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Abstract

Cancer, group of diseases characterized by an tnotled cell growth, represents one of
the great challenges of modern clinical researalrredtly, the standard treatment of the
cancer disease relies mainly on the whole body €#po to various factors, which targets
the dividing cells, combined with surgical reseatiof the tumor. Unfortunately, this
treatment is sometimes accompanied by numerousesside-effects (e.g., nausea, loss of
hair, infertility etc.). Therefore, in the past y€ars enormous resources and effort have been
invested into finding a way how to specificallygat and destroy the cancerous cells. This
goal has been primarily addressed by the searcmédecules, mainly proteins, which are
predominantly expressed in the cancerous tissuapa@d to the healthy cells.

Glutamate carboxypeptidase 1l (GCPII), also knoven pmostate specific membrane
antigen (PSMA), represents such a target sinaehighly expressed in a prostate carcinoma
as well as in a solid tumor neovasculature. Adddlty, GCPII is widely used as a model
target molecule for proof-of-principle studies argeted drug delivery. GCPII thorough
biochemical characterization is essential for ggprapriate use. Therefore, our laboratory has
been investigating GCPII from various perspectieesnore than 15 years.

The studies presented in this thesis aim to inteduew advanced methodologies for
GCPII expression, purification and characterizatidhese methodologies should enable
more simple and reliable study of GCPII and faaiétits application as a specific address for
targeted drug delivery. In order to achieve thialgae established a one-step reliable and
versatile affinity purification protocol for GCPIBubsequently, we performed a thorough
comparative study characterizing majority of cutiyemsed monoclonal antibodies (mAbs)
against GCPII in both quantitative and qualitatimanner. Finally, we characterized one of
the closest GCPII homolog, N-acetylated alpha-linked acidic dipeptidase-like
(NAALADase L) protein in terms of its tertiary stitwre, expression profile, and enzymatic

activity.



Abstr akt

Nadorova onemocmi, skupina nemoci vyzgajici se nekontrolovanym b&mym
rastem, pedstavuje jednu z velkych vyzev moderniho kliniakéfizkumu. V sotiasnosti se
standardni postup dBy spoléha fevazri na systémovou terapii, kterd vyuzivi@mé latky
Gcinkujici proti célicim se buikam, v kombinaci s chirurgickym odstgamm nadoru. Tento
piistup je bohuzel ¢kdy doprovazeniadou nezadoucich vedlejSicRinka (jako jsou
nagiklad nevolnost, ztrata viasneplodnost apod.) a naviaibe dochazet k opakovanému
navratu nemoci. Zthto divodu se v poslednich 40 letech investovalo mnolostigdki a
asili do nalezeni zfsobu jak niit nadorové biiky vice specificky. Nej&ZnéjSim zpisobem
ziskani specifity se stalo hledani molekul (prildaproteini), které by se vyskytovaly
pievazri v rakovinné a ne ve zdravé tkani.

Glutamatkarboxypeptidasa Il (GCPII), znama téz jakdorovy antigen specificky pro
prostatu (PSMA), fedstavuje jeden z takovychto protgijelikoz je produkovana ve velkém
mnoZstvi biikami adenokarcinomu prostaty a navic fggmna v neovaskulaturach dalSich
pevnych naddr. GCPII se také€asto vyuziva jako modelova molekul& festovani novych
metod pro cilenou dopravucig. Dukladna biochemickd charakterizace GCPII je proto
nezbytna pro jeji spravné vyuzitti vySe zmignych aplikacich. Jiz vice nez 15 let naSe
laboratd studuje GCPII a snazi se tento protein co ile@dirgji charakterizovat, aby
umoznila jeho efektivni vyuziti.

Primarnim cilem publikaci uvedenych v této pracipjehloubeni znalosti o GCPII a
zavedeni pokrdlych metod umoitujicich jednodussi praci s timto proteinem. JepmEsan
vyvoj efektivni a univerzalni purifikai metody pro GCPII a detailni charakterizace
monoklonalnich protilatek proti GCPII. Tyto protkg se vyuZivaji jak v &né laboratorni
praxi, tak pi vyvoji diagnostickych a terapeutickych ¢i¢, jejichz sodasna Spatna
charakterizace fite vést k jejich nespravnému pouZziti. Na&ge zde také prezentovana
charakterizace blizkého homologu GCPII, proteinuANADase L, kdy byla wena jeho

prostorova struktura, enzymova aktivita a takérithigte v lidskych tkanich.
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Chapter 1: Introduction

1.1 History and nomenclature of GCPII

First reference of GCPII in scientific literaturatds back to 1987 when it emerged
simultaneously from two completely unrelated researeas. Robinsost al. presented a
study identifying a protein, denominatédiacetylated alpha-linked acidic dipeptidase
(NAALADase), responsible for hydrolysis of neuratsanitter N-acetyl-L-aspartyl-L-
glutamate (NAAG) in rat brain [1]. In the meantirHeroszewiczet al. raised monoclonal
antibody 7E11-C5.3 against a new marker of ep#hglrostatic cancer cell line LNCaP
(lymph node carcinoma of the prostate) which watitled prostate specific membrane
antigen (PSMA) [2]. To make things even more coogiéd, in 1991, Halstedt al
identified a new enzyme, designated folate hydel@SOLH), in jejunal brush-border
which hydrolyses and thus enable subsequent abmogftdietary folates [3].

Probably due to the very distant research fields, the following five years
neuroscientists studied NAALADase, urologists PSAd dietologists FOLH without
realizing that all these names refer to a singtgmm entity. In 1996, two publications
emerged showing that the PSMA possesses folateolagdr activity [4] and that it also
embodies the characteristics of a neuropeptidds&fortly after, the laboratory of Joseph
T. Coyle made an attempt to unify the nomenclaby@erforming a thorough analysis of
NAALADase, PSMA and FOLH. They demonstrated theat¢quoperties of these proteins
and suggested the usage of the name "glutamateoxygeptidase 11" [6-9]. This
designation was subsequently adopted by Interratidwnion of Biochemistry and
Molecular Biology (IUBMB).

However, even after 15 years the original names&GPIl, mainly PSMA, are still
frequently used. Unfortunately, this makes therdaagon in the GCPII research field quite

complicated. Throughout this thesis the name GG@#lbe used preferentially.

1.2 GCPIl on DNA level

Gene FOLH1 coding for GCPII spans over 60 kbp region at closome 11 arm
pll.2 and is formed by 19 exons and 18 introns. [AOpromoter forFOLH1 gene lies
upstream and contains several potential transoriptactor binding sites. Interestingly,
none of them is responsible for high GCPII expmssn the prostate [10, 11]. This
phenotype is probably caused by a 72 bp enhan&WEp, localized in the third intron of



FOLH1, which activates GCPII expression in prostate eacell lines and is repressed by

androgens [12, 13].

