Downloaded from orbit.dtu.dk on: Apr 11, 2024

DTU DTU Library

i

Histidine methyltransferase for increased peptide and protein stability

Simonsen, Jonas Laurberg; Rollan, Cristina Hernandez; Hoof, Jakob Blaesbjerg; Ngrholm, Morten Helge
Hauberg; Batth, Tanveer Signh; Olsen, Jesper Velgaard; Johansen, Katja Salomon; Brander, Sgren

Publication date:
2023

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Simonsen, J. L., Rollan, C. H., Hoof, J. B., Ngrholm, M. H. H., Batth, T. S., Olsen, J. V., Johansen, K. S., &
Brander, S. (2023). Histidine methyltransferase for increased peptide and protein stability. (Patent No.
W02023194390).

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://orbit.dtu.dk/en/publications/8794a8de-cf23-4447-9280-e60263fbcba8

wo 2023/194390 A1 | NI 0000 AR 000 R0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
12 October 2023 (12.10.2023)

(10) International Publication Number

WO 2023/194390 Al

WIPO I PCT

(51) International Patent Classification:
CO7K 14/435 (2006.01) CI2N 15/80 (2006.01)

(21) International Application Number:
PCT/EP2023/058862

(22) International Filing Date:
04 April 2023 (04.04.2023)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

22167491.4 08 April 2022 (08.04.2022) EP

(71) Applicants: DANMARKS TEKNISKE UNIVERSITET
[DK/DK]; Anker Engelundsvej 101, 2800 Kongens Lyngby
(DK). KOBENHAVNS UNIVERSITET [DK/DK]; Nor-
regade 10, 1165 Kebenhavn K (DK).

(72) Inventors: SIMONSEN, Jonas Laurberg; c/o Danmarks
Tekniske Universitet, Anker Engelunds Vej 101, Kongens
Lyngby (DK). ROLLAN, Cristina Herndndez, c/o Dan-
marks Tekniske Universitet, Anker Engelunds Vej 101,
Kongens Lyngby (DK). HOOF, Jakob Blzsbjerg; c/o
Danmarks Tekniske Universitet, Anker Engelunds Vej 101,
2800 Kongens Lyngby (DK). NORHOLM, Morten Helge
Hauberg; c/o Danmarks Tekniske Universitet, Anker En-
gelunds Vej 101, 2800 Kongens Lyngby (DK). BATTH,
Tanveer Signh; c/o Kebenhavns Universitet, Norregade
10, 1165 Kebenhavn K (DK). OLSEN, Jesper Velgaard;
c/o Kebenhavns Universitet, Norregade 10, 1165 Keben-
havn K (DK). JOHANSEN, Katja Salomon; c/o0 Keben-

havns Universitet, Norregade 10, 1165 Kobenhavn K (DK).
BRANDER, Seren; c/o Kebenhavns Universitet, Norre-
gade 10, 1165 Kebenhavn K (DK).

Agent: GUARDIAN IP CONSULTING I/S; Diplomvej
Building 381, 2800 Kgs. Lyngby (DK).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ,DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, KG,
KH, KN,KP, KR, KW,KZ LA, LC,LK,LR,LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR, LS, MW, MZ, NA, RW, SC, SD, SL, ST,
Sz, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
of inventorship (Rule 4.17(iv))

(54) Title: HISTIDINE METHYLTRANSFERASE FOR INCREASED PEPTIDE AND PROTEIN STABILITY

FIGURE 3
A
Transmembrane  SAM domain
domain
1-219 220 - 559

L
~ E340

he-term

(57) Abstract: The present invention relates to an enzyme exhibit-
ing histidine N-methyltransferase activity, a microbial cell compris-
ing a gene encoding such enzyme, and use of this enzyme for pro-
ducing a target peptide or protein having a methylated N-terminal
histidine residue.

[Continued on next page]



WO 2023/194390 A | [I 100000000000

Published:

—  with international search report (Art. 21(3))

—  with sequence listing part of description (Rule 5.2(a))

— in black and white; the international application as filed

contained color or greyscale and is available for download
Jrom PATENTSCOPE



WO 2023/194390 PCT/EP2023/058862

10

15

20

25

30

35

TITLE: Histidine methyltransferase for increased peptide and protein stability

FIELD OF THE INVENTION

The present invention relates to an enzyme exhibiting histidine N-methyltransferase
activity, a microbial cell comprising a gene encoding such enzyme, and use of this
enzyme for producing a target peptide or protein having a methylated N-terminal
histidine residue.

BACKGROUND OF THE INVENTION

Protein posttranslational modifications (PTMs) such as site-specific phosphorylation and
methylation are important regulators of protein activity, stability, subcellular
localization, and interactions. Protein methylation is a widely occurring PTM used to
regulate DNA transcription via modification of histones at lysine and arginine residues in
eukaryotic and prokaryotic organisms, constituting the primary component of the so-
called “histone code”.

One such PTM is the targeted histidine methylation of highly abundant actin proteins
detected in mammalian cells; where its primary function involves the regulation of actin
filament formation. Targeted methylation of the imidazole ring of the N-terminal
histidine residue of a protein is a methylation event found in living cells, that is prevalent
in filamentous fungi but not found in many other micro-organisms such as yeast and
bacteria.

Among the few reported N-terminal histidine methylation events, none are as important
as those found in fungal lytic polysaccharide monooxygenases (LPMOQOs). LPMOs are a
class of oxidative enzymes having broad substrate specificities towards complex
polysaccharides including recalcitrant lignocellulose that are widely distributed in nature.
LPMO activity plays an important role in facilitating the conversion of plant biomass as
a renewable material resource for biofuel production. A common feature of all LPMOs is
their N-terminal histidine, which is crucial for their copper binding and catalytic activity.
However, a specific characteristic of LPMOs found in filamentous fungi is the targeted
methylation of their N-terminal histidine residue, which is most commonly detected at
one of the nitrogen atoms of the imidazole ring, N3 (T-methylation of Ne2) or N1 (or n),
preferably N3. This N-terminal histidine methylation event, characteristic of filamentous
fungal LPMOQOs, is both found to enhance their stability and their performance in an
applied setting.

Members of the incretin hormone family (e.g. glucagon; GLP1) are proteins whose in
vivo half-life is limited due to their rapid degradation by the DPP-IV enzyme. DPP-IV
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requires an intact a-amino-group of the N-terminal histidine of GLP-1 in order to degrade
GLP-1. GLP-1 analogues having enhanced stability include those having a methylated N-
terminal histidine (i.e. His7).

Genetically-modified cell factories are used to produce a wide diversity of commercially-
important proteins; including biological pharmaceuticals and a diversity of enzymes.
However, the choice of host as cell factory is limited when the host cells lack the PTM
machinery required to produce proteins whose functional properties depend on PTMs. In
respect to N-terminal histidine methylation, there are no known fungal S-
adenosylmethionine-dependent methyltransferase enzymes capable of catalyzing this
specific PTM, nor is this activity found in all potential cell factories (for example members
of the Saccharomycetaceae family).

SUMMARY OF THE INVENTION

In a first aspect, the present invention provides a genetically-modified cell for
production of a target peptide or polypeptide having a modified N-terminal histidine
residue, wherein the cell comprises:

a. a first gene comprising a first nucleic acid sequence encoding a first
polypeptide exhibiting S-adenosylmethionine-dependent N-terminal
histidine methyltransferase (NHMT) activity,
wherein said first gene is genetically engineered,
wherein said first polypeptide (i) is of fungal origin, (ii) is not native to
said cell, (iii) comprises an N-terminal 7 transmembrane spanning
domain, and (iv) comprises a soluble C-terminal NHMT catalytic
domain, said catalytic domain comprising a SAM binding domain
having a glutamate residue, and

b. a second gene comprising a second nucleic acid sequence encoding a
target peptide or polypeptide, or a precursor thereof,
wherein said target peptide or polypeptide comprises a N-terminal
histidine residue; and
wherein said first polypeptide facilitates modification of the N-terminal
histidine residue of the target peptide or polypeptide, said modification
comprising transfer of a methyl, dimethyl, ethyl or propyl group to the
N-terminal histidine residue of the target peptide or polypeptide.

In a second aspect, the present invention provides an isolated polypeptide exhibiting
histidine N-methyltransferase enzyme activity, wherein said polypeptide comprises an
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amino acid sequence having at least 60% sequence identity to amino acid residues 220
to 558 of SEQ ID NO.: 2.

In a third aspect, the present invention provides a method for production of a target
peptide or polypeptide having a modified N-terminal histidine residue, comprising the
steps of:

a. providing a genetically-modified cell according to the invention, or a
cell population derived therefrom;

b. culturing the cell or cell population under conditions allowing
expression of the first gene comprising a first nucleic acid sequence
encoding a first polypeptide exhibiting N-terminal histidine
methyltransferase activity and the second gene comprising a second
nucleic acid sequence encoding a target peptide or polypeptide, or a
precursor thereof,

¢c. recovering the target peptide or polypeptide having a modified N-
terminal histidine residue.

In a fourth aspect, the present invention provides the use of the genetically-modified
cell of the invention or the isolated polypeptide of the invention, for production of a
target peptide or polypeptide having a modified N-terminal histidine residue.

DESCRIPTION OF THE INVENTION
Brief description of the figures:

Figure 1: (A) Schematic representation of the CRISPR-Cas9 knockout library
generation. CRISPR-Cas9 plasmids expressing specific sgRNA, each targeting one of the
methyltransferases candidate genes, were individually transformed into A. nidulans
NID2531 strain. Each knockout strain was first cultured; the whole proteome was then
extracted and subjected to a targeted proteomics assay (PMR) to detect N-terminal
methylation of a synthetic peptide. (B) Knockout candidates were identified as genes
encoding an N-terminal histidine methyltransferase based on the results of the PRM
assay illustrated in the last step of Figure 1A.

