyr uvate carboxylase in the engineered Corynebacterium glutamicum strains

Strain Activity(U/min/mg)
L-gluDH PC

KGA 9.4+0.8

KGA-2 ND 4.3+0.5

KGA-2pXMJ19pep - 7.2+0.7

Notes: Values are the means + standard deviatidrikree independent determinations. ND, enzymeities were not detectable by using the
assay method described in the text.

To confirm the effecgdh gene deletion on-KG production, adjusted pH with ammonia or NAOHswzerformed
when production o6i-KG. In the case of adjusted pH with ammonia, t@aval of L-gluDH resulted in a higher
accumulation ofi-KG after 34h, while in th€.glutamicunKGA strain the accumulation af-KG is less than 1g/L
(Fig 2), and the accumulate amount of glutamatepigosite. However, only a very small amount of ghuate
accumulation is mainly due to the lack of the enaymhile glutamate synthase and glutamate dehydesgeof
Corynebacterium glutamicuris not essential for glutamate synthe§i8??. These results indicate thatkG to
L-glutamate synthesis and metabolism hinderedusexd by glutamate dehydrogenase deletion.
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KGA. KGA-2pXMJ19pep
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Fig.1. Relative expression levels of pep genein the strain of KGA-2 and KGA-2pXM J19pep. The latter isapproximately 400 timesthan
the former

The pepgene of overexpression was confirmed by PCR aioatibn, sequencing and PC activities. As shown in
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Table 3, the PC activity of th€.glutamicumKGA-2pXMJ19pep is 1.6 times than tl@&glutamicumKGA-2,
indicating that the pXMJ19pep has been successhilytheC.glutamicunKGA-2.

Enhanced production of a-KG by their coordination

The production ofi-KG was conducted with the construct€dylutamicunKGA-2 in a flask containing 20mL of
fermentation medium, which was described in matemal methods. The production @fKG in C.glutamicum
KGA-2 reached up to 14.7g/L. However, tleglutamicumKGA just only reached to 0.93g/L after 34h in the
fermentation, the accumulation @KG of the former is 15.8 times than that of thiéeda Since an increase irKG
synthesis amount leading to the reduction in thewamof glutamate synthase. So, these results detnada that the
disruption ofgdh gene prevented the conversionueiKG to L-glutamate. The production afKG in strain KGA-2
reached up to 30.6g/L in a preliminary experimesihg a 7.5L fermenter. However, the accumulation-8G in
the strain KGA is less than 1g/L in the same fertme(Fig 2).
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—8— KGA-2

- =
S 20 / -10 &
< Q
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X % £

104 E% L5
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(a) Time-dependent production of a-KG, the pH adjustswith NaOH

40 - I o -KG
[ MSG

35

30 4

25 4

KGA-2 KGA-2pXMJ19pep

strain
(b) Comparison of the concentration of a-KG with monosodium L -glutamate (M SG) after 34 h cultivation, the pH adjusts with ammonia

Fig.2. Production of a-K G from the metabalically engineered Corynebacterium glutamicum. (a) Time-dependent production of a-KG. (b)
Comparison of the concentration of a-KG with monosodium L -glutamate (M SG) after 34 h cultivation
Values are meansstandard deviationsf three independent experiments.

The effects of over-expression pep geneinvolved in the metabolic pathways of pyruate taalomcetate in
C.glutamicum The pXMJ19pep was studied by measuring the dietivof the enzymes encoded by the genes. As
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shown inTable 3.PEP enzyme activity per unit voluméhe strain KGA-2pXMJ19pep is 1.6 times than thaistr
KGA-2.

In the condition of the pH adjusts with NaOH, theoguction of a-KG was carried out with the strain
KGA-2pXMJ19pep in the flask containing 20mL of fexntation medium, reached up to 16.4g/L, and therlas
11.2% higher than the formeFfhe production ofi-KG in strain KGA-2pXMJ19pep reached up to 35.4gila
preliminary experiment using a 7.5L fermenter (Ejg

The o-KG original strain is the glutamate overproductitirain GDK-9, then-KG located in glutamate classical
pathway, and it is the glutamate precursor substamcaddition, in the strai@.glutamicunKGA, the L-gluDH is
the key enzyme in the glutamamte synthetase andradation ofu-KG. In the strairC.glutamicunKGA-2, thegdh
gene knockout led to a massive accumulation-Kf5, the main reason is to prevent th&G to the metabolism of
glutamate. But, this also led to increase the diissboxygen level in fermentation, there is possiddh knockout
reducing NADP (NAD"), the NADF (NAD") with the coupling of the respiratory chain, andtlier led to
weakened cell respiration. Meanwhile, with a snaaflount of lactic acid production and sugar consignptate
slows. In addition, the strai@.glutamicunKGA has the same effect with the str@&mglutamicunKGA-2 adjust pH
with NaOH. This also proved L-gluDH is the key emgyin accumulation ai-KG.

However, in the fermentation broth, as well as gates a small amount of glutamic acid, this is pilip because
the disruption ofgdh can be compensated by the GS and GOGAT, the GSAFG®stem inC.glutamicumis
regulated in response to the presence and abséhegluDH. The results suggest that the L-gluDHt essential
for glutamate formation bgorynebacterium glutamicuft.
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Fig.3. Theleve of dissolved oxygen, sugar consumption rate and vice acids (lactic acid) production in the a-K G fer mentation process

After over-expression of pyruvate carboxylase i@ #itrain KGA-2pXMJ19pep, biomass yield has sligiuréase.

As shown in Fig 3. The possible reason is pyrueatboxylase catalyzed oxaloacetate flow TCA pathwaythe
other hand, oxaloacetate and L-malic acid intortfi@chondria through its own transport mechaniseolved in

the TCA cycle, provide ATP and some intermediatdainelites needed for growth for the growth of straghus
promote cell growth. As shown in Fig 3. This coaldo be the strain pXMJp@pper unit volume of the PC activity
of 1.67 times the strailKGA, while the accumulation of-KG was only about 12%.The results suggest that
increasing the carbon metabolic flux flows to th@ ATcycle ,to improve the production ofKG is also a viable
means.

CONCLUSION
In conclusion, the enhanced biosynthesisa€€G by using C.gluyamicumcan be achieved by strengthen the
metabolic pathways and modification of synthetithpays. The over-expression of pyruvate carboxyéase the

disruption of gdh resulted in the accumulation @-KG. All of the above research can be applied foe t
industrial-scale production efKG from C.glutamicum
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