1.3 GCPIl on RNA level

1.3.1 Alternative splicing

An mRNA coding for full-length GCPII protein (ENTREcode NM_004476.1)
undergoes various alternative splicing. Severaleht splice variants such as PSM',
PSM-C, PSM-D, PSM-E and PSM-F have been identifieti18]. Additionally, many
other alternatively spliced transcripts BOLH1 gene can be found among the ESTs
(expressed sequence tags) at the NCBI database ebamiG
(http://www.ncbi.nlm.nih.gov/unigene), which indtea that the list of described splice
variants is probably not complete.

The PSM' was the first identified and the most istddSCPII splice variant. PSM'
lacks the nucleotides 114-379 at the 3' end offitse exon compared to the "wild-type"
MRNA. On a protein level this deletion would ledttee loss of intracellular as well as
transmembrane region of GCPII thus yielding a pnotéhich would start with methionine
at position 58 (compared to the "wild type" projdibh7]. Indeed, a protein, which cleaved
NAAG and started with alanine at position 60, wdeniified in the LNCaP cells and in the
prostate carcinoma. This protein was named PSMesih was considered to be a
translational product of PSM' mRNA [19, 20].

However, the true origin of PSM' protein is prolyablore complex. GCPII protein
was shown to be N-glycosylated and this post-tedimsial modification was proven to be
essential for its enzymatic activity [21, 22]. Oretother hand, PSM' protein originating
from PSM' mRNA would not contain a signal sequenbéch would guide the protein into
the ER and Golgi apparatus, where N-glycosylaticoucs. Moreover, it was recently
shown that identified PSM' protein is N-glycosytatend is also produced by full-length
GCPII transfectants [23]. These data suggest t8M'Protein probably does not originate
from PSM' mRNA but is rather a product of a poatilational processing of a full-length
GCPII protein.

1.3.2 Expression of mMRNA in human tissues
All studies determining the expression profile oRNA coding for GCPII showed a
significantly increased mRNA level in the prostatempared to other tissues [24-28].



Furthermore, Chang al. suggested that GCPIl mRNA expression is inducedahgnant
non-prostatic tissues such as the bladder, lungaacreas [25]. However, a subsequent
study by Pangaloat al. detected mRNA expression in variety of human gssmcluding
brain, colon, heart, kidneys, lungs, ovary, pamgrealeen, small intestine and testis [27].
These data suggest that the GCPII mRNA expressiwndiespread in human but it may be
further induced by the malignant processes withendell.

1.4 GCPII on protein level

GCPIl (E.C. 3.4.17.21) is a type Il transmembraneint metallopeptidase which,
based on the sequence homology with the aminoeasdfronstreptomyces griseus and
Vibrio proteolyticus, belongs to the MEROPS clan MH; subfamily M28B ,[3D]. It
consists of short intracellular N-terminal part (#A-18), one transmembrane helix (AAs
19-43) and large extracellular C-terminal part (A#&750) [31]. GCPII contains 10 N-
glycosylation motifs (Asn-X-Ser/Thr) within its pmiary sequence and these post-
translational modifications were shown to be nemgstor GCPII enzymatic activity [21,
22]. Properly modified GCPII molecule embodies alenolar weight of approximately
100 kDa while the protein without posttranslationaddifications has a molecular weight
of 84 kDa [26].

Additionally, the short intracellular portion ofGRIl contains an internalization
motif (MXXXL) which is responsible for its internahtion via clathrin-coated pits [32].

1.4.1 GCPIl overall 3D structure

Structural information about GCPII has been prilgagained from the X-ray
crystallography experiments. The first X-ray stuset of GCPII refined at 3.5 A was
published in 2005. It revealed overall homodimeld fof this protein and also a
coordination sphere for two zinc ions, which is semved throughout the whole clan of
MH peptidases [33]. However, the detailed desaiptof GCPII active site and its
mechanism of substrate recognition were not knowtl 2006 when a series of high-
resolution structures (refined at up to 2.0 A) wablished; it is worth mentioning that this
study also pointed out some major misinterpretatiarthe original structure [31].

A homodimeric structure of GCPII extracellular partshown in Figure 1, p. 4. The
GCPIl monomer can be divided into three distinandms: protease-like domain (AAs 59-
116 and 352-590), apical domain (AAs 117-351) anr@inal domain (AAs 591-750).



Additionally, four inorganic ions (two Z#, one Cl and one Cd) and seven N-
glycosylation sites have been identified within tingstal structure model of GCPII.

52 apleal ﬁ)

ﬁg}y

Figure 1: X-ray structure model of extracellular portion of GCPII.

One monomer is shown in wheat and the other is colored according to the domain organization;
protease-like domain in red (AAs 57-116 and 352-590), apical domain in yellow (AAs 117-351) and
C-terminal domain in orange (AAs 591-750). Carbon atoms of carbohydrate moieties of colored
monomer are shown in cyan while in other monomer are shown in wheat. All carbohydrates are
shown as stick and their oxygen atoms are shown in red and nitrogen atoms in blue. Protein
backbone is shown in ribbon representation while zinc ions are depicted as blue, chloride ion as
green and calcium ion as magenta spheres. N- and C-termini of the GCPII extracellular domain are
labeled as N and C, respectively. The orientation of GCPII homodimer towards the cell is
schematically depicted by the illustration of the plasma membrane.

A major breakthrough in the field came a year |latghen a new crystallization
conditions for GCPII, which led to the structuresfimed to as low as 1.65 A, were
identified [34]. Since then, the X-ray crystalloghy has become a method routinely
applied for investigation of GCPII substrate speitif and enabled to perform several
structure-activity relationship (SAR) studies whiahmed to design potent and specific
inhibitors of GCPII [35-43]. Currently, more thaQ 4different X-ray structures of GCPII
have been deposited in RCSB Protein Data Bank.

1.4.2 Specific structural features of GCPII

The large series of X-ray structures led to thaiifieation of many GCPII structural
features. These features were shown to be resperfsiba stabilization of the overall
protein fold (e.g., the N-glycosylation at positiden638 or the Ca coordination sphere),
for the substrate specificity (e.g., the arginiragcp, the Clcoordination sphere, or the
positioning of the entrance lid), and for the enajimactivity (e.g., the Zii coordination
sphere together with catalytic acid/base Glu4243jdvity of these structural features is
illustrated and described in more detail in Fig2ire. 5.

-4 -
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Figure 2: Selected structural features of human GCPII.