Figure 2: (A) Data generated by the targeted proteomic assay (PMR; see Figure 1)
using mass spectrometry. Top graphs: an N-terminal histidine methylated peptide
detected for the PRM assay of the reference A. nidulans strain (NID2531) (top-left
graph), while a non-methylated peptide was not detected (top right graph). Middle
graphs: the knockout strain candidate NID2713 (AN4663) failed to methylate the N-
terminal histidine (middle-left graph), and the un-methylated peptide was instead
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identified (middle-right graph). Lower graphs: a strain expressing a mutant AN4663 with
an E340A substitution in the SAM catalytic domain failed to methylate the N-terminal
histidine (lower-left graph), and the un-methylated peptide was found instead (lower-
right graph). (B) Graph showing the relative quantification of the N-terminal
methylation histidine peptide (H-met-TVIVPGYR) detected by PMR assays of the
reference A. nidulans strain (NID2531), the knockout AN4663 candidate (NID2713), the
AN4663 candidate with E340A mutation (NID2787), and the AN4663 candidate carrying
an mRFP tag at the N-terminus (NID2789) or at the C-terminus (NID2794). (C) Relative
quantification of the un-methylation (HTVIVPGYR) detected by the PMR assays for the
same strains as in Figure 2B. (D) Alignment of representative sequences, focused on
the spermidine synthase motif. NHMT = A. nidulans AN4663; METTL13 = Human eEEF1
n-terminal methyl transferase; Histamine MT = Human histamine n-methyl transferase;
SpeE (T. Cruzi) = Trypanosoma cruzi spermidine synthase; and SpeE (B. sub) = Bacillus
subtilis spermidine synthase. The residues corresponding to 1322 are marked with a
black box. The lack of an acidic group in this position shows that NHMT is not a
spermidine synthase

Figure 3: (A) lllustration of the predicted transmembrane and catalytic domain of
AN4663 candidate NHMT. (B) AlphaFold2 model of AN4663 predicts four structural
elements: 7TM, four stranded anti-parallel beta-sheet, Rossmann-like domain, and a
helical extension. The model shows the N-terminal 7 trans-membrane spanning domain
(amino acids: 1-230), a B-sheet domain (amino acids: 233-288), the SAM binding
domain (amino acids: 289-502) and a C-terminal tail (amino acids: 503-558). The three
domains (amino acids: 233-558) in combination constitute the soluble catalytic domain.

Figure 4: Schematic overview of LPMO LsAA9A and NHMT AN4663 co-expression in K.
phaffii. A DNA construct encoding LsAA9A was inserted into the K. phaffii genome and
expressed under control of the strong methanol-inducible promoter pAOX. NHMT was
produced from an episomal plasmid.

Figure 5: Schematic overview of synthesis of LPMO LsAA9A having either a native signal
peptide (A) or an Amy signal peptide (B), showing signal peptide cleavage giving rise to
an N-terminal histidine residue.

Figure 6: LC-MS/MS analysis of LsAASA secreted by K. phaffii expressing an LsAA9A
gene with native signal peptide (A) or Amy signal peptide (B), showing the N-terminal
sequence of expressed LsAASA. The graph shows the intensity of the N-terminal peptide
as number of hits identified from the LC-MS/MS analysis. Protein samples were digested
with Trypsin and LysC to generate internal peptides of different lengths.

Figure 7: SDS-PAGE (bottom) of the secreted LsAA9A into the supernatant from the
co-expression of NHMT AN4663 and LsAASA in K. phaffii; and LPMO activity (top graph)
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measured by the AZCL-HEC assay. E.V. = empty vector (negative control); NHMT = K.
phaffii expressing NHMT; LsAA9A = K. phaffii expressing LPMO; LsAA9A + NHMT = K.
phaffii co-expressing NHMT and LPMO. (A) LsAA9A gene with native signal peptide. (B)

LsAA9A gene with Amy signal peptide. The SDS-PAGE shows a representative sample
from one of the biological triplicates.

Figure 8: Stoichiometric quantification of the N-terminal methylation of LsAASA LPMO,
secreted into the medium by K. phaffii cells in the presence or absence of co-expression
of NHMT AN4663, using a targeted MS approach. The co-expression of LsAA9A and
NHMT AN4663 was performed using biological triplicates. LsAASA = K. phaffii expressing
LsAA9A LPMO; LsAA9A + NHMT = K. phaffii co-expressing NHMT and LsAASA LPMO. (A)
LsAASA gene with native signal peptide. (B) LsAA9A gene with Amy signal peptide.

Figure 9: Purification of LPMO LsAA9A and NHMT AN4663 co-expression in K. phaffii.
(A) Size exclusion chromatogram of LsAA9A (light grey) and LsAASA + NHMT (dark
grey). Protein elutes at 60 minuttes. (B) SDS-page analysis of LSAA9A and LsAA9A +
NHMT both show apparent MW of 37 KDa.

Figure 10: (A) Graphical illustration showing a possible interaction at the ER membrane
between the NHMT and the LsAA9A LPMO. It is speculated that the LPMO is first
translocated by the Sec translocation machinery of the ER, and once the signal peptide
is cleaved, and the LPMO has entered the lumen, the NHMT recognizes and interacts
with the LPMO by transferring the methyl group from the S-adenosyl methionine (SAM)
onto the LsAASA. (B) Impact of truncation of AN4663 on activity: PRM quantification of
methylated HTVIVPGYR due to truncation of the transmembrane domain of AN4663
(NHMT=AN4663). (C) Impact of truncation of AN4663 on activity: PRM quantification
of unmethylated HTVIVPGYR after AN4663 truncation (NHMT=AN4663). (D) Microscopy
quantification of AN4663 ER co-localization of different strains as indicated by the
Pearson correlation. Error bars indicate the standard error of the mean
(NHMT=AN4663). (E) Co-localized image of negative control cytosolic mRFP, positive
control endogenous mRFP tagged ER protein C8VRA6, and mRFP-NHMT (N-terminal
tagged AN4663) expressing cells. Two different channels: red (mRFP), green (DiCO6),
and merged are shown, yellow indicates co-localization in the merged channel.

Figure 11: Conservation of AN4663. (A) TOPCONS prediction of TMDs (light grey
arrows) and NCBI conserved domain search prediction of SAM-dependent
methyltransferase domain (black arrow). (B) Alignment of three selected NHMT
orthologs and AN4663. TMD region revealed to be less stringent in conservation whereas
the catalytic domain in the C-terminus of the protein showed the highest conservation.
Conserved residues are distributed throughout the sequence alignment. As an example
of key residues, a zoom in on the sequence in the very C-terminus reveal conserved
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tryptophan/tyrosine residues (with upward-pointing black arrows), which is proposed to
be important for the function of the protein.

Figure 12: (A) Phylogenetic analysis of organisms with sequence similarity to AN4663
7TM (aa residues 1-250). iTOL (Letunic et al 2021) tool was utilized to generate the
phylogenetic tree. (B) Alignment of the soluble domain linked to the 452
transmembrane domain sequences by MUSCLE v. 3.8; visualized as sequence motifs in
WeblLogo 3.0. The region 318-358 shows the methyl transferase motif at 319-323 as
well as the SAM binding glutamate in position 340. The highly conserved segment 389-
394 is uniquely found in NHMT proteins having the N-terminal 7TM domain.

Figure 13: Graphical illustration of the process leading to identification of the single
NHMT of Aspergillus nidulans.

Abbreviations, terms, and definitions:

Amino acid sequence identity: The term "sequence identity" as used herein, indicates
a quantitative measure of the degree of homology between two amino acid sequences
of substantially equal length. The two sequences to be compared must be aligned to
give a best possible fit, by means of the insertion of gaps or alternatively, truncation at
the ends of the protein sequences. The sequence identity can be calculated as ((Nref-
Ndif)100)/(Nref), wherein Ndif is the total number of non-identical residues in the two
sequences when aligned and wherein Nref is the number of residues in one of the
sequences. Sequence identity calculations are preferably automated using the BLAST
program e.g. the BLASTP program (Pearson W.R and D.]J. Lipman (1988))
(www.ncbi.nim.nih.gov/cgi-bin/BLAST). Multiple sequence alignment is performed with
the sequence alignment method ClustalW with default parameters as described by
Thompson J., et al 1994, available at http://www2.ebi.ac.uk/clustalw/.

Preferably, the numbers of substitutions, insertions, additions or deletions of one or
more amino acid residues in the polypeptide as compared to its comparator polypeptide
is limited, i.e. no more than 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 substitutions, no more than
1,2,3,4,5,6,7, 8,9, or 10 insertions, no more than 1, 2, 3, 4, 5,6, 7, 8,9, or 10
additions, and no more than 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 deletions. Preferably the
substitutions are conservative amino acid substitutions: limited to exchanges within
members of group 1: Glycine, Alanine, Valine, Leucine, Isoleucine; group 2: Serine,
Cysteine, Selenocysteine, Threonine, Methionine; group 3: proline; group 4:
Phenylalanine, Tyrosine, Tryptophan; Group 5: Aspartate, Glutamate, Asparagine,
Glutamine.
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The term genetically engineered gene means a gene that is not native to the cell’s
genome; or a genetically-engineered derivative of a native gene (e.g. having modified
expression controlling elements - such as a non-native promoter and/or RBS
sequences); or a native gene that is provided in addition to the native gene already
comprised in the host cell’s genome.

Native gene: endogenous gene in a microorganism cell genome, homologous to host

microorganism.

Detailed description of the invention:

I A genetically-modified cell for production of N-terminal histidine methylated
proteins or peptides

The invention provides a genetically-modified cell for production of a peptide or
polypeptide having a methylated N-terminal histidine residue.

The genetically-modified cell is capable of expressing a first polypeptide having N-
terminal histidine methyltransferase activity (NHMT activity). The methyl transferase
activity comprises methylation of an N-terminal histidine residue of the polypeptide or
peptide. The methyl transferase activity includes methylation of at least one of the
nitrogen atoms of the imidazole ring, namely N3 (T-methylation of Ne2) or N1 (or n) of
the terminal histidine residue, preferably N3.

The genetically-modified cell is further capable of expressing a peptide or polypeptide
having a histidine residue that can be methylated by the first polypeptide having NHMT
activity. Said methylation of the peptide or polypeptide includes methylation of at least
one of the nitrogen atoms of the imidazole ring, namely N3 (T-methylation of N&2) or
N1 (or n) of the N-terminal histidine residue.

The first polypeptide is encoded by a first nucleic acid sequence comprised in a first gene
that is genetically engineered in the genetically-modified cell. In one embodiment the
genetically-modified cell comprises a first gene encoding a first polypeptide that is not
native to the cell’s genome. In an alternative embodiment the first gene encodes a first
polypeptide having the same amino acid sequence as a polypeptide encoded by a native
gene in the cell’'s genome, wherein the first gene is either a genetically-engineered
derivative of a native gene (e.g. having modified expression controlling elements - such
as a non-native promoter and/or RBS sequences) or is provided in addition to said native
gene. The first gene comprising the nucleic acid sequence encoding the first polypeptide
may be located within the cell’s genome or may be located on an episomal vector.

According to one embodiment, the first polypeptide, encoded by the first gene in the
genetically-modified cell, is characterized by having a catalytic domain having N-
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terminal histidine methyltransferase activity. In one embodiment, the catalytic domain
employs S-adenosyl-L-methionine as co-substrate and catalyzes the reaction S-
adenosyl-L-methionine + protein/peptide having N-terminal histidine <=> S-adenosyl-
L-homocysteine + protein or peptide having an N-terminal N3 or N1-methyl-L-histidine.

In one further embodiment, an analog of S-Adenosyl methionine may also be utilized,
wherein the methyl group covalently attached to the sulfur atom on SAM is replaced
with another chemical moiety such as a dimethyl group, ethyl group, propyl group; and
that these groups can be transferred onto methyltransferase enzyme substrate instead
of the traditional methyl groups. Thus, in one embodiment, the first polypeptide
facilitates transfer of a methyl, dimethyl, ethyl or propyl group to the N-terminal histidine
residue of the target peptide or polypeptide.

