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1. Background

Improving enzyme stability is one of the major subjects in protein engineering. In the
early stage of the protein engineering, it was done by the method so called rational
engineering: improving the packing of the hydrophobic core, introducing disulfide bond and
extending ion pair network. Despite of many researches, it is still a challenging task to
stabilize a particular enzyme of interest. The directed evolution is the alternative method. This
method is based on the evolutionary process: mutation and selection. Later, the consensus
approach was proposed, which is based on the dependence of the amino acid frequency in
homologous amino acid sequences. These two methods do not need physical principle and
tertiary structural information of the target enzyme. Our laboratory has developed ancestral
mutation method, based on the phylogenetic analysis: (1) collecting amino acid sequences
from database, (2) multiple sequence alignment, (3) phylogenetic tree construction, (4)
estimation of ancestral sequence, (5) introduction of ancestral amino acid residue(s) into the
target enzyme, (6) Enzyme expression and characterization. Some ancestral mutants have
been created starting for isocitrate dehydrogenase (ICDH), 3-isopropylmalate dehydrogenase
(IPMDH), glycyl-tRNA synthetase (GIyRS) and p-amylase. The dataset of ICDH, IPMDH
and GIyRS contained archaea, bacteria and eukarya. That of f-amylase was constructed with
bacteria and eukarya. The ancestral mutation method based on the dataset constituted only of
eukarya hasn’t been investigated.

The lignin is the polymer in the cell wall and protects plant bodies from biodegradation.



In 1983, lignin degrading enzyme has been discovered from white rot fungi: lignin peroxidase
(LiP), manganese peroxidase (MnP) and versatile peroxidase (VP). LiP oxidizes veratryl
alcohol (VA) and the product VA" plays a role of mediator. MnP oxidizes manganese (I1) to
manganese (I11) and manganese (I11) forms complex with dicarboxylic acid. This complex
attacks to lignin. VP has both activities. These enzymes have potential to be applied to the
degradation of lignin. The application of these enzymes on degrading lignin is expected to
contribute to lower the energy cost and by-products. However the low stability of these
enzymes has been the obstacle to the industrial application.

The purpose of this study is to create stable lignin degrading enzyme by ancestral
mutation method and resurrection of ancestral lignin degrading enzyme based on the dataset
constituted only of eukaryal sequences.

2. Ancestral mutants of LiP
In chapter 2 we created stable LiP by ancestral mutation method.

2.1. Method

The amino acid sequences of lignin degrading enzymes were collected from NCBI
database by Protein Blast search using wild-type lignin peroxidase from Phanerochaete
chrysosporium strain UAMH3641 as a query sequence. The sequences were aligned by the
program ClustalX with its default parameters and then manually adjusted. Well-conserved
regions were collected by Gblocks 0.91. The maximum likelihood tree was constructed with
Treefinder and PhyML 2.4.4. The WAG substitution model was used as the substitution
matrix for amino acids. Ancestral sequence was estimated by CODEML in PAML 3.14,
Comparing amino acid sequences of ancestral and wild-type, eleven mutation sites were
selected. The point mutations were introduced by QuikChange Lightning Site-Directed
Mutagenesis Kit. Enzymes were expressed in Escherichia coli BL21 (DE3) and were
accumulated as inclusion body. After washing inclusion body, the enzyme was unfolded with
urea and refolded. Crude sample was purified with DEAE-sepharose and HiTrapQ columns.

The enzyme activity was measured by monitoring the oxidation of veratryl alcohol to
veratryl aldehyde (veratryl alcohol + H,O, — veratryl aldehyde + H,0). The thermal
inactivation of LiP was done by incubating enzyme at 37 °C. The resistance for H,O, was
estimated by incubating enzyme with 0.1 mM H,0, at 25 °C. The structural stability was
estimated by measuring circular dichroism at 222 nm.

2.2. Result

The phylogenetic tree was constructed from 198 positions of the 49 fungal peroxidase
sequences. LiP from Ascomycota was used as outgroup. The sequences at the branching point
of Basidiomycota and Ascomycota, two ancestors of LiP and MnP were estimated. Eleven



ancestral mutants were created.