GCPIl homodimer in the center of the figure is shown identically as in Figure 1. The ribbon
representations of individual isolated domains are shown within shaded areas with a-helices, B-
strands, and loops colored red, yellow, and green, respectively. C1, detailed view of protein-
carbohydrate interactions in the GCPII structure. An oligosaccharide chain anchored at Asn638
side chain (green sticks) of the first monomer (green cartoon) interacts with the side chains of
Glu276 and Arg354 (yellow sticks) of the second GCPII monomer (orange surface) and thus
contributes to dimer formation. Hydrogen bonding interactions are shown as dashed lines. Al,
solvent exposed type-Il polyproline helix (Pro146—Pro149). A2, detailed architecture of the calcium-
binding site. Residues from the apical (Tyr272 and Thr269) and the protease-like (Glu433 and
Glu436) domains contribute to the ca® (cyan sphere) coordination sphere. This motif is involved in
GCPII dimerization by stabilizing the loop 272-279 at the dimerization interface. P1, coordination
sphere of active site zinc ions (purple spheres). P2, flexibility of the arginine patch residues. Side
chains of the arginine patch (Arg534, Arg536, and Arg463) are shown in stick representation, the
chloride ion as a yellow sphere. While the side chain of Arg534 is virtually immobile, the Arg536
side chain can adopt two conformations depending on the occupancy of the S1 site — the binding
conformation (R536b, green) and stacking conformation (R536s, yellow) with the S1 site empty or
occupied, respectively. P3, coordination sphere of the chloride anion (yellow sphere). P4, 5,
entrance lid (Trp541-Gly548) in the closed (P4) and open (P5) conformation. GCPII is shown in
surface representation with the entrance lid colored cyan. Adopted from [44].
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Additionally, a detailed reaction mechanism of NAA@drolysis by GCPIl was
described by the combination of computational anthy crystallography methods [43].
For more information, the reader is referred teeently published review article which
comprehensively summarizes and describes the ¢lnenviedge about GCPII structure

and its reaction mechanism in more detail [44].

1.5 GCPII as an enzyme

1.5.1 GCPII substrates

As the name suggests, GCPII is a hydrolase whieavels off C-terminal glutamate
from its substrate. In a human body this enzymattvity executes two different but
important physiological functions. Firstly, GCPH responsible for the cleavage ¢{
acetyl-L-aspartyl-L-glutamate (NAAG), the most abdant peptide neurotransmitter in
human brain [45], yieldin§J-acetyl-L-aspartate and L-glutamate (see Figuifd]3)

o o o o}
o I OH Y OH
: GCPII ©  NH + o
HO - > . OH 2
HO
o 0% “OH

H
N
o
O~ "OH

N-acetyl-L-aspartyl-L-glutamic acid N-acetyl-L-aspartatic acid L-glutamic acid

Figure 3: Cleavage of N-acetyl-L-aspartyl-L-glutamic acid (NAAG) by GCPIl in the brain.

Secondly, GCPII enzymatic activity is crucial féret metabolism of dietary folates.
People accept folate (known also as pteselbtglutamate or vitamin B9) in a
polyglutamylated form. GCPII located in the brusitnder membrane of the small intestine
is responsible for the consecutive cleavage ofettggatamates (see Figure 4) and thus
enables the absorption of the folates by epithebds [3, 4].

Q Q

(o] (o]
OH OH
Nit- Nit- [0}
H o H o OH
(o) (0]

OH OH
N N
N7 AN N N X N H,oN'
OH OH 2!
)l\):[ fH Niv GCPIl _ /EI /jAH Niv +
HoN N N H H,N N N H
OH OH O

folylpoly q-y-L-glutamic acid fo) folylpoly n.1)-y-L-glutamic acid fo) L-glutamic acid
n n

OH

Figure 4: Cleavage of folylpoly-y-L-glutamate by GCPII in the small intestine.
Generally, the polyglutamylated folates contain 5-7 glutamate residues (n=5-7).

Beside these two endogenous substrates, GCPIIlés tabprocess other peptidic

substrates. Study by Barinkhal. showed that GCPII efficiently procesddsacetylated
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dipeptides which contain acidic residues (Glu/Agp)P1 position and either acidic
residues (Glu/Asp) or methionine in P1’ positiorg(gN-acetyl-L-glutamyl-L-glutamate or
N-acetyl-L-aspartyl-L-methionine) [46].

1.5.2 GCPII inhibitors

As all other metallopeptidases, GCPII is inhibiteg chelating agents (e.g., EDTA,
EGTA), but these compounds are neither specific pmtent enough to enable their
practical use. Additionally, the product analogyesy., quisqualic acid) and substrate
analogues (e.g-NAAG) were shown to inhibit GCPII activity effegely [1, 47].

However, it took another 10 years until a firstggatnanomolar inhibitor of GCPII 2-
(phosphonomethyl)pentanedioic acid (2-PMPA) waspared [48]. Generally, GCPII
inhibitors often comprise a glutamate residue, Whnds to a P1' site of GCPII, and a
zinc binding group. Based on the different zincdmmg groups, GCPII inhibitors can be
divided into three different groups: (1) phosphenaphosphate-, and phosphoramidate-
based inhibitors (e.g., 2-PMPA); (2) thiol-basedhilmtors (e.g., 2-(3-mercapto-
propyl)pentanedioic acid (2-MPPA) [49]); and (3)eatbased inhibitors (e.g., ZJ-43,
DCIBzL, and ARM-P2 [39, 40, 50, 51]). The chemiéamulae together with respective
inhibition constants of each group representataresshown in Figure 5, p. 8.

The inhibitor 2-PMPA was the first developed tigimd specific GCPII inhibitor [48]
and served as an inhibitor scaffold for many deives [52]. However, these inhibitors are
highly polar and therefore not orally available @i diminished their practical
applicability. To reduce the polarity, the phospaiengroup was replaced with thiol moiety
which led to slightly decreased inhibitory potenbyt made the whole molecule less polar
and therefore orally available [49, 53]. Intereghn even though 2-PMPA showed
different inhibition potency of its two enantiomgtise corresponding thio analog 2-MPPA
did not exhibit this phenomenon [54].

In the meantime, Kozikowskét al. developed quite simple and original approach
which utilizes a urea group as a zinc binding grotpey prepared series of highly potent,
specific and also easily accessible compoundsg6p, Further optimization of the urea-
based inhibitors led to the preparation of low-paodar inhibitors DCIBzL and ARM-P2
[40, 51].
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Figure 5: Chemical formulae and inhibition constants of selected GCPII inhibitors.

Inhibitors are divided based on their active moieties to 5 different groups. Inhibition constant of each
inhibitor together with the citation source is stated bellow the name of inhibitor. EDTA - 2,2',2",2™-
(ethane-1,2-diylbis(azanetriyl))tetraacetic acid; EGTA - 3,12-bis(carboxymethyl)-6,9-dioxa-3,12-
diazatetra-decanedioic acid; 2-PMPA - 2-(phosphonomethyl)pentanedioic acid; 2-MPPA - 2-(3-
mercapto-propyl)pentanedioic acid; B-NAAG - ((S)-3-acetamido-3-carboxy propanoyl) -L-glutamic
acid; 2J-43 - (((S)-1-carboxy-3-methylbutyl)carbamoyl)-L-glutamic acid; DCIBzL - (((S)-1-carboxy-5-
(4-iodobenzamido)pentyl)carbamoyl)-L-glutamic acid; ARM-P2 - (((S)-1-carboxy-5-(4-((2-(2-((2,4-
dinitrophenyl)amino)ethoxy)ethoxy)methyl)-1H-1,2,3-triazol-1-yl)pentyl)carbamoyl)-L-glutamic acid.
Systematic names of the inhibitors were generated using ChemBioDraw Ultra software v13.0
(PerkinElmer).