In one embodiment, the catalytic domain of the first polypeptide is located at the C-
terminal region of the polypeptide, said domain being characterized by a SAM binding
motif, said motif comprising a glutamate residue essential for its catalytic activity
(corresponding to E340 in SEQ ID NO.:2). In one embodiment, the amino acid sequence
of the catalytic domain of the first polypeptide has at least 60%, or in order of increasing
preference at least 65%, 70%, 71%, 72%, 73%, 74% 75%, 76%, 77%, 78%, 79%
80%, 81%, 82%, 83%, 84% 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%
95%, 96%, 97%, 98%, 99%, or 100% sequence identity to amino acid residues 220
to 558 of SEQ ID NO.: 2.

In a further embodiment, the first polypeptide has an N-terminal region comprising
transmembrane spanning domains such that the N-terminal region of the polypeptide is
capable of residing in a cellular membrane of the genetically-modified cell. The N-
terminal region is one that is capable of anchoring the C-terminal region of the
polypeptide to a cellular membrane, while the C-terminal region extends into an aqueous
soluble environment, for example into the cytoplasm, or the lumen of the endoplasmic
reticulum; or an extracellular space. In one embodiment, the amino acid sequence of
the first polypeptide has at least 60%, or in order of increasing preference at least 65%,
70%, 71%, 72%, 73%, 74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84%
85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%,
99%, or 100% sequence identity of SEQ ID NO.: 2. The N-terminal region of the
polypeptide, corresponding to amino acid residues 1 to 219 of SEQ ID NO.: 2 may
comprise at least 2 transmembrane domains, or in order of increasing preference at
least 3, 4, 5, 6 or 7 transmembrane domains. By way of example only, the architecture
of the membrane-bound first polypeptide having a SAM binding domain and N-terminal
histidine methyltransferase activity is illustrated in Figure 3.

The genetically-modified cell may further comprise a second gene comprising a second
nucleic acid sequence encoding peptide or polypeptide, or a precursor thereof, wherein
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said peptide or polypeptide comprises an N-terminal histidine residue; and wherein said
peptide or polypeptide is the target for N-terminal histidine methylation by said first
polypeptide. When the target peptide or polypeptide is expressed as a precursor, the
target for N-terminal histidine methylation is the N-terminal histidine residue of the
mature peptide or polypeptide that results from processing of the precursor, for example
removal of an N-terminal signal peptide and/or pro-peptide from the precursor. In a
further embodiment, the second gene comprising a second nucleic acid sequence
encodes a secreted peptide or polypeptide, said peptide or polypeptide having an N-
terminal sequence directing the peptide or polypeptide to the genetically-modified cell’s
secretory pathway, for example by having an N-terminal signal peptide. While not
wishing to be bound by theory, the secretion of a target protein (or peptide); the co-
translational removal of its signal peptide; and N-terminal histidine methylation of its N-
terminal histidine may occur within the lumen of the ER by the first polypeptide having
NHMT activity. The polypeptide or peptide or precursor thereof expressed by the
genetically-modified cell of the invention is one that gains an advantage from
methylation of the N-terminal histidine residue of the peptide or polypeptide when
compared to its corresponding non-methylated form. This advantage may take the form
of enhanced stability (for example as measured by half-life), enhanced catalytic activity,
enhanced pharmacological activity, enhanced solubility, immobilization, or specificity;
enhanced stability/activity with proteases, in alkaline, acidic or saline environment, in
the presence of oxidative stress factors, (e.g. H202, superoxide, 02, O3), detergents,
organic solvents, ionic liquids, or micelle systems.

The peptide or polypeptide encoded by the second nucleic acid sequence comprised in
the second gene may be either native or non-native to the genome of the genetically-
modified cell. The gene comprising the nucleic acid sequence encoding the peptide or
polypeptide, or precursor thereof, may be located within the cell’s genome or may be

located on an episomal vector.

In one embodiment, the precursor of the target peptide or polypeptide is a secreted
peptide or polypeptide having a pre- or a prepro-domain, wherein the pre- or prepro-
domain is removed prior to methylation of the N-terminal histidine residue of the target
peptide or polypeptide.

The first nucleic acid sequence and the second nucleic acid sequence are each operably
linked to a promoter sequence controlling expression of the respective genes. The
promoter may be a constitutive promoter or an inducible promoter. In some instances
it may be desirable to employ an inducible promoter, particularly for controlling the
expression of the second gene comprising the second nucleic acid sequence encoding
the peptide, polypeptide or precursor thereof. For example, where the host cell is a
eukaryote, such as a species of Saccharomyces, then a suitable inducible promoter is
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GAL 1 promoter [SEQ ID NO.: 9] or AOX promoter [SEQ ID NO.: 10]. For example,
where the host cell is a prokaryote, then a suitable inducible promoter is T7 promoter
[SEQ ID NO.: 11]. For example, where the host cell is a mammalian cell, then a suitable
promoter is the tetracycline inducible promoter [SEQ ID NO.: 12] or the TET-responsible
promoter: CMV (cytomegalovirus minimal promoter) [SEQ ID NO.: 13].

In one embodiment the genetically-modified cell of the invention is a cell that is capable
of expressing an increased level of NHMT activity as compared to a parent cell lacking
the first gene comprising a nucleic acid sequence encoding a first polypeptide having
NHMT activity and from which the genetically-modified cell was derived. In a further
embodiment, the genetically-modified cell of the invention is derived from a parent cell
that lacks native gene(s) encoding a native fungal S-adenosylmethionine-dependent
methyltransferase enzyme.

In one embodiment the genetically-modified cell of the invention is a eukaryotic or
prokaryotic cell. The eukaryotic cell may be a mammalian cell (e.g. Chinese Hamster
Ovary [CHO] cell, mouse myeloma cell, including an NSO and Sp2/0 cell). The eukaryotic
cell may be a microbial cell, preferably belonging to an Ascomycota family; even more
preferably a member of the Saccharomycetaceae family. For example the genetically-
modified cell can be species of Saccharomyces, K phaffii, Kluyveromyces, Hansenula and
Yarrowia. In a preferred embodiment, the genetically modified cells is K phaffii. The
prokaryotic cell may be a species of Escherichia, Lactobacillus, Bacillus, Brevibacterium,
Corynebacterium, Mycobacterium, Nocardia, Streptomyces, Chromohalobacter,
Halomonas, Pseudomonas, Shewanella, Rodhobacter and Caulobacter. In one
embodiment, the genetically-modified cell of the invention comprises a first polypeptide
having N-terminal histidine methyltransferase activity (NHMT activity) encoded by a first
nucleic acid sequence comprised by a first gene and a peptide or protein or precursor
thereof encoded by a second nucleic acid sequence comprised by a second gene, wherein
said peptide or protein has a methylated N-terminal histidine residue; and wherein said
methylation comprises at least one of the nitrogen atoms of the imidazole ring, namely
N3 (tT-methylation of Ne2) or N1 (or n) of the terminal histidine residue.

In one aspect, the invention provides a genetically-modified cell for production of a
target peptide or polypeptide having a modified N-terminal histidine residue, wherein
the cell comprises:

a. a first gene comprising a first nucleic acid sequence encoding a first
polypeptide exhibiting N-terminal histidine methyltransferase activity,
wherein said first gene is genetically engineered,
wherein said first polypeptide comprises an amino acid sequence having
at least 60% sequence identity to amino acid residues 220 to 558 of
SEQ ID NO.: 2, and
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b. a second gene comprising a second nucleic acid sequence encoding a

target peptide or polypeptide, or a precursor thereof,

wherein said target peptide or polypeptide comprises a N-terminal

histidine residue; and

wherein said first polypeptide facilitates modification of the N-terminal

histidine residue of the target peptide or polypeptide.
In one embodiment, said modification of the N-terminal histidine residue of the target
peptide or polypeptide comprises transfer of a methyl, dimethyl, ethyl or propyl group
to the N-terminal histidine residue of the target peptide or polypeptide. In a preferred
embodiment, the N-terminal histidine residue of the target peptide or polypeptide is
methylated.

In one embodiment, the precursor of said target peptide or polypeptide is a secreted
peptide or polypeptide having a pre- or a prepro-domain, and wherein the pre- or
prepro- domain is removed prior to modification of the N-terminal histidine residue of
the target peptide or polypeptide.

II. A genetically-modified cell for production of N-terminal histidine methylated
LPMO

In one embodiment the genetically-modified cell of the invention has a first gene
comprising a first nucleic acid encoding a polypeptide having NHMT activity and a second
gene comprising a second nucleic acid sequence encoding a Lytic Polysaccharide
Monooxygenase (LPMO; alternative names include PMO, GH61 or CBP21). LPMOs that
are classified in CAZy as auxiliary activity (AA9-AA11, AA13-AA17) possess a distinct
catalytic site, comprised of a His-pair coordinating a copper ion. One of the two catalytic
histidine residues is located at the N-terminus and the «-amino group of the N-terminal
Histidine takes part in the active site copper. Many native LPMOs secreted by filamentous
fungi comprise an N-terminally methylated histidine residue, particularly LPMOs that are
classified in CAZy as auxiliary activity AA9 and AA13.

LPMO encoded by the second nucleic acid sequence comprises a signal peptide that co-
translationally targets synthesis of the LPMO to the endoplasmic reticulum (ER) and its
transport into the ER lumen. Recognition and correct cleavage of the signal peptide of
LPMO, and methylation of the N-terminal histidine of the mature LPMO (revealed by
signal peptide cleavage) is important for its activity and/or stability. The signal peptide
sequence encoded by the second nucleic acid sequence is chosen according to the
chosen host employed as genetically-modified cell. Accordingly, the signal peptide may
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be the native LPMO signal peptide, or may be a heterologous signal peptide. Co-
expression of a polypeptide having NHMT activity with an AA9 LPMO polypeptide having
a native or heterologous signal peptide in a genetically-modified cell of the invention is
exemplified in Figures 4-7. Here the cells are shown to secrete mature LPMO having an
N-terminally methylated histidine residue due to correct signal peptide cleavage and
methylation by the co-expressed NHMT.

Examples of AA9 LPMOs include LsAASA from Lentinus similis (Genbank accession
number: CAD21296.1) [SEQ ID NO.: 15], NcLPMQS from Neurospora crassa (Genbank
accession number: CAD21296.1) [SEQ ID NO.: 17], HrLPMOS from Heterobasidion
irregulare (Genbank accession number: ETW87087.1) [SEQ ID NO.: 19], TtLPMO9A from
Thermothelomyces thermophilus (Genbank accession number: AKO82493) [SEQ ID NO:
21], PalLPMOSE from Podospora anserine (Genbank accession number:
CAP67740.1) [SEQ ID NO.: 23], and PaLPMQ9H from Podospora anserina (Genbank
accession number: CAP61476.1 ) [SEQ ID NO.: 25].