The enzyme activity of six ancestral mutants was increased. Especially the activity of
H239F/T240L/1241L was 2.3-fold higher than the wild-type. The optimum temperature of
H239F/T240L/1241L was increased by 10 °C than the wild-type. Five ancestral mutants
showed high remaining activity than wild-type after thermal inactivation. Furthermore five
ancestral mutants showed high H,O, resistance than the wild-type. The T, values,
half-denaturation temperature, of H239F/T240L/1241L and the wild-type were 51.9 + 0.7 °C
and 50.1 + 0.2 °C, respectively.

2.3. Discussion

We have extended the method to select the ancestral mutation site relying on the primary
amino acid sequence. We estimated the relationship between thermal stability and the
conservation of the neighboring amino acids within seven residues in the primary sequence. If
a wild-type residue and the ancestral residue were identical, the likelihood value was taken as
the conservation value. However, if the wild-type and ancestral residue differed then the
conservation value was defined as 0. Finally, an averaged conservation value for neighboring
residues on the primary amino acid sequence was calculated. This value is referred to linear
ACV. The linear ACV values were plotted against the remaining activity after incubation at 37
°C or in 0.2 mM H,0,. When the linear ACV value is greater than 0.9, mutants with improved
thermal stability were obtained at high efficiency. Three of four mutants whose linear ACV
was >0.9 showed improved thermal stability. A similar trend was observed when the window
size was increased to eleven residues. A similar relationship between the linear ACV value
and the effect of ancestral mutation was found for the ancestral mutants of g-amylase and
IPMDH reported previously. These results suggest that the mutants with higher linear ACV
tend to show increased thermal stability. Thus, the linear ACV value can be used to select
residues for mutation that will improve the thermal stability of the protein.

3. Ancestral lignin degrading enzyme
In chapter 3, we resurrected the ancestral lignin degrading enzyme whose amino acid
sequence was entirely made of ancestral amino acids.

3.1. Method

LiP homologous 83 sequences were collected and aligned with MAFFT. The multiple
sequence alignment was adjusted manually and well-conserved region was selected by
Gblocks. The WAG+G+F model was selected as the amino acid substitution model by Prottest.
Phylogenetic tree was constructed with PhyML. The ancestral sequence was estimated with
CODEML in PAML and the gap position was estimated with GASP. Obtained ancestral
sequence was named ancestral ligninase. Ancestral ligninase was expressed in E. coli BL21
(DE3). Enzyme was purified and the enzyme activities measured.



3.2. Result

The ancestral ligninase has two activities, MnP and LiP activities, although the former
activity was lower than the counterpart from P. chrysosporium. The remaining LiP and MnP
activities of ancestral ligninase were higher than LiP and MnP from P. chrysosporium after the
15 min heat treatment. The T, value was defined as the half denaturation temperature. The Tr,
values of MnP, LiP and ancestral ligninase were 50 °C, 58 °C and 66 °C, respectively. The
ancestral ligninase showed higher T, value than LiP and MnP from P. chrysosporium.

3.3. Discussion

Most residues of ancestral ligninase at the glycosylation site were the same as those of
extent glycosylated enzymes. Then ancestral ligninase probably must have been glycosylated
in its nascent organism. Nie et al. reported that the glycosylation is contributing to enzyme
stability (Arch Biochem. Biophys. 1999. 2. 328). Because the stability of glycosylated LiP and
MnP were higher than wild-type enzyme, glycosylated ancestral ligninase must also show
higher stability than non-glycosylated ancestral ligninase.

In the previous studies of resurrecting ancestral enzymes, the high thermal stabilities were
interpreted to represent the high environ temperature of the host organism. In the current study,
the ancestral sequence represents the age around 270 million years ago (Science 2012. 336.
1715), when the whole earth temperature is not very high. However, the stability of enzyme is
often much higher than the growth temperature of the host organisms. For example, the Ty,
value of ribonuclease T1 from Aspergillus oryzae is 59.3 °C and the optimum growth
temperature is 26 °C (J. biol. Chem. 1988. 24. 11820). The ancestral ligninase was much more
stable than the growth temperature of the host.

4. Conclusion

In the ancestral mutants of LiP, we introduced ancestral mutations into wild-type LiP
from P. chrysosporium to improve its thermal stability. The recombinant ancestral mutant,
m10 (H239F/T240L/1241L), showed improved thermal stability comparable to that of the
glycosylated wild-type enzyme. Specific activity and k../Ky of one of the ancestral mutants,
m10, was improved by amino acid substitution. This is the first investigation to successfully
improve enzyme stability by introducing ancestral residues inferred from the dataset
constructed from eukaryotic sequences. The linear ACV value can be used to select ancestral
residues to efficiently enhance the thermal stability of enzymes.