As GCPII inhibitors find their application in mamyeas of clinical research, such as
prostate cancer diagnostics and therapy or in ¢weoprotective studies (see below), the
urea-based scaffold is currently used preferegtit GCPII inhibitor design. A more
complex and detailed description of the GCPII intbibfield was recently reviewed by
Ferrariset al. [57]. Additionally, a Braunschweig enzyme datab@BRENDA) can also

serve as a valuable source of data on GCPII enagiwall profile [58].

1.6 GCPII expression in human body

GCPII protein expression in human healthy and malng tissues has been intensively

studied throughout the past two decades. Unforéiyatexcept for a high protein



expression in both benign and malignant prostatué, the data on GCPII expression in
other human tissues are somewhat inconsistenfiggae 1, p. 10).

The explanation for such big discrepancy may li@imariety of detection methods
(western blotting (WB) [59], immunohistochemistryHC) [60-65], enzyme-linked
immunosorbent assay (ELISA) [66]) and monoclondlbadlies (7E11-C5.3 [59, 61-66],
J591 and J415 [63], PEQ226.5 [63, 66], PM2J0043, [84.4E6 [60], and YPSMA-1
[67]) used in these studies. Different methods heaeable detection limits and their
results also often rely on the experience of theeaecher. Moreover, different mAbs
recognize distinct epitopes (e.g., within intragkt or extracellular portion of GCPII) and
may bind to its antigen in different forms (e.gatime or denatured form of GCPII).
Unfortunately, these basic mAbs characteristicsoftien not even known or specified for
majority of the commonly used mAbs and additionaiigny researchers do not provide
sufficient information (e.g., concentration of usethb) to enable reliable assessment
and/or reproducibility of their experiments.

Nevertheless, the data from healthy tissue saniptisate that GCPII expression is
not exclusive for the prostate, but can also bedoin other tissues such as brain, small
intestine, colon and kidney. In malignant tissuég, only clear consistency of the data
relates to the strong GCPIl expression in prostdecinoma. On the other hand,
considering histological localization, a majoritiythe studies demonstrated that GCPII is
primarily expressed in tumor-associated neovasaodatof various types of solid
carcinomas [25, 63, 68-70].

1.7 GCPII role in human pathological conditions

1.7.1 GCPII role in neuropathies

GCPII role in neuropathological conditions is quitemplex. Generally, GCPII
inhibition leads to the increase of NAAG concentnatin a neuronal synaptic cleft which
has a neuroprotective effect in a model of glutaamaediated excitotoxicity. The detailed
description of this field is beyond the scope a$ thtroductory section. However, a whole
issue of the Current Medicinal Chemistry (2012,.18] no.9) was recently published
containing review articles exclusively related tosttopic. In this chapter, only a basic
description of the excitotoxicity mechanism and tbke of NAAG in this process will be

presented.



Table 1: Summary of reported GCPIl expression in human healthy and malignant tissues.

" + " stands for detected protein expression. " - " stands for no expression detected. Empty spot
indicates that the tissue was not analyzed in the study. 'marks studies which used WB as
a detection method. “marks studies which used IHC as a detection method. *marks studies which
used ELISA as a detection method. mAbs used for individual studies were: J591 and J415 used in
[63], PEQ226.5 used in [63, 66], 7E11-C5.3 (widely marked as 7E11) used in [59, 61-66],
PM2J004.5 used in [63], 24.4E6 used in [60], and YPSMA-1 used in [67]. Adopted from [71].

Healthy tissue

JEV IR
ellysouly|
sewng
1211219
Bueyd
sado
IBA|IS
}jo|oxj0S
J29I e 1s
el|6aoneH
-yosameyn

.65l Te s
-109] ‘Te 10
LTl Te s
eol e
.€9l Te 19
Avol e
BCEIRERE
c[99] 'Te 10

adrenal glands

bladder

+

brain +

breast -

+|+|+]|+]+

colon -

|+ |+
0
+
0

duodenum

+
'
'

esophagus

heart +

kidney - glomerulus - > - B

kidney - proximal tubule A A +

kidney - distal tubule - -

liver - + - - -

lung - - - - -

lymph node - -

ovary - + - + -

pancreas - - -

peripheral ganglion -

prostate + + + + + +

salivary gland il -

skeletal muscle - + + B

seminal fluid + +

skin - - - -

small intestine + + - + B

spleen - -

stomach + - - - -

testis - - - +

thyroid gland - - - -

urine +

urothelium + +

Malignant tissue

adrenal gland

bladder -

breast -

+|+|+]|+
c
,
+
c

colon -

'
+

connective tissue -

esophagus +

gallbladder

kidney + + - - -

+ |+ + |+

liver -

lung - + B -

ovary -

+

pancreas -

prostate + + + + +

salivary gland

skin - -

+ |+ + |+

small intestine +

stomach

+

testis + - -

thyroid gland

+

urinary bladder +

-10 -



1.7.1.1 Model of glutamate-mediated excitotoxicity

L-glutamate is generally acknowledged as a mainitaecy amino acid
neurotransmitter in mammals with glutamate receptpressed in majority of neurons
and glial cells [72-74]. These glutamate recept@s be divided in two major classes:
ionotropic glutamate receptors (iGIuRs) and metapit glutamate receptors (MGIURS)
[75, 76].

Based on the exogenous agents activating themRg&Gduwe further subdivided to three
groups: AMPA ¢-amino-3-hydroxy-5-methyl-4-isoxasolepropionate MDA (N-methyl-
D-aspartate), and kainate receptors (see Figurd@n ligand binding, iGluRs become
permeable for extracellular ions (mostly Naut in case of NMDA also for €8 which

causes membrane depolarization of a postsynaptiong77].

o OH

OH Q ;’1// \/&O
HQ HO R
NH NOH oH
N 2 O HN_ N
~O H o)
AMPA NMDA kainate

Figure 6: Structures of ionotropic glutamate receptor agonists.

AMPA - 2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propanoic acid, NMDA - methyl-D-aspartic
acid, kainate - (2R,3S,4S)-3-(carboxymethyl)-4-(prop-1-en-2-yl)pyrrolidine-2-carboxylic acid.
Systematic names of the inhibitors were generated using ChemBioDraw Ultra software v13.0
(PerkinElmer).

Contrary to iGluRs, mGIluRs do not facilitate strdafgrward influx of ions into the
cell but are rather coupled with G-proteins andstinegulate the production of second
messengers (e.g., CAMP). mGIuRs are expressed tim fo@synaptic and postsynaptic
neurons as well as in glial cells and can be dovitdo three subgroups I-Ill. Activation of
MGIuRs group | acts excitatory leading to the pgapi@n of the neuronal signals, while
activation of mGluRs group Il and 11l leads to thitenuation of the signaling [78].