III. A genetically-modified cell for production of N-terminal histidine
methylated incretin hormone

In one embodiment the genetically-modified cell of the invention has a first gene
comprising a first nucleic acid encoding a polypeptide having NHMT activity and a second
gene comprising a second nucleic acid sequence encoding an incretin peptide hormone.
One member of this class of hormone is Glucagon-like peptide-1 (GLP-1), whose native
gene encodes preproglucagon, which is post-translationally cleaved to release GLP-1
having an N-terminal histidine. The active secreted forms of GLP-1 derived from the
precursor GLP-1, are GPP-1 (7-36) amide and GLP-1(7-37). According to one
embodiment, the first nucleic acid encodes a precursor GLP-1 comprising a heterologous
N-terminal signal peptide fused to GLP-1(7-36) [SEQ ID NO.: 27] or GLP-1(7-37) [SEQ
ID NO.: 29]. Suitable signal peptides include native signal peptide of the LPMO [SEQ ID
NO.: 311, OST1 [SEQ ID NO.: 33], AmySP [SEQ ID NO.: 35]. A suitable integration
vector for insertion of the GLP-1 (or analogue therof) encoding gene into K. phaffii
includes pPIC9K as an integrative vector for suitable expression of LPMOs

Further members of this class of hormone are analogues of Glucagon-like peptide-1
(GLP-1) For example the GLP-1 analogue having SEQ ID NO.: 37 (Lixisenatide); GLP-1
analogue having SEQ ID NO.: 39 (Exenatide); GLP-1 analogue having SEQ ID NO.: 41
(Liraglutide); GLP-1 analogue having SEQ ID NO.: 43 (Albiglutide); GLP-1 analogue
having SEQ ID NO.: 45 (Dulaglutide); GLP-1 analogue having SEQ ID NO.: 46
(Semaglutide).

In some embodiments, the first nucleic acid encodes a precursor comprising a
heterologous N-terminal signal peptide fused to GLP-1, or analogue thereof, wherein the
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GLP-1, or analogue thereof is further fused to a second protein such as Human Serum
Albumin (HSA) or an immunoglobulin fragment, preferably to its C-terminus. Production
of an N-terminal histidine methylated incretin hormone is exemplified in Example 7.

IV. An isolated histidine N-methyltransferase enzyme

In one aspect, the present invention provides an isolated polypeptide having NHMT
activity for catalyzing the reaction S-adenosyl-L-methionine + protein/peptide having
N-terminal histidine <=> S-adenosyl-L-homocysteine + protein or peptide having an N-
terminal N3 or N1-methyl-L-histidine.

In one embodiment, the isolated polypeptide corresponds to the catalytic domain of a
polypeptide having at least 60%, or in order of increasing preference at least 65%, 70%,
71%, 72%, 73%, 74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84% 85%,
86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%, 99%, or
100% sequence identity to amino acid residues 220 to 558 of SEQ ID NO.: 2.

In a further embodiment, the isolated polypeptide corresponds to a polypeptide having
at least 60%, or in order of increasing preference at least 65%, 70%, 71%, 72%, 73%,
74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84% 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%, 99%, or 100% amino acid
sequence identity to SEQ ID NO.: 2.

In one embodiment, the isolated polypeptide corresponds to the catalytic domain of a
polypeptide having at least 60%, or in order of increasing preference at least 65%, 70%,
71%, 72%, 73%, 74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84% 85%,
86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%, 99%, or
100% sequence identity to amino acid residues 302 to 497 of SEQ ID NO.: 4 (homolog
from Aspergillus fumigatus).

In a further embodiment, the isolated polypeptide corresponds to a polypeptide having
at least 60%, or in order of increasing preference at least 65%, 70%, 71%, 72%, 73%,
74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84% 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%, 99%, or 100% amino acid
sequence identity to SEQ ID NO.: 4 (homolog from Aspergillus fumigatus).

In one embodiment, the isolated polypeptide corresponds to the catalytic domain of a
polypeptide having at least 60%, or in order of increasing preference at least 65%, 70%,
71%, 72%, 73%, 74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84% 85%,
86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%, 99%, or
100% sequence identity to amino acid residues 353 to 497 of SEQ ID NO.: 6 (homolog

from Neurospora crassa).
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In a further embodiment, the isolated polypeptide corresponds to a polypeptide having
at least 60%, or in order of increasing preference at least 65%, 70%, 71%, 72%, 73%,
74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84% 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%, 99%, or 100% amino acid
sequence identity to SEQ ID NO.: 6 (homolog from Neurospora crassa).

In one embodiment, the isolated polypeptide corresponds to the catalytic domain of a
polypeptide having at least 60%, or in order of increasing preference at least 65%, 70%,
71%, 72%, 73%, 74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84% 85%,
86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%, 99%, or
100% sequence identity to amino acid residues 385 to 496 of SEQ ID NO.: 8 (homolog
from Neolentinus lepideus).

In a further embodiment, the isolated polypeptide corresponds to a polypeptide having
at least 60%, or in order of increasing preference at least 65%, 70%, 71%, 72%, 73%,
74% 75%, 76%, 77%, 78%, 79% 80%, 81%, 82%, 83%, 84% 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94% 95%, 96%, 97%, 98%, 99%, or 100% amino acid
sequence identity to SEQ ID NO.: 8 (homolog from Neolentinus lepideus).

The respective isolated polypeptides are both characterized by a SAM binding motif or
domain, said motif/domain comprising a glutamate residue essential for its catalytic
activity (corresponding to E340 in SEQ ID NO.: 2).

Production of the catalytic domain of NHMT is exemplified in Example 7. Production of
the full-length NHTM protein (AN4663) including its transmembrane domain can be
performed by transforming a suitable NHMT protein expression vector into a suitable
host cell, such as E. coli. After protein production, extraction, and purification of the
membrane bound-produced AN4663 can be performed using detergents such as N-
Dodecyl b- D -maltoside to aid solubilization.

When the isolated polypeptides having NHMT activity are brought into contact with a
peptide or protein having an N-terminal histidine, the peptide or protein is N-terminally
methylated, as described in Example 7.

In an in-vitro setting, a purified fraction of the histidine N-methyltransferase enzyme
(such as only the catalytic histidine N-methyltransferase domain or the catalytic histidine
N-methyltransferase domain fused to other protein, biomolecules, and/or chemical
moieties, i.e. to increase stability) can be incubated with the donor S-Adenosyl
methionine (also referred to as “"AdoMet” or "SAM”) containing a methyl group that is to
be transferred, and target substrate (such as a peptide, protein, incretin hormone, or
anything containing an free amine (NH2) followed by a histidine, followed by subsequent

sequence of amino acids, small molecule, or other chemical groups).
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An analog of S-Adenosyl methionine may also be utilized, wherein the methyl group
covalently attached to the sulfur atom on SAM is replaced with another chemical moiety
such as a dimethyl group, ethyl group, propyl group; and that these groups can be
transferred onto methyltransferase enzyme substrate instead of the traditional methyl
groups.

Furthermore, the methyl group can be replaced with reactive groups in order to facilitate
site selective reaction on n-terminal histidines. These reactive groups can be a number
of functional groups such as those containing an azide or alkyne group, typically utilized
in combination for specific cycloaddition chemistry limiting side reactions and products,
also referred to as “click chemistry” (Hartmuth et al 2001). These reactive groups can
be utilized to perform site specific chemistry or bioconjugation to form chemical links
with other chemical and biomolecular species such as small molecules, drugs, proteins,
peptides, or living cells and organisms. This in turn could be utilized to change the
chemical and biological properties of the histidine modified molecules for advantages
purposes such as increased bioavailability, increased or decreased biological half-life,
and if a functional protein or antibody, to increase selectivity and specificity; it may also
be utilized to selectively deliver small molecule drugs to an intended biological target,
this target could be, but not limited to, protein, cell, or organ specific.

V. Method for identifying a histidine N-methyltransferase enzyme

A candidate polypeptide can be assayed for NHMT activity by cloning and expressing a
gene encoding the polypeptide in a suitable host cell that is itself devoid of genes
encoding an active NHMT, for example a S. cerevisiae cell. Alternatively the candidate
polypeptide can be expressed from a native gene in its native host. The host cell
expressing the candidate polypeptide may be cultured; the whole proteome can then be
extracted and then subjected to a targeted proteomics assay (PMR) to detect N-terminal
methylation of a synthetic peptide, as described in Example 1, and illustrated in Figure
1 and 2.

VI. Methods for preparing an N-terminal histidine methylated polypeptide or
peptides in vivo

In one aspect, the invention provides a method for production of a target peptide or
polypeptide having a modified N-terminal histidine residue, comprising the steps of:
a. providing a genetically-modified cell according to the invention, or a cell
population derived therefrom;
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b. culturing the cell or cell population under conditions allowing expression
of the first gene comprising a first nucleic acid sequence encoding a first
polypeptide exhibiting N-terminal histidine methyltransferase activity
and the second gene comprising a second nucleic acid sequence
encoding a target peptide or polypeptide, or a precursor thereof,

c. recovering the target peptide or polypeptide having a modified N-
terminal histidine residue.

In one embodiment, the target peptide or polypeptide is modified by transfer of a
methyl, dimethyl, ethyl or propyl group to the N-terminal histidine residue of the target
peptide or polypeptide. In a preferred embodiment, the target peptide or polypeptide is
methylated.

In one aspect the invention provides a method for production of a target peptide or
polypeptide having a methylated N-terminal histidine residue, said method comprising
the steps of:

a. providing a genetically-modified cell according to the invention (as described in
section I), or a cell population derived therefrom;

b. culturing the cell or cell population under conditions allowing co-expression of the
the first gene comprising a first nucleic acid sequence encoding the first polypeptide
having NHMT activity and the second gene comprising the second nucleic acid
sequence encoding a target peptide or polypeptide or a precursor thereof,

C. recovering the target peptide or polypeptide having a methylated N-terminal
histidine residue.

In one embodiment the target polypeptide or its precursor is LPMO, preferably an AA9
LPMO (as described in section II). In a further embodiment the target peptide is an
incretin hormone, for example GLP-1, (as described in section III).

In one embodiment the genetically-modified cell of the invention is a eukaryotic or
prokaryotic cell. The eukaryotic cell may be a mammalian cell (e.g. Chinese Hamster
Ovary [CHO] cell, mouse myeloma cell, including an NSO and Sp2/0 cell). The eukaryotic
cell may be a microbial cell, preferably belonging to an Ascomycota family; even more
preferably a member of the Saccharomycetaceae family. For example the genetically-
modified cell can be species of Saccharomyces, K phaffii, Kluyveromyces, Hansenula and
Yarrowia. In a preferred embodiment, the genetically modified cells is K phaffii. In a
preferred embodiment, the genetically modified cells is a species of Saccharomyces. The
prokaryotic cell may be a species of Escherichia, Lactobacillus, Bacillus, Brevibacterium,
Corynebacterium, Mycobacterium, Nocardia, Streptomyces, Chromohalobacter,
Halomonas, Pseudomonas, Shewanella, Rodhobacter and Caulobacter.
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VII. Use of genetically-modified cell of the invention for preparing an N-
terminal histidine methylated polypeptide or peptide in vivo

A genetically-modified cell of the invention may be used to produce a peptide or
polypeptide with an N-terminally modified histidine, wherein the N-terminal modification
comprises modification of the N3 or N1 nitrogen atom of the histidine. The modification,
catalyzed by the first polypeptide having NHMT activity, is the result of the transfer of
any one of a methyl group, dimethyl group, ethyl group, or propyl group to the N3 or
N1 nitrogen atom of the histidine. The methylated polypeptide or peptide includes those
described in section II and III.