In the ancestral lignin degrading enzyme, we constructed dataset constructed with only
Basidiomycota. By selecting position locating near peroxidases from A. ramosus and C.
cinerea as ancestral node, our ancestral ligninase showed two activities. The ancestral
ligninase showed high enzyme stability than modern enzymes. The resurrecting ancestral
enzyme from limited dataset could be used to design thermally stable enzyme.



BREROHEE

ARHFEE X, AEMMELFIE L WO EIFZ2 HWT, BEEHRD Y 7= ol
2> O MR SR & 5X 513 D HIEIZBE T D98 21T o 72, BEROMEMEIX, # X7 EH T
FICBTHEERMIET —~D—2ThDH, ZNET, K2 THONNy X 7 HK
T OHERLVANT 4 A2 HBAT D HIER EIC L - T, BEROMBYRIZHY L
BB HITWD, HEEEOFTRT 28I\, BEROT X/ BBiRds o —
R % SRAIRNTIZ & o CTHEE L7/ T X 7 FRICIE A3 5 Tk, M2 S A TR A BR %S
SNTce ZOFEZHNT, A4V 7 U BKFERESR, 341 Y 7 vl ik
FEHE, f7 I T —BREDOMBMEIZKII L TWD, F-, BFEOT I/ BESIEE
AT I B TTHRART 2 FIE, BHARAECED BRI, BERX 7 VAT R
U UEEFR S —ERDNA VX A L ADRFHII LTV D, LavL, £hb DO
FOMERSNT, HHE - B EME - EZAEMOT —2 2y b, HDHWIIEIEMED
HDOT—HEy MPOHEE ST, BEFHIT. BEEEMOEEOLB WT 5 7=
> oy fiEE%% . Lignin peroxidase (LiP), Manganese peroxidase (MnP)% F\ C, fi
SERLT X BB NE & AR IE U TR ERER OiRGH 21T o T2, £ ORER, BEiX
HHDHBDT—=F2 Yy b D THORERBRDRFI D AIRETHDL ZEEWLMNITL
7,

HEEE IXEEDN b Ok & 72 ) 7 = U3 R O Rt 2 ERc L. 11l oo e 28
BIRE AFHOMEEERREER Lz, £, B ER LML T I/ TR
Tefle ) 7 = iR AR Lz, RS 7z 11 (8 o e 28 BAR O S 28
RO S B, ml10 KT, BEBIGRED PcliP X0 b EH L, romiEtE kL
7o AT ST AR AR O T EWE 2 5~ 5 S0 6 . B BE A& FTIZ— kB -
Tl 57 2 BEOASEEY Th D55 121, mWIMEWE & R D RPN Em N &
ZH LM LT,

HEER XS BIS, MY 7 = 3Rl 2 it Uz, BB 7 = o i
FIL LiP 23R OIEME & MnP DN EFOIEMED M 5 2 R EF L T2, Z OIEMEOIREKAT
PEERIE LA, 2R, PcLiP X° PeMnP LV b @V R#EREZ R Lz, &
72 JIEH SR IX PeLiP 2549 45 °oC, PcMnP 72549 45 °C, £4HMIZ &6 & g M
IZBNTHK 60°C ThH Y @mWENEZ R Lz, M @AM SARHTIZ K- TRE
il U 7= 8P I8 T fEH . PeMnP 728 50 oC, PcLiP 73 58 oC, 24145728 66 °C
ThOEWEMRELZ b2V V= DfREEE OREFHIRE LT,

AHFEE L, LR AJEIC X - T LiP oit#vl, = L CeMeiyE tiklc &
S TEERY V= DfREER DOBREFHIRD LT, & LA G AL & A 5eRS
Bz b bW T, BEEAEMOHROT —X % v MnDb THEEROMEYL & ZE B
DERFIWARETH D 2 &R L, Wi, ToFE EER, KNBRFEEEZOMRIGE
B TOHEEE & — ko QBRI O R, KHFEE IO IES 5 & f)
E LT,