During signal transduction, the L-glutamate is askd from presynaptic neuron,
reaching as high as 1 mM concentration in a syoay#ft for few milliseconds. Its rapid
reuptake is secured by specific amino acid trarilepom both neurons and astrocytes [79].
However, a prolonged exposition of the post-symapteurons to high L-glutamate
concentration may lead to the overstimulation & ghutamate receptors. This causes a
rapid influx of C&* ion into the cells, mainly through the activatiohNMDA receptors.
Consequently, high &4 concentration triggers processes leading to thethdef the
postsynaptic neuronal cell followed by additiorelease of glutamate which starts cascade

effect of cell death. This phenomenon is calledaghate-mediated excitotoxicity [80-83].
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Glutamate-mediated excitotoxicity has been shown b® involved in many
neuropathological conditions such as amyotrophterdh sclerosis (ALS), Alzheimer
disease, diabetic neuropathy, inflammatory andopathic pain, ischemia, and traumatic
brain injury [81, 84, 85].

1.7.1.2 Neuroprotective mechanism of GCPII inhibitbn

NAAG, the most abundant peptide neurotransmittanammals [45] and substrate of
GCPII [1], plays pivotal role in an attenuationabpostsynaptic neuron excitation and thus
acts as a protective agent against the excitotgxici

There are two distinct mechanisms of action of NAAGich both participate in a
protection of postsynaptic neurons. Firstly, NAAGsvshown to specifically activate
group Il of metabotropic glutamate receptors, mamiGluRs; [86, 87]. The mGluR are
expressed in astrocytes, where their activatiodde®a the secretion of TGF-(tumor
growth facto3) which has a neuroprotective effect on the neuf88s90]. Additionally,
the mGIuR are expressed in presynaptic neurons where tidyitimdditional secretion of
glutamate [91, 92].

Second mechanism of action lies in the ability &AG to bind specifically to NMDA
receptors, but not to AMPA and kainate recepto8j. [Even though this mechanism may
seem counter-intuitive, NAAG demonstrated much begssation potency than glutamate
upon binding to NMDA receptor [94, 95]. TherefoMAAG acts as a partial antagonist of
NMDA receptors competing with excitatory neurotraiser glutamate. However, the
ability of NAAG to bind NMDA receptors is not ubigaus and probably depends on the
composition of the NMDA receptor subunits sincer¢hare studies reporting this binding
[94-98] and also studies which do not observe NABiIGding to NMDA receptor [99,
100]. Therefore, this type of neuroprotective rofeNAAG may probably be restricted to
defined regions in the nervous system. Neverthelemssoprotective role of the NAAG in
nervous system is undeniable.

GCPIl is responsible for NAAG inactivation in a sytic cleft by its cleavage -
acetyl-L-aspartate and L-glutamate. The inhibiodi&SCPII activity, leading to subsequent
increase of NAAG concentration in synaptic clefasasshown to be neuroprotective in
several models of neurodegenerative conditionsteFare, GCPII is being considered and
evaluated as a potential therapeutic target agaargtus neuropathies [89, 90, 101-108].

Zhonget al. recently summarized a current state of the dttigfield [85].
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A simplified model of the proposed NAAG and GCRilerin glutamatergic synapse is
illustrated in Figure 7.

PRESYNAPTIC
NEURON

GLIAL CELL

NAA + Glu -— NAAG\

GCPIl

mGIuR, ;(r‘
TGF-B \

NAAG
glutamate

- JACICN <

NMDA receptors

AMPA, kainate receptors POSTSYNAPTIC
NEURON

Figure 7: A model of the proposed NAAG role in a glutamatergic synapse.

When released from the presynaptic neuron, NAAG can activate mGIuR; on both the presynaptic
neuron and the glial cells. The activation of presynaptic mGIuR; decreases the release of the
primary neurotransmitter glutamate, while the activation of glial mGIuR; leads to the secretion of
neuroprotective TGF-B, which is absorbed by postsynaptic neuron and acts there as a
neuroprotective agent. Simultaneously, NAAG is also competing with glutamate for the binding to
NMDA receptors in some types of neuronal synapses. The action of NAAG is terminated by GCPII
which hydrolyses NAAG to N-acetyl-aspartate (NAA) and glutamate (Glu) which are then absorbed
by glial cells.

1.7.2 GCPIl role in prostate cancer and angiogenesi

High level of GCPII expression in prostate carciao(RCa) indicates its potentially
important role in the development of this pathotagicondition. However, unlike its role
in neuropathies, the GCPIl mechanism of actiomm&RCa is not known.

One hypothesis suggested that GCPII may serve fatate transporter [109, 110].
Other, based on the close sequence and structradlbgy with transferrin receptor [31,
111, 112] and an ability of GCPII to internalizeomdigand binding [32, 69], hypothesized
that GCPIl may serve as a receptor for yet unknbbgand. However, since nearly 100 %
of prostate cancer metastases express GCPII,ntsskieely that the protein contributes to

a successful transport and colonization of thescall distant body sites [113, 114].
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Unfortunately, not enough evidence has been gathgee for any theory to be widely
accepted by the scientific community.

Additionally, GCPIlI was also detected in endotHetalls of newly formed blood
vessels associated with most of the solid tumorgedisas with normal proliferative tissues
such as endometrium and wounds [63, 68, 115-1h7anklogy to the role in prostate,
GCPII function in the process of angiogenesis,(f@mation of new blood vessels) still
remains to be elucidated. One hypothesis speculbted>CPII increases the invasiveness
of the endothelial cells by feedback loop activatad p21-associated kinase (PAK) [118],
while the other suggested that GCPII mechanismctibra resides in the absorption of
extracellular folate into the cell. Folate is sulpsently converted to 5-methyl-
tetrahydrofolate (THF) that reduces and recyclealgdrobiopterin (BH4). Then BH4, as
a cofactor of endothelial isoform of nitric oxidgnshase (eNOS), sustains the production
of nitric oxide, a potent stimulator of angiogesgdi1l9-121]. Unfortunately, none of these
hypotheses have been reliably proven yet.

1.8 GCPII as a diagnostic and therapeutic target gbrostate carcinoma

Cancerous diseases are a major public health prol3&atistics for the USA show that
more than 1 600 000 new cases and over 580 00Bsdaa projected to occur in the USA
in 2014. Among males, the prostate carcinoma (R€#)e most commonly diagnosed
type of cancer and the leading cause of death théhexpected number of diagnoses and
deaths exceeding 233 000 and 30 000, respectii@®].] As the numbers suggest, the

need for effective diagnosis and treatment of RGmmense.