In one aspect, the invention provides the use of the genetically-modified cell according
to the invention or the isolated polypeptide according to the invention, for production of
a target peptide or polypeptide having a modified N-terminal histidine residue. In one
embodiment, said modification of the N-terminal histidine residue comprises
methylation, dimethylation, ethylation or propylation. In a preferred embodiment, said
N-terminal histidine residue is methylated.

Preferred numbered embodiments of the invention

Preferred numbered embodiment 1. A genetically-modified cell for production of a
target peptide or polypeptide having a methylated N-terminal histidine residue,
wherein the cell comprises:

a. a first gene comprising a first nucleic acid sequence encoding a first
polypeptide exhibiting N-terminal histidine methyltransferase activity,
wherein said first gene is genetically engineered,
wherein said first polypeptide comprises an amino acid sequence
having at least 60% sequence identity to amino acid residues 220 to
558 of SEQ ID NO.: 2, and

b. a second gene comprising a second nucleic acid sequence encoding a
target peptide or polypeptide, or a precursor thereof,
wherein said target peptide or polypeptide comprises a N-terminal
histidine residue; and
wherein said first polypeptide facilitates methylation of the N-terminal
histidine residue of the target peptide or polypeptide.

Preferred numbered embodiment 2. The genetically-modified cell according to
preferred numbered embodiment 1, wherein said first polypeptide further comprises
an N-terminal transmembrane domain,
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Preferred numbered embodiment 3. The genetically-modified cell according to
preferred numbered embodiment 1 or 2, wherein the amino acid sequence of the first
polypeptide has at least 60% sequence identity to SEQ ID NO.: 2.

Preferred numbered embodiment 4. The genetically-modified cell according to any one
of preferred numbered embodiments 1 to 3, wherein the first polypeptide is an S-
adenosylmethionine-dependent methyltransferase.

Preferred numbered embodiment 5. The genetically-modified cell according to any one
of preferred numbered embodiments 1 to 4, wherein
a. the first gene comprising a first nucleic acid sequence encodes a first
polypeptide that is not native to said cell, and /or
b. the second gene comprising a second nucleic acid sequence encoding
the target peptide or polypeptide is genetically engineered and not
native to said cell.

Preferred numbered embodiment 6. The genetically-modified cell according to any one
of preferred numbered embodiments 1 to 5, wherein the precursor of said target
peptide or polypeptide is a secreted peptide or polypeptide having a pre- or a prepro-
domain, and wherein the pre- or prepro- domain is removed prior to methylation of
the N-terminal histidine residue of the target peptide or polypeptide.

Preferred numbered embodiment 7. The genetically-modified cell according to any one
of preferred numbered embodiments 1 to 6, wherein:
a. the target polypeptide is a lytic polysaccharide monooxygenase, and
b. the target peptide is an incretin hormone.

Preferred numbered embodiment 8. The genetically-modified cell according preferred
numbered embodiments 7, wherein the incretin hormone is glucagon-like peptide-1
(GLP-1) or an analogue thereof, wherein GLP-1 or the analogue is selected from the
group having an amino acid sequence of SEQ ID NO.: 37, 39, 41, 43, 45, and 46.

Preferred numbered embodiment 9. The genetically-modified cell according to any one
of preferred numbered embodiments 1-8, wherein the genetically-modified cell is
selected from K. phaffii and a species of Saccharomyces.

Preferred numbered embodiment 10. An isolated polypeptide exhibiting histidine N-
methyltransferase enzyme activity,
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wherein said polypeptide comprises an amino acid sequence having at
least 60% sequence identity to amino acid residues 220 to 558 of SEQ ID
NO.: 2.

Preferred numbered embodiment 11. A method for production of a target peptide or
polypeptide having a methylated N-terminal histidine residue, comprising the steps of:
a. providing a genetically-modified cell according to any one of preferred
numbered embodiments 1-9, or a cell population derived therefrom;
b. culturing the cell or cell population under conditions allowing
expression of the first gene comprising a first nucleic acid sequence
encoding a first polypeptide exhibiting N-terminal histidine
methyltransferase activity and the second gene comprising a second
nucleic acid sequence encoding a target peptide or polypeptide, or a
precursor thereof,
c. recovering the target peptide or polypeptide having a methylated N-
terminal histidine residue.

Preferred numbered embodiment 12. A method according to preferred numbered
embodiment 11, wherein said target polypeptide or precursor thereof is a lytic
polysaccharide monooxygenase.

Preferred numbered embodiment 13. A method according to preferred numbered
embodiment 11, wherein said target peptide or precursor thereof is an incretin

hormone.

Preferred numbered embodiment 14. Use of the genetically-modified cell according to
any one of preferred numbered embodiments 1 to 9 or the isolated polypeptide
according to claim 10, for production of a target peptide or polypeptide having a
methylated N-terminal histidine residue.

Preferred numbered embodiment 15. The use according to preferred numbered
embodiment 14, wherein

a. the target polypeptide is a lytic polysaccharide monooxygenase, and
b. the target peptide is an incretin hormone.
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EXAMPLES
General methodology
Host cell cultivation

Production of spores for inoculations and validation of genetically modified host cells
were carried out in liquid or solid (2% agar) minimal medium (MM; 1% glucose, 1x
nitrate salt solution40, 0.001% Thiamine, 1x trace metal solution (Cove et al 1966),
which was supplemented 4 mM L-arginine (arg) when required. In addition, liquid PD,
and cellulose-enriched MM were applied for proteome analysis.

Protoplastation and transformation

Protoplastation was performed as described in (Nielsen et al 2006), except for glucanex
which was substituted for Glucanex MG (kind gift from Novozymes A/S). The
transformations were made in gently thawed protoplasts as described in (Ngdvig et al
2018). After transformation, strains were incubated at 37 degrees and afterward
validated by diagnostic PCR as described in (Ngdvig et al 2015).

List of strains and plasmids

Table 1 A. nidulans strains
Strain ID | Modified site(s) | Genotype

NID2531 argB2, veAl, nkuAA
NID2787 AN4663 argB2, veAl, nkuAA, AN4663::E340A::
NID2713 AN4663 argB2, veAl, nkuAA, AN4663A

NID2789 AN4663 & IS5 argB2, veAl, nkuAA, AN4663A, 1S5::Ptef-N-tag-
MRFP-AN4663-Ttef::

NID2794 AN4663 & IS5 argB2, veAl, nkuAl, AN4663A, 1S5::Ptef-AN4663-
C-tag-mRFP-Ttef::

IS5 = insertion site in A. nidulans genome

Table 2 E. coli and K. phaffi parent and genetically modified derivatives

Host cell Genotype Source
E. coli NEB5a fhuA2 A(argF-lacZ)U169 phoA ginv44 ©80 a
A(lacZ)M15 gyrA96 recAl relAl endAl thi-1
hsdR17
E. coli BL21(DE3) F- ompT gal decm lon hsdSs(rs=ms~) A(DE3 b

[lacl lacUV5-T7p07 ind1 sam7 nin51)
[malB*]k-12(A%)

K. phaffii (P. pastoris) his4 C
K. phaffii NativeSP- aox1::Paoxi-NativeSP-LsAAQA-His6-HIS4 + This
LsAA9A Mutt episomal plasmid-AN4663 study

K. phaffii AmySP-LsAA9A | aoxl::Paox1-AmySP-LsSAA9A-His6-HIS4 +
Mut* episomal plasmid-AN4663
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aNEB, Ipswich, MA, USA: PNovagen, Merck KGaA, Darmstadt, Germany; <Thermo Fisher
Scientific, Waltham, MA, USA; C.NHMT = NHMT catalytic domain comprising amino acid
residues 220 to 558 of SEQ ID NO.: 2; Mut+ = ability to metabolize methanol as the

sole carbon source.

Table 3 Plasmids

Plasmid Description Source
pLyGo-Ec-1- Vector encoding a ubiquitin solubility tag and the This
cytosolicAN4663 cytosolic domain of AN4663, KmR study
[SEQ ID NO.: 49]

pLyGo-Kp-Native | Integrative vector into the AOX1 locus. Encodes This
sP-LSAA9A LsAA9A together with its native signal peptide for study
[SEQ ID NO.: 50] | secretion. KmR (E. coli), HIS4 (K. phaffii)

pLyGo-Kp-AmysP- | Integrative vector into the AOX1 locus. Encodes 2
LsAASA LsAA9A together with Amy signal peptide for

[SEQ ID NO.: 51] | secretion. KmR (E. coli), HIS4 (K. phaffii)

Episomal plasmid | Episomal vector with a pGAP constitute promoter, -
AmpR (E. coli), ZeocinR (K. phaffii)

pFC331 CRISPR vector with Cas9, AmpR (E. coli), ORI, ArgB 1
(A. nidulans), AMA1,
pLyGo-Kp-2 Integrative vector into the AOX1 locus. Encodes the 2
[SEQ ID NO.: 52] | Amy signal peptide for secretion. KmR (E. coli), HIS4
(K. phaffii)

1. Npdvig et al. 2018; 2. Hernandez-Rollan et al. 2021.

Example 1: Shortlisting Aspergillus nidulans N-terminal Histidine methylation
candidates

According various databases such as Interpro, pfam, and Prosite, there can be up to
(but not limited to) 225 predicted putative methyltransferase genes in the Aspergillus

nidulans proteome.

Differential proteomics analysis of A. nidulans cells grown on cellulose or glucose
containing media was used to narrow down the list of candidates which could be N-
terminal Histidine Methyltransferases (NHMT). It was reasoned that a NHMT candidate
would be co-expressed with LPMOs specifically when grown in conditions where its
activity is needed, for instance when A. nidulans is grown on cellulose, since cellulose is

a primary carbon source requiring LPMO activity for it to be utilized by A. nidulans.