1.8.1 GCPII in prostate cancer imaging

Imaging can be defined as a set of techniques, asighositron emission tomography
(PET), single-photon emission computed tomograpl®PHCT), nuclear magnetic
resonance (NMR), or computed tomography (CT), wheadlable non-invasive detection
and measurement of cellular processes in livingidsei Imaging has become routinely
used in cancer research, clinical trials as wethasdical practice. In a cancer management,
the molecular imaging enables detection of tumotastatic malignancies, determination
of tumor stage, and also therapeutic monitoringchvins particularly important early after
the start of the therapy [123].

In case of the PCa, the primary goal of imagindinégues is detection of potential

metastases and also early identification of posgiturrence after initial primary therapy
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(most often prostatectomy). GCPII, in this fieldnalkst exclusively known as PSMA,
represents a promising molecular target for the P@aying. The agents targeting GCPII
can be divided into two distinct groups: (1) momoal antibodies and (2) low-molecular-
weight molecules [121, 124, 125].

1.8.1.1 Monoclonal antibodies as imaging agents

Monoclonal antibodies (mAbs) are widely used inibassearch, but they can be also
utilized in a diagnosis and therapy of PCa. Marffetent mAbs against GCPII have been
prepared since its identification as a prostateeamarker.

The first mAbs against GCPIl, 7E11-C5.3, was pregain 1987 [1]. Its radio-
conjugate with!in, sold under the commercial name ProstaScint™ently represents
the only imaging agent which was approved by Udbdrand Drug Administration (FDA)
for human imaging [126]. The ProstaScint™ is repdrto stage primary PCa with 68 %
accuracy, 62 % sensitivity and 72 % specificity {fl2which shows that the agents is
useful but not optimal. The sub-optimal functionRrostaScint™ may be caused by the
fact that it recognizes intracellular portion of BIC[128] and thus is probably able to
visualize only necrotic cells of PCa which havergided cell membrane. This drawback
led to the development of second-generation mAbglwtarget extracellular portion of
GCPII [129].

The mAb J591, developed in the laboratory of DrBEnder at the Comell University,
is by far the most intensively studied second-gamam mAb [63]. To facilitate its use in
clinical practice, the humanized form of J591 wesppared in 2003 [130]. Subsequently,
several radio-conjugates of J591 wiftu, *4in, *"Lu, #Zr and®*™Tc were prepared and
tested [131-135]. In majority of the studies th&®lSadio-conjugates showed specific
targeting of GCPII positive cells. Therefore, irt research involving™Tc-J591 [136],
897r-3591 [137], and’Lu-J591 [138, 139], which can serve convenientlpath imaging
and therapeutic agent, is currently undergoing riabke application of these imaging
agents in clinical practice [137]. Additional}in-J591 has already entered phase | of the
clinical trials (in combination witf®Y-J591 which served as therapeutic agent) [140].

The mAb 3/A12 represents one of the several mAlasna GCPIl developed in the
laboratory of Dr. U. Elsasser-Beile [141]. TA&u radio-conjugate of 3/A12 showed
highly specific uptake to GCPII-positive tumorsanimal models suggesting its potential

to become useful diagnostic agent [142, 143].
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1.8.1.2 Low-molecular-weight molecules as imagingyants

One of the drawbacks of the mAb-based imaging agentheir delayed clearance
from the non-targeted tissues resulting in a sgasewveral days between agent injection
and imaging [121]. This issue may be overcome lgyubage of small molecules [144].
Since GCPIl is an enzyme, its specific and potelnibitors (see section 1.5.2), can be used
as the scaffolds for the design of specific low-ecolar-weight imaging agents. Chemical
formulae of further discussed imaging agents apectied in Figure 8.

As suggested earlier, the urea-based inhibitor® lteeen preferentially utilized as a
scaffold for GCPII specific low-molecular-weight aging agents. The first imaging agents
were derived from tyrosine-glutamate urea (conjegatith **1; compoundl) [145] and
cystein-glutamate urea (conjugated with; compound?) [146]. Both these compounds
showed high affinity towards GCPII, selective bmglto GCPII-positive cells and specific
uptake in GCPII-positive xenografts. Afterwards]yaine-glutamate urea scaffold was
utilized to preparé® radio-conjugate (compoun®). In clinical SPECT imaging studly,
this compound was able to detect metastatic pestaticer lesions in soft tissues [147].

To enable the use of heavy metal radionuclides as&i'Tc, bulky radiometal chelate
group was attached to the lysine-glutamate ureiodtgcompound4) yielding imaging
agent that demonstrated specific uptake in GCP3ltpe xenografts [148]. Last but not
least, a *™Tc-labeled agent was prepared from glutamine-glatamurea scaffold
(compound5) which also showed specific accumulation in GQ#isitive xenograft
models [149].
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Figure 8: Examples of structures of imaging agents based on the specific GCPII inhibitors.
The citation of the corresponding literature source is stated for each compound.
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The abovementioned GCPIl imaging agents do noesgntt all prepared compound so
far. For additional information, the reader is red¢e to a recently published review which

summarizes the field more thoroughly [121].

1.8.2 GCPII in the targeted therapy of prostate cacer

Majority of carcinomas are still treated by the Véhdody exposition to various
cytotoxic agents which might bring serious sidesefif such as nausea, hair and weight
loss, compromised immunity and infertility to thatients. Specific targeted delivery of the
therapeutic agents represents an attractive agpréacdiminish these side-effects.
Unfortunately, even though the idea of targetedaie has been actively investigated by
scientific community for several decades, it haststl to be used in clinical practice just
recently [150, 151]. Similarly to PCa diagnosti&CPII is also intensively studied as a
target for PCa targeted therapy. Both mAbs andispextnall molecule conjugates with
cytotoxic agents or radionuclides have been prepared their therapeutic application
tested in the past decades [152, 153].

1.8.2.1 Monoclonal antibodies as therapeutic agents

Second-generation mAb conjugates are mostly iny&sttl as potential therapeutic
agents. Understandably, mAbs used in diagnostie ¢eetion 1.8.1.1) are also heavily
utilized in therapy together with one additional méalled PSMA-ADC (ADC stands for
antibody-drug conjugate) [154]. PSMA-ADC is fullyummanized mAb conjugated with
monomethylauristatin E, a potent inhibitor of tubulimerization. This conjugate showed
potentin vivo activity against GCPII-positive xenografts [155das now tested in phase |
clinical trials [156].

Antibody J591 has been widely investigated mainty fts potential use in
radioimmunotherapy. It was conjugated witlemitting radioisotopé™*Bi [157-160] and
with B-emitters®®4, %y and*""Lu [133, 134, 161-163]. All these conjugates speaily
target GCPII-positive cells vitro, PCain vivo [157, 159, 162] and show no side-effects
[158]. A Y""Lu-J591 conjugate is currently in the final stagelbase Il clinical trials and
registration for phase lll trial is planned [139591 conjugation with immunotoxins is not
so profoundly studied even though the conjugatéh witaytansine derivative DM1, a
microtubule depolymerizing compound, was shownpec#ically target GCPII-positive
xenografts and inhibit its growth [164].

-17 -



Unlike J591, mAbs from Dr. U. Elsésser-Beile laltora have been predominantly
conjugated with immunotoxins. Single-chain variablegment (scFv) antibody A5 was
conjugated with truncated form Bseudomonas exotoxin (PE40) yielding A5-PE40. This
construct demonstrated specific binding and cytoteXfect against GCPII-positive tissue
culture and mouse xenografts [165, 166]. A comdarg@otency was also achieved by
using construct which consisted of different scB7) and the same exotoxin (PE40)
[167]. Both these constructs are now aiming toclivecal trials.

A different approach of therapy, utilizing human roammune system, was also
investigated by preparation of diabody combiningrvs@5 and scFv against CD3, a
protein expressed in T-cells. Testing on the adliuces showed ability of this conjugate to

activate immune response of the T-cells [168, 169].

1.8.2.2 Low-molecular-weight molecules as imagingyants

Direct radio-labeling of small molecules is notdguently used in GCPII targeted
therapy. One representative may be the inhibitdH]{MIP-1375 (*% analogue of
compound3, Figure 8, p. 16) which was able to inhibit thewth of GCPII-positive cell
cultures and xenografts [170].

Besides the specific GCPII inhibitors, the aptamers-15 kDa oligonucleotide or
protein molecules which are selected for specifitding to targeted molecule through
affinity maturation [171], are also investigated tbeir potential usage in targeted therapy
[172]. Short hairpin RNA (shRNA) aptamer A10 speciégainst GCPIl was developed
[173] and its conjugate with small interfering RN&RNA) demonstrated GCPII-positive
tumor regression in mouse xenografts [174, 175Hi#ahally, A10 aptamer was also used
for preparation of aptamer-nanopatrticle conjugatecivwas loaded with various cytotoxic
compounds. Such nanoparticles then demonstratestigrimhibition of GCPII-positive
cells in vitro and in vivo [176-180]. Even though the preliminary results agftamer
conjugates are encouraging, additional researclisné® be done before its potential

application in the clinical practice will be feaksb

1.9 GCPIl homologs

1.9.1 GCPII orthologs
GCPIl orthologs (i.e., proteins derived from thentoon ancestral gene and separated

by a speciation event) can be found throughoutwhele eukaryotic domain [111]. For

-18 -



successful development of diagnostic and therapeagents targeting GCPII, an animal
model testing is an essential methodology. Theegfogliable data on GCPII activity,
inhibition profile and tissue expression in theseral models are crucial for their efficient
utilization.

Given the frequently used animal models in drugetlgyment testing, mouse, rat, pig
and canine GCPII are the most extensively invetgt&CPII orthologs. Since all those
orthologs share more than 90 % sequence similarityuman GCPII, it is not surprising
that all were found to be good models of human G@Pénzymological studies [1, 7, 14,
181-183]. On the other hand, the GCPIlI expressimfilps of these orthologs differ
considerably in prostate and small intestine coeghan human. Most importantly, no
expression of GCPIl was detected in mouse, rat pigd prostate [70, 181, 184].
Interestingly, GCPII expression in canine prostai@s firstly not detected [184], but
subsequent studies showed GCPII expression onrbBHA and protein level [185, 186]
leaving this issue controversial. In small intestiGCPIl expression was detected in pig,
but not in mouse and rats [70, 181]. In other g#ssuhe mouse, rat and pig orthologs
showed similar tissue distribution as human GCRihy expressed primarily in brain,
kidney and testes [70, 181].

To sum up, the data suggest that common animal Isiocda be used for GCPII-based
diagnostic and therapeutic testing, but there amneescaveats, mainly considering GCPII
protein tissue distribution, which needs to be tak&o account. Due to similar enzymatic
activity of these orthologs, the agents based erdPII-specific inhibitors can be used in
the animal models without restriction, while in tbase of the agents based on GCPII-
specific mAbs, differences in primary and tertiatyuctures among the orthologs need to
be accounted for. Unfortunately, the proper charaction of these mAbs binding
specificity and their potential cross-reactivitywsrds GCPII orthologs has not been

carried out yet.

1.9.2 Paralogs of human GCPII

Human GCPII has several very close paralogs fireteins derived from a gene which
was created by a duplication event of an ancegéma¢ within the genome). Unfortunately,
these proteins, due to the sometimes very simitayraatic properties, have been
designated based on the one of the several GCBibrii names, which makes the
orientation in the literature highly complicatecheélvarious names used for GCPII and its

closest paralogs prostate specific membrane anligen (PSMAL), glutamate
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carboxypeptidase Il (GCPIII),

(NAALADase L) proteins are summarized in Table Br Elarity, the table also contains

andN-acetylated o-linked acidic dipeptidase-like

references to their mMRNA and protein sequencedasit protein characteristics.

Table 2: List of human GCPII paralogs and their basic nomenclature.

The most commonly used names for GCPII and its closest human paralogs are highlighted while
the other names found in literature are listed bellow. Corresponding mRNA and protein sequences
can be accessed via ENTREZ code at http://www.nchi.nim.nih.gov/gene or
http://www.ncbi.nim.nih.gov/protein, respectively. Additionally, the number of amino acids of each
protein and protein identities towards human GCPII are also listed. Adopted from [187].

Protein name (abbreviation) ?:gaiirz]:trinoill E’}EFEZR[(\:&% E';‘;RpErth?r?e identity | AAs
Glutamate Carboxypeptidase I
(GCPII or GCP2)
Prostate Specific Membrane Antigen (PSMA or PSM) ]'_:]_OIE_T]é NM_004476.1 NP_004467.1 100 % 750
N-acetylated a-linked Acidic Dipeptidase (NAALADase) pil.
Folylpoly-y-glutamate Carboxypeptidase (FGCP)
Folate Hydrolase (FOLH)
Prostate Specific Membrane Antigen-like FOLH1B opx
(PSMAL) 11q14.3 NM_153696.2 NP_710163.1 98 % 442
Glutamate Carboxypeptidase Ill
(GCPIIl or GCP3) l’fAﬁ"?Dgl NM_005467.3 | NP_005458.1 | 68% | 740
B-Citrylglutamate Hydrolase (BCG hydrolase) gla.s-q
N-acetylated a-linked Acidic Dipeptidase Il (NAALADase II)
N-acetylated a-linked Acidic Dipeptidase-like NAALADL1
(NAALADase L) 11q12 NM_005468.2 NP_005459.2 37% 740
100kDa lleal Brush Border Membrane Protein (1100)

* Percentage of protein identity is calculated regarding to the whole sequence of PSMAL and corresponding part of GCPII.

1.9.2.1 Prostate-specific membrane antigen-like (RBAL)

GeneFOLH1B, which is localized at the chromosome 11 arm qEhd codes for
PSMAL, was initially thought of as BROLH1 pseudogene [10]. However, the subsequent
investigation indicated that the identified DNA &g is actually the evolutionary closest
GCPII paralog found only in primates [111].