A large-scale quantitative proteomics screen was performed by analyzing differentially
expressed proteins of cells grown on the different carbon sources. This was accomplished
through single shot label free quantification (LFQ) and tandem mass tag (TMT) labeled
multiplex in-depth quantitative mass spectrometry-based analysis. Additionally, non-
guantitative label free deep proteome sequencing was performed for A. nidulans.
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To identify NHMT candidates, relative protein abundances between cells grown on
glucose media (including potato dextrose) was compared with cells grown on cellulose,
focusing on identifying methyltransferases which displayed differential abundances
between the different growth conditions. Methyltransferases were marked by a
combination of Interpro (Blum et al 2021), pfam (Mistry et al 2021), PROSITE (Sigrist
et al 2012), and gene ontology annotations. Ultimately, 120 of the 225 predicted
methyltransferases in the A. nidulans proteome were identified, of which 41 were found
to have statistically significant higher abundance when A. nidulans was grown on
cellulose as the primary carbon source compared to glucose or potato dextrose. Seven
of these 41 methyltransferases could be eliminated from the candidate list due to their
prediction as methyltransferases with oxygen as the acceptor atom and not nitrogen.
Moreover, phylogenetic analysis revealed that 29 of the remaining 34
methyltransferases appeared to be unique among fungi known to encode for LPMOs.
Consequently, when filtering out orthologs in non-LPMO N-terminal histidine methylating
organisms, 24 candidates with possible methyltransferase activity were left on the list.

Example 2: CRISPR/Cas9 knockout screen of methyltransferase candidates
coupled with targeted MS analysis of LPMO methylation status

To identify the hitherto unknown methyltransferase (MTase) responsible for N-terminal
methylation of LPMOs in filamentous fungi, a systematic CRISPR/Cas9 knockout screen
was performed in Aspergillus nidulans of the 24 candidates to identify the putative NHMT
candidate.

2.1 CRISPR/Cas9-mediated engineering

A. nidulans [NID2531] was used as the reference for all knockouts and subsequent
studies. It contains the mutation or deletion for 3 genes: Ornithine transcarbamylase
(argB2) of the arginine biosynthesis pathway, which is utilized as a selection pressure
for transformations via auxotrophic growth requirement of arginine, (veAlA) which
suppresses the ability of A. nidulans for sexual reproduction, and lastly nkuAA which
eliminate the non-homologous end-joining repair mechanism and forces the repairing to
be through homologous recombination (Nadvig et al 2018).

To precisely and efficiently knock out each of the 24 genes by CRISPR/Cas9, guide RNAs
were designed for each candidate and a Cas9-expressing A. nidulans derivative deficient
in the error-prone non-homologous end-joining DNA repair was used to ensure high-
fidelity genome editing through homologous recombination. 24 knockout strains were
systematically generated by deleting each candidate in turn.
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All deletions and codon substitutions in A. nidulans were enabled by the oligonucleotide
mediated gene-editing procedure described in (Ngdvig et al 2018) except for the total
length of the GE-oligos being 60 nt for both deletions and the point mutation
introductions.

2.2 PRM assay

To analyze the effect on N-terminal histidine methylation of the individual knockouts, a
novel targeted proteomics parallel reaction monitoring (PRM) assay was developed to
specifically monitor and quantify the native N-terminally histidine methylated A. nidulans
peptide sequences identified with the deep proteomics approach described above. In a
typical PRM assay, a peptide of interested is isolated by the mass spectrometer (from
its mass to charge or m/z value) and fragmented to generate peptide sequence specific
fragments such as y- or b- ions, which are predictable depending on the peptide
sequence and any sequence modifications. These fragments are specific for the peptide
sequence, thus increasing the specificity and sensitivity of the assay. The mass
spectrometer is instructed to continuously isolate the peptide of the desired mass to
charge (i.e. the methylated and unmethylated n-terminal histidine containing peptide)
followed by fragmentation of the said peptide, generating sequence specific y- or b-
series ions. All resulting ions were than analyzed by a high-resolution and high-precision
mass spectrometer (such as those, but not limited to, based on the Orbitrap mass
analyzer technology). If the predicted fragment ions based on the isolated peptide mass
are detected, the peptide can be identified and quantified, by elution of the peptide from
the column and analysis in a mass spectrometer. The instrument is set to cycle through
the given peptide list and to fragment the peptide to generate sequence specific ions
rapidly (multiple times a second), generating an elution profile of the fragment ions until
the peptide is eluted off the column and enters the mass spectrometer. Consequently,
multiple overlapping peptide specific fragments will be detected of a period of time when
the peptide elutes off the column. Summing the peak area of fragment peaks can be
used for quantitation and detection.

To analyze the effect on N-terminal histidine methylation of the individual knockouts, a
novel targeted proteomics parallel reaction monitoring (PRM) mass spectrometry based
assay was used to specifically to monitor and quantify a native n-terminally histidine
methylated A. nidulans peptide sequences of the protein AN4702 (uniprot entry
Q5B428). The sequence of the n-terminal peptide sequence monitored by the mass
spectrometer was “HTVIVYPGYR” [SEQ ID NO.: 57]. The mass of the peptide without
any charges was 1204.38 g/mol, however with two positive charges, the mass over
charge ratio (that was detected by the mass spectrometer) becomes 602.8273 m/z.
Similarly, the mass of the histidine methylated version of the same peptide ([methy]
HTVIVYPGYR [SEQ ID NO.: 58]) is 1218.4 g/mol and mass to charge ratio of 406.89
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m/z when the peptide contains 3 positive charges. The m/z values for the methylated
(602.8273 m/z) and unmethylated (406.89 m/z) version of the peptides were selected
for PRM analysis by the mass spectrometer. The reason for monitoring different charge
states is due to the ionization properties of peptides, certain peptide charge states ionize
better in the mass spectrometer (which results in higher sensitivity), and the highest
charge state version of the peptide were selected for both peptides in order to ensure
highest sensitivity. For a MTase knockout to be considered a possible n-terminal histidine
methyltransferase candidate, the loss of n-terminal histidine methylated peptide of
AN4702 must be observed and the detection of the counter unmethylated version of the
peptide must be detected (Figure 2). This was only observed with the knockout of the
methyltransferase AN4663.

This quantitative PRM analysis revealed that 23 of 24 methyltransferase knockouts did
not have any effect on the methylation state of the protein (AN4702). However, the
knockout of the gene [SEQ ID NO.: 1] encoding AN4663 (uniprot entry Q5B467) [SEQ
ID NO.: 2] abolished the N-terminal histidine methylation on the monitored peptides
and conversely, the unmethylated form was observed (Figure 2 A, B, and C).

Figure 13 shows a graphical illustration of the process; starting with the 225 putative
methyl transferases identified in Aspergillus nidulans; shortlisting to 120 NHMT
candidates by differential proteomics analysis, of which 41 were found to have
statistically significant higher abundance when A. nidulans was grown on cellulose as
the primary carbon source compared to glucose or potato dextrose; further performing
gene knockout experiments to identify the single NHMT.

Example 3: AN4663
3.1 Structural analysis

In-silico structural analysis of the 558 amino acids long AN4663 protein using PSIPRED
(McGuffin et al 2000) and transmembrane protein topology prediction using MEMSAT
(Torlak et al 2010) revealed a unique domain architecture with a predicted N-terminal
seven-transmembrane domain up to amino acid (AA) position 219 followed by a soluble
methyltransferase containing domain at the C-terminal (Figure 3A).

An AlphaFold2 predicted structural model of NHMT includes a Rossmann-like domain, a
beta sheet rich region, and a unique C-terminal extension that wraps around the
ectodomain that is ultimately buried in the transmembrane domains (Figure 3B). The
structural model predicts AN4663 to contain an intermediate sized substrate-binding
cavity required to contain the co-factor SAM and the substrate n-terminal histidine,
which is in agreement with its NHMT activity. The seven transmembrane helices (M1-
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M7) previously predicted with MEMSAT (Figure 3A) were also predicted by the
AlphaFold2 model (Figure 3B). The topological orientation of the NHMT seven helices
form a compact core, with hydrophobic residues facing outwards as one would expect
for the membrane embedded domain with an approximate width of 40 &, indicative of
complete membrane spanning (Figure 3B). Searching the AlphaFold2 predicted 7TM
domain model against the PDB25 DALI database (Holm 2022) resulted in only weak hits
with no 7TM proteins among them. The structures of these proteins were investigated
manually and none of them had 7 helices. Although G protein-coupled receptors are
typically synonymous with a 7TM domain, the helical organization of the 7TM helices in
NHMT show no structural or sequence similarity to the GPCRs.

3.2 mRFP fluorescence tag fused to N- or C-terminal of AN4663

To determine the subcellular localization of AN4663, constructs of the AN4663 protein
with an mRFP fluorescence tag fused to the N- or C-terminal of AN4663 were expressed
in the knockout strain (NID2713), using a different integration site and promoter
compared to the endogenous version of the NHMT gene, resulting in A. nidulans
derivatives (NID2789 and NID2794). The strains were engineered using a CRISPR Cas9
plasmid targeting IS5 (a gene insertion site next to the gene AN7753 in A. nidulans
(Ngdvig et al 2018). The insertion region consists of two 1kb homologous regions up-
stream and down-stream from the CRISPR double stranded break in IS5. A promoter
Ptef; coding sequences for either N- or C-terminal tagged AN4663; and a terminator
Ttef were located between the two homologous regions. Additionally the two
homologous regions were flanked by two Swal sites to linearize the plasmid.

PRM analysis of A. nidulans expressing the AN4663-N-terminal or C-terminal mRFP
fusion constructs revealed that methylation of LPMOs was stoichiometric for the N-
terminally tagged version, suggesting it is functional and localized correctly in the cells
(Figure 2B). Conversely, the C-terminal mRFP tagged version was unable to methylate
the LPMOs (see Figure 2C). It is speculated that the C-terminal part of the NHMT is
important for either the catalytic function or perhaps for the substrate recognition.

3.3 Catalytic site knock-out

The alignment and structure prediction enabled identification of a conserved glutamate
at position 340 within the SAM motif which is required for the catalytic activity of
methyltransferases (Struck et al 2012). Site-directed mutagenesis of this glutamate to
an alanine (E340A) lead to a loss of N-terminal histidine methylation generating a similar
methylation phenotype to a complete knockout of AN4663 (Figure 2A, B, and C).

Collectively, these data show that AN4663 is the specific and sole NHMT in A. nidulans
responsible for all N-terminal histidine methylation.
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3.4 In silico analysis of NHMT agrees with the assignment of catalytic activity

Automated annotation of the AN4663 gene product suggests that it belongs to the
spermidine synthase family of proteins (Wortman et al 2009). This is a subclass of the
aminopropyl transferase family that catalyse the reaction between decarboxylated SAM
and putrescine to form spermidine or longer polyamines. To distinguish AN4663 as a
methyl transferase and not a spermidine synthase, the amino acid sequence of the
soluble catalytic domain of AN4663 was BLAST searched against the SwissProt database
of manually curated sequences. This resulted in 48 protein sequences with predicted
spermidine synthase and methyl transferase activities including histamine methyl
transferases that similarly methylate the nitrogen atom of imidazole rings. Multiple
alignments of these sequences displayed strong conservation at the SAM binding
positions including the SAM binding glutamine 340 within AN4663 that enabled us to
generate a catalytic dead enzyme (as described in example 3.3). However, the
alignment also revealed a single amino acid variance within a conserved motif that
separates spermidine synthases from other methyl transferases. Specifically, spermidine
synthases contain either an aspartic acid (D) or glutamic acid (E) in the GxG(D/E)G motif
located within the SAM binding and catalytic pocket (Figure 2D) that is required for
spermidine synthase activity. However, isoleucine at residue position 322 (1322)
replaces the D or E in this motif within AN4663 (Figure 2D). Other methyl transferases
similarly lack a D or E in the motif, separating them from spermidine synthases in our
analysis.

Example 4: Recombinant N-terminal histidine methylation of LPMO LsAA9A by
AN4663 in yeast K. phaffii

The identified methyltransferase candidate AN4663 [SEQ ID NO.: 2] was co-expressed
in the yeast Komagataella phaffii together with an AASA LPMO from Lentinus similis
(LsAASA) [SEQ ID NO.: 15] to test for recombinant N-terminal histidine methylation
(Figure 4).

When producing a functional LPMO, the processing of the catalytically active N-terminal
histidine amino acid via proper cleavage of the signal peptide is critical (Gaber et al
2020). Both the native signal peptide [SEQ ID NO.: 30] and AmySP from A. niger [SEQ
ID NO.: 34] were tested for the secretion of LsAA9A. Prior to the experiment we
confirmed by LC-MS/MS that the signal peptides for the secretion of LsAASA were
correctly processed (Figures 5&6). To express AN4663, an Episomal plasmid for stable
propagation in K. phaffii was used. The NHMT protein sequence was kept intact, hoping



WO 2023/194390 PCT/EP2023/058862

10

15

20

25

30

35

27

that the transmembrane NHMT protein would behave similarly as in A. nidulans and
follow the same transmembrane insertion pathway in the yeast K. phaffii.

4.1 Komagataella phaffii engineering

K. phaffii was used as host cell (his4) (Thermo Fisher Scientific, Waltham, MA, USA). For
co-expression, LsAA9A [SEQ ID NO.: 14] was cloned in the pLyGo plasmid to produce
pLyGo-Kp-NativeSP-LsAA9A [SEQ ID NO.: 50] as well as pLyGo-Kp-AmySP-LSAAQA [SEQ
ID NO.: 51] (Hernandez Rollan et al 2021). The plasmids were linearized and
transformed into his4 strain. Correct strains were validated by their ability to grow on
histidine autotrophic media, and by colony PCR. All strains generated for the co-
expression experiment are listed in supplementary information Table 2.

The DNA sequence of AN4663 was synthetized without introns [SEQ ID NO.: 47] (IDT,
Coralville, IA, USA), and cloned into an Episomal vector, using uracil excision cloning as
described in Cavaleiro et al 2015.

Strains containing the genomic integrated LsAASA were prepared electrocompetent for
transformation with an episomal plasmid carrying the NHMT:

4.2 Co-expression of LsAA9A LPMO and AN4663 candidate

Single colonies of the transformed strain were used to inoculated 100 ml of BMGY
medium (Pichia Expression Kit, Life Technologies, Carlsbad, CA, USA) and grown at 28
° C with shaking at 250 rpm for two days. From the saturated culture, a starting culture
of OD600 1.0 was prepared in 200 mL of Buffered Methanol Complex (BMMY) medium
with Zeocin (100pg/mL) when needed using a baffled flask and the cultures placed at
28 ° C with shaking at 250. Expression was maintained with the addition of 1% methanol
to all the cultures for an additional four days. OD measurements were carried out daily
and the cultures were plated on zeocin containing plates at the end of the expression
study to confirm for the presence of the episomal vector. On the last day, the cells were
collected by centrifugation at 5000g for 20 minutes and the supernatants were subjected
to filter sterilization. Secretion of LsAA9A was confirmed by SDS-PAGE (Figure 7).

Samples were then analyzed by a targeted proteomic approach to identify the N-terminal
methylation of LsAASA. N-terminal histidine methylation of LsAASA was only identified
when AN4663 was present (Figure 8). The N-terminal methylated and unmethylated
peptides were quantified, showing a methylation stoichiometry on average of 65% of
the peptides for the Amy signal peptide (Figure 8B), and 29% for the native signal
peptide (Figure 8A). These results demonstrate that is possible to engineer K. phaffii as
a genetically-modified host to efficiently modify the N-terminal histidine of LPMOs by
methylation.
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4.3. Purification of expressed LsAA9A

The supernatant of the K. phaffii cells co-expressing LsAA9A and the methyl transferase
(NHMT) was buffer exchanged into 20mM Bis-tris pH 5.9 using a 200 mL Sephadex G-
25 column (Cytiva). Subsequently, the sample was applied to a 5mL Q-Sepharose
column and eluted with a gradient from 0-0.5M NaCl. Presence of protein was confirmed
using precast criterion XT SDS-PAGE gels (BioRad) as shown in Figure 9, and fractions
containing protein were pooled. The relevant pools where concentrated to 5mL using a
vivaspin protein concentrator spin column with a 10MWCO filter (Cytiva). Subsequently
the sample was cleaned with a 120mL HiLoad Superdex 75pg column (Cytiva). Fractions
containing protein were pooled and analyzed using full acid hydrolysis and subsequent
HPLC based quantification of individual amino acids.

4.4 Active expression of LsAA9A

The activity of the LsA9A protein secreted by K. phaffii was confirmed using AZCL-HEC
substrate, see Figure 7 (Sigma-Aldrich, Saint Louis, MO, USA). 100uL of the sample was
mixed with 400 pL of the AZCL-HEC reaction mix (1 mg/mL AZCL-HEC substrate, 1 mM
ascorbic acid, 100 pM Copper sulphate, and the volume adjusted with 100 mM Sodium
acetate (pH 5)) and incubated at 50 °C with 1500 RPM shaking for one hour. Afterwards,
the samples were centrifuged to get rid of the AZCL-HEC substrate and the absorbance
measured at 590nm.

Example 5: Interaction at the ER membrane between the NHMT and the LPMO

As demonstrated above, the proper processing of the signal peptide, where the LPMO
displays the N-terminal histidine amino acid, is vital for the NHMT to transfer the methyl
group onto the LPMO. This suggests that the methylation happens during the secretory
pathway in the endothelium reticulum (ER).

AN4663 is predicted to reside in the membrane of the endoplasmic reticulum and
methylates N-terminal histidines of secreted proteins, as illustrated Figure 10A.

A truncated variant of AN4663 lacking the transmembrane region (positions 1-224) was
generated; the expression of this variant abolished the N-terminal histidine methylation
capacity of the enzyme, indicating that the transmembrane region is critical for its
specific activity (Figure 10B and 10C).

Further, co-localization cellular imaging was performed by fluorescence microscopy with
the addition of an mRFP tag to the C- or N-terminal of full length NHMT alongside a
positive ER marker, the fluorescent organelle probe DiOCes: Fresh A. nidulans spores
suspensions (10 pL of ~1015 spores per mL) were inoculated on glass slides with 0.5
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mL solid MM (as described above) with 4 mM L-arginine and incubated for 20 hours in
petri dishes in micro-perforated bags at 37 °C. A cover slide and immersion oil were
applied and the ER was labelled with 10uM 3,3’-Dihexyloxacarbocyanine iodide (DiOC6)
for 20 minutes. Images of A. nidulans were acquired with a Leica DMI6000 widefield
microscope, equipped with an 63x1.40 OIL HC PL APO objective and operated with LAS
X (version 3.3.3) software. Three images of mRFP tagged proteins, green mitochondrial
membrane dye (DIOC6) and bright field were acquired for each sample. Collected images
were processed using the Imaris software version 9.8.2 (Bitplane AG, Zlirich / Oxford
Instruments, Abingdon, Oxfordshire, England). Background subtraction was performed
followed by manual segmentation of A. nidulans filaments and saved as surfaces for
each image and co-localization of mRFP and DiOC6 labelled components were
determined using Imaris Coloc tool. Intensity threshold of 1000 and 600 were used
respectively for the mRFP (red) and DiOC6 (green) channels in all images.

Cytosolic mRFP was wused as a negative ER membrane control, and a
mannosyltransferase protein known to localize to the ER (AN10118, UniProt entry
C8VRAG) involved in protein glycosylation was tagged with mRFP and used as a positive
ER localization control. The imaging analysis clearly shows co-localization of all mRFP-
tagged AN4663 NHMT protein with the ER membrane control RFP protein, rather than
with the cytoplasmic RFP, confirming the subcellular localization of the tagged AN4663
NHMT in the ER (Figure 10D and 10E).

Example 6: Recombinant N-terminal histidine methylation of GLP-1 by AN4663
in yeast K. phaffii

The yeast species K. phaffii and S. cerevisiae are genetically engineered by integration
into the genome of a gene [SEQ ID NO.: 55] encoding an AmySP-GLP-1-HSA fusion
protein [SEQ ID NO.: 56] operably linked to the methanol-inducible promoter AOX [SEQ
ID NO.: 10]; and by introduction of the gene encoding the N-terminal histidine
methyltransferase protein (AN4663 [SEQ ID NO.: 2]).

The gene encoding the GLP-1-HSA is cloned in the pLyGo-Kp-2 plasmid down-stream of
the AmySP coding sequence and the AOX promoter. The resulting recombinant
expressing vector, pLyGo-Kp-2-AmySP-GLP-1-HSA, is linearized and inserted into the
genome of K. phaffii and/or S. cerevisiae. The gene encoding methyltransferase is either
integrated into the genome in the respective host cell or co-expressed using an episomal
plasmid and expressed under the control of the strong constitutive promoter pGAP. The
expression of the recombinant fusion AmySP-GLP1-HSA is induced upon induction with
methanol for four days; then the supernatant is collected, and the GLP-1 histidine 1
amino acid is analyzed for methylation using proteomics.
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K. phaffii cells comprising a gene encoding the fusion protein comprising a- mating
factorSP- GLP-1-HAS are reported to express and secrete the GLP-1-HAS fusion protein
(Dou et al., 2008). The precursor AmySP-GLP-1-HAS expressed by the host cells is
predicted to processed during expression to yield a GLP-1 peptide having an N-terminal
histidine residue (according to SignalP-6.0
[https://services.healthtech.dtu.dk/service.php?SignalP-6.0]).

Example 7: NHMT protein production and in vitro N-terminal histidine
methylation

A synthetic DNA encoding AN4663 was obtained without introns as a gBlock codon
optimized (IDT, Coralville, IA, USA), and the region corresponding to the cytosolic
domain (residues 220-558) as predicted by PSIPRED software (McGuffin et al 2000)
(Figure 3), was PCR amplified with Sapl containing primers for LyGo cloning into the
LyGo-Ec-1 vector as described in (Hernandez-Rollan et al., 2021). The resulting plasmid
was transformed into E. coli BL21.

E. coli BL21 (DE3) cells transformed with pLyGo-Ec-1-Cytosolic AN4663 were used to
produce the cytosolic domain. For expression, a single colony was inoculated in 25 mL
of LB medium supplemented with kanamycin and placed at 37°C, 250 rpm. The day
after, the culture was diluted 1:100 in 500 mL LB with kanamycin until an OD600 of 0.3,
at that point the culture was transferred to an incubator at 18°C, 180rpm. After recovery
at 18 degrees for 1 hour, the culture was induced with 1mM IPTG for 20 hours. Cultures
were harvested by centrifugation at 8000g, 4°C for 20 minutes. The pellets were frozen
at -80°C until cell lysis. Whole cell lysis was performed by thawing - freezing cycles as
described in (Hernandez-Rollan et al., 2021). Only the soluble fraction was used for Ni-
NTA purification using Ni-NTA Superflow (Qiagen, Hilden, Germany). Purification, TEV
cleavage, and reverse IMAC were followed as described in (Hernandez-Rollan et al.,
2021).

In vitro N-terminal histidine methylation of a protein or peptide by the purified histidine
N-methyltransferase enzyme or portion of the enzyme containing, but not limited to,
only the catalytic histidine N-methyltransferase domain, or the catalytic histidine N-
methyltransferase domain fused to other protein or biomolecules i.e. to increase
stability, is performed by incubating the enzyme with a donor S-Adenosyl methionine
containing, but not limited to, a methyl group that is to be transferred to the target
substrate such as, but not limited to, peptide, protein, incretin hormone containing a n-
terminal histidine amino acid residue.
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The reaction can be optimized to reach highest stoichiometric methylation of target
substrate by optimizing a large number of reaction conditions such as, but not limited
to, varying the concentration of the histidine N-methyltransferase enzyme, the substrate
concentration, the donor S-Adenosyl methionine containing, but not limited to, a methyl
group, varying the concentration of the target substrate, varying the concentration of
the reaction volume, and buffer concentration such as, but not limited to,
tris(hydroxymethyl)aminomethane (commonly referred to as Tris), 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (commonly referred to as HEPES), the pH of the reaction
solution, the temperature at which the reaction is carried out, and the time duration of
the reaction. N-methyltransferase enzyme kinetics can be further optimized by the
addition of co-factors such as, but not limited to, adenosine triphosphate (ATP),
guanosine diphosphate (GDP), guanosine triphosphate (GTP), nicotinamide adenine
dinucleotide (NAD), and nicotinamide adenine dinucleotide + hydrogen(NADH or NAD+).
Additional individual chemical and or biological components can be added to increase
reaction efficiency such as, but not limited to, calcium chloride, magnesium chloride,
and sodium chloride.

The reaction efficiency can be monitored using different methods and techniques
including, but not limited to, measuring the mass of the substrate using a mass
spectrometer, utilizing an antibody specific for methylated histidine’s, measuring the
accumulation of S-Adenosyl-L-homocysteine, or other indirect measurements based on
fluorescence, light, or radioactivity.

Example 8: Conservation of AN4663

BlastP analysis of the AN4663 protein sequence was performed in the MycoCosm
genome portal database at JGI (Grigoriev et al., 2012). This analysis revealed that
filamentous fungi within ascomycota and basidiomycota had an ortholog and no paralogs
to this protein. To illustrate this conservation of AN4663 with orthologs in the kingdom,
firstly, the structural features of the AN4663 protein was dissected by TMD prediction in
TOPCONS2 database (Tsirigos et al., 2015) and a conserved domain prediction in CCD
v3.19, NCBI (Shennan Lu et al. 2021) as seen in Figure 11A, where the relative positions
of predicted TMDs and catalytic SAM-dependent methyl transferase domain are
displayed in the AN4663 protein sequence and visualized in CLC Main Workbench v21
(Qiagen, Hilden, Germany). This predicted features of AN4663 was compared to three
selected orthologs picked up from the BlastP analysis in Mycocosm in an alignment using
default alignment settings in CLC Main Workbench v21 as seen in Figure 11B. The three
orthologs aligned to AN4663 were chosen from fungal species that through their life
style were expected or known to produce LPMO AA9s, and also represented a member
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of the same genus (Aspergillus fumigatus), and a highly diverse ascomycete
(Neurospora crassa), and a basidiomycete (Neolentinus lepideus). The region spanning
the TMDs (N-terminal) revealed to be less stringent in conservation overall for the four
species, whereas the catalytic domain in the C-terminus of the protein showed the
highest conservation. The bottom panel of Figure 11B showed that conserved residues
are distributed throughout the sequence alignment, but especially the N-terminal part
of the protein showed larger differences for the phylogenetically more distant species.
As an example of key residues, a zoom in on the sequence in the very C-terminus
revealed conserved Tryptophan/tyrosine residues, which is proposed to be important for
the functionality of the protein.

UniProt BLAST search of the 7TM domain (aa residues 1-215) of AN4663 (used as input
for a pBLAST search against the uniprotkb_refprotswissprot database using the
BLOSUM-45 matrix and an exp cutoff at 1e-4) resulted in 452 matches to homologous
7TM domains containing proteins exclusively to organisms within the Ascomycota
subphylum pezizomycotina (with the exception of one unclassified fungal organism),
which contains the filamentous Ascomycetes including Aspergillus (Figure 12A). The
analysis revealed that ~97% of the matches are single copy genes within their
respective organisms. Moreover, all 452 transmembrane domain sequences were linked
to soluble domains.

Alignment of the soluble domains linked to the 452 transmembrane domain sequences
by MUSCLE v. 3.8; visualized as sequence motifs in WebLogo 3.0 (Figure 12B) showed
that within the region 318-358, the methyl transferase motif at 319-323 as well as the
SAM binding glutamate in position 340 are present in all sequences. The amino acid
positions are numbered relative to AN4663. Further, it was found that all the soluble
domains contain a highly conserved region 389-394, uniquely found in proteins with the
NHMT 7TM domain (Figure 12B). This analysis thus further confirmed that the NHMT
represents a hitherto uncharacterized protein family containing a 7TM domain linked to
a methyl transferase domain that methylates n-terminal histidine in filamentous fungi.

Example 9: Stability of the methylated LPMO

To assess the impact of H202 on LsAA9a and LsAA9A+NHMT, 200 uL reactions were
prepared with 20 mM MES, pH 6.6, 1 uM enzyme, 0.5 uM CuCl2, 500 uM cellopentaose,
100 uM ascorbate and 0, 100, 300 and 500 uM H202. Components were added in the
listed order and 1 hour equilibration delay was introduced before addition of ascorbate.
Reactions were incubated 30 min at 25 °C and stopped by addition of NaOH to 0.1 M
and analysed by HPAEC-PAD according to Westereng et al. (2013).
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CLAIMS

1. A genetically-modified cell for production of a target peptide or polypeptide
having a methylated N-terminal histidine residue, wherein the cell comprises:
a. a first gene comprising a first nucleic acid sequence encoding a first
5 polypeptide exhibiting S-adenosylmethionine-dependent N-terminal
histidine methyltransferase (NHMT) activity,
wherein said first gene is genetically engineered,
wherein said first polypeptide (i) is of fungal origin, (ii) is not native to
said cell, (iii) comprises an N-terminal 7 transmembrane spanning
10 domain, and (iv) comprises a soluble C-terminal NHMT catalytic
domain, said catalytic domain comprising a SAM binding domain
having a glutamate residue , and
b. a second gene comprising a second nucleic acid sequence encoding a
target peptide or polypeptide, or a precursor thereof,
15 wherein said target peptide or polypeptide comprises a N-terminal
histidine residue; and
wherein said first polypeptide facilitates methylation of the N-terminal
histidine residue of the target peptide or polypeptide.

20 2. The genetically-modified cell according to claim 1, wherein the SAM binding
domain comprises an amino acid sequence having at least 60% sequence
identity to amino acid residues 289 to 502 of SEQ ID NO.: 2.

3. The genetically-modified cell according to claim 2, wherein the first polypeptide
25 comprises a GXGX'G motif at positions corresponding to amino acid residues
319 - 323 of SEQ ID NO.: 2, wherein the position X corresponding to amino
acid residue 320 of SEQ ID NO.: 2 is any amino acid and the position X’
corresponding to amino acid residue 322 of SEQ ID NO.: 2 is any amino acid
other than D or E.

30
4. The genetically-modified cell according to claim 2 or 3, wherein the first
polypeptide comprises a VFTGG motif at positions corresponding to amino acid
residues 389 — 394 of SEQ ID NO.: 2.
35 5. The genetically-modified cell according to any one of claims 1 to 4, wherein

said first polypeptide comprises an amino acid sequence having at least 60%
sequence identity to amino acid residues 220 to 558 of SEQ ID NO.: 2.
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10.

11.

12,

13.

36

The genetically-modified cell according to any one of claims 1 to 5, wherein the
amino acid sequence of the first polypeptide has at least 60% sequence
identity to SEQ ID NO.: 2.

The genetically-modified cell according to any one of claims 1 to 6, wherein
the second gene comprising a second nucleic acid sequence encoding the
target peptide or polypeptide is genetically engineered and not native to
said cell.

The genetically-modified cell according to any one of claims 1 to 7, wherein the
precursor of said target peptide or polypeptide is a secreted peptide or
polypeptide having a pre- or a prepro-domain, and wherein the pre- or prepro-
domain is removed prior to methylation of the N-terminal histidine residue of
the target peptide or polypeptide.

The genetically-modified cell according to any one of claims 1 to 8, wherein:
a. the target polypeptide is a lytic polysaccharide monooxygenase, and
b. the target peptide is an incretin hormone.

The genetically-modified cell according to any one of claims 1 to 9, wherein the
second nucleic acid sequence encodes a lytic polysaccharide monooxygenase
having an amy signal peptide in substitution for a native signal peptide.

The genetically-modified cell according claim 9, wherein the incretin hormone
is glucagon-like peptide-1 (GLP-1) or an analogue thereof, wherein GLP-1 or
the analogue is selected from the group having an amino acid sequence of SEQ
ID NO.: 37, 39, 41, 43, 45, and 46.

The genetically-modified cell according to any one of claims 1 to 11, wherein
the genetically-modified cell is selected from K. phaffii and a species of
Saccharomyces.

A method for production of a target peptide or polypeptide having a
methylated N-terminal histidine residue, comprising the steps of:
a. providing a genetically-modified cell according to any one of claims 1-
12, or a cell population derived therefrom;
b. culturing the cell or cell population under conditions allowing
expression of the first gene comprising the first nucleic acid sequence
encoding the first polypeptide exhibiting N-terminal histidine
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methyltransferase activity and the second gene comprising the second
nucleic acid sequence encoding the target peptide or polypeptide, or
the precursor thereof,

c. recovering the target peptide or polypeptide having a methylated N-
terminal histidine residue.

A method according to claim 13, wherein said target polypeptide or precursor
thereof is a lytic polysaccharide monooxygenase.

A method according to claim 13, wherein said target peptide or precursor
thereof is an incretin hormone.

Use of the genetically-modified cell according to any one of claims 1 to 12 for
production of a target peptide or polypeptide having a methylated N-terminal
histidine residue.

The use according to claim 16, wherein
a. the target polypeptide is a lytic polysaccharide monooxygenase, and
b. the target peptide is an incretin hormone.
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FIGURE 2 (continued)
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