The genomic identity oFOLH1B andFOLH1 is 98 %, but~rOLH1B lacks more than
1 kb region which corresponds to the end of a ptemdirst exon and part of the first
intron of FOLH1 gene [188]. Therefore, putative protein constrfroim this gene,
PSMAL, would be substantially shortened (442 AAsnpared to GCPII (750 AAs). Even
though PSMAL shares more than 98 % sequence igewith GCPII, due to its N-
terminal truncation and architecture of GCPII aetsite, where all three protein domains
contribute to the proper folding of the active sitee PSMAL protein is likely to be
inactive [189]. mRNA coding for PSMAL was detectediver and kidney [188], but no

data are available on the PSMAL protein expression.
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1.9.2.2 Glutamate carboxypeptidase Il (GCPIII)

With 68 % primary sequence identity, GCPIIl reprdsethe closest enzymatically
active homolog of GCPII coded BYAALADZ2 gene localized at chromosome 11 arm
gl4.3-g21. mRNA coding for GCPIIl was found welksad in human tissues such as
brain, colon, heart, ovary, spleen, prostate arstiste but generally showed lower
expression level compared to GCPII [27].

No data on GCPIII protein expression are availablee likely reason for that is the
fact that a specific mAb, which would recognize GICBut not GCPII, has not been
prepared yet. Interestingly, this issue has noh lbaken into account in almost any studies
mapping GCPII protein expression profile. With nebao very high primary sequence
identity of GCPII and GCPIIl, the chance of crosagtivity of some mAbs recognizing
mainly denatured GCPII is substantial. Unfortungtetrrently used mAbs against GCPII
are not characterized enough with respect to gogential cross-reactivity with GCPIII.

Bzdegaet al. demonstrated that mouse GCPIII cleaves NAAG witthilar efficiency
as mouse GCPII [190]. Subsequent comparative asabfshuman GCPII and GCPIII
revealed different pH and salt dependency on theyreatic activity for these enzymes,
which makes their direct comparison quite diffiddi®1].

Interestingly, GCPIIl was recently shown to proc@sstryl-L-glutamate (BCG), a
compound structurally similar to NAAG (see Figude[292]. BCG is a pseudopeptide
found in rat testis and prenatal as well as paaln@aNS [193-195]. Its role in these tissues
is still unknown. Interestingly, GCPIIl cleavageesfiicity was shown to be metal
dependent. In the presence ofZrGCPIII cleaved preferentially NAAG, whereas ireth
presence of G4, GCPIIl cleaved preferentially BCG. In the preserd Mrf*, GCPIII
processed both substrates with a similar efficier@wyrprisingly, GCPII did not process
BCG at all [192].

0
OH 0 o
o
HO OH OH
HO HN GCPII "?):‘}‘( + HZNIH\
HO OH HO. o)
HO. oo ) O~ “OH
0o

B-citryl-L-glutamic acid citric acid L-glutamic acid
Figure 9: Hydrolysis of B-citryl-L-glutamic acid (BCG) by GCPIII.

X-ray structure of GCPIIl was recently solved [19%he overall GCPIII structure is

highly similar to that of GCPII, but some interestidifferences have been identified. The
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most important one involved the coordination ofczions in the GCPIIlI active site.
Compared to GCPII, zinc ions in GCPIII displays imlawer occupancies (0.80-0.95 for
catalytic Zn1 and 0.45-0.80 for co-catalytic Zn2Pp®§]. This observation suggests that
GCPIll is able to create heteromettalic clustegplacing zinc ion with different metal ion,
which supports the enzymological data determine®@G and NAAG hydrolysis.

To date, no selective inhibitor of GCPII/GCPIII h&égen identified. However,
knowledge of 3D structure and identification of GICBpecific substrate may hopefully
facilitate the development of such inhibitor, whigiould be essential for a proper

dissection of GCPIl and GCPIII physiological roles.

1.9.2.3N-acetylateda-linked acidic dipeptidase-like (NAALADase L)

NAALADase L represents a more distant paralog ofPBQvith just 37 % protein
identity. It is coded byNAALADL1 gene which is located at chromosome 11 arm q1R [27

NAALADase L, approximately 100 kDa large proteinasvidentified in 1997 by its
isolation from rat ileum and based on its moleculaeight named 1100 [197].
Subsequently, a large comparative study by Pangtlas revealed its close homology to
GCPIl and GCPIII and the protein was re-named tcANADase L, because at that time
the researchers worked with "NAALADase" instead "GICPII" [27]. Since this was
actually the last publication investigating NAALAB&L, the name still prevailed.

MRNA coding for NAALADase L was shown to be expexbdn several human
tissues such as heart, colon, ovary, blood, pmssmhall intestine, spleen and testis and
additionally was shown to undergo heavy alternatipbcing [27]. To date, no data on
NAALADase L protein expression in human tissuesehlagen published.

Both abovementioned studies detected DPP-IV agtofiNAALADase L, but none of
these studies used purified recombinant protein 187]. This may be quite crucial since
DPP-IV activity is highly promiscuous [198] and tefore false positive results may be
easily obtained; as was probably the case for Ga&mrill GCPIII, which were both shown
to possess DPP-IV activity by Pangales al. and subsequently disproved by the
experiments with pure recombinant protein [27, 46]1]. Finally, unlike GCPII and
GCPIIl, NAALADase L was shown to be unable to cle®NAAG [27].

Undoubtedly, additional studies characterizing NAMase L will be necessary for

the determination of its physiological role whishcurrently unknown.
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Chapter 2: Results

2.1 Research aims

The research aims of this thesis are as follows:

To develop and establish the affinity-tag based ifipation protocol for
extracellular portion of recombinant human GCPIhGCPII) heterologously
expressed irDrosophila S2 Schneider cells which would be also applicdbte

topologically identical proteins.

To perform thorough comparative analysis of all ilade mAbs recognizing
human GCPIl. To quantitatively characterize thamdbng, to investigate their
potential cross-reactivity with close GCPIl homdpgand to compare their

efficacies on the standard antibody-based moletubdogy methods.

To characterize human NAALADase L protein in terofsits 3D structure, its
enzymatic activity, and its expression on mRNA amdtein levels in order to
elucidate its physiological function.

-23-



2.2 Publications

Publications included in the dissertation thesis

Tykvart, J, Sacha, P., Barinka, C., Knedlik, T., Starkova,Ldibkowski, J., and
Konvalinka, J. (2012Efficient and versatile one-step affinity purification of in
vivo biotinylated proteins: expression, characteriation and structure analysis
of recombinant human glutamate carboxypeptidase |l Protein Expr Purif 82,
106-115.

Tykvart, J, Navratil, V., Sedlak, F., Corey, E., Colombati,, Fracasso, G.,
Koukolik, F., Barinka, C., Sacha, P., and Konvahnk. (2014)Comparative

analysis of monoclonal antibodies against prostatepecific membrane antigen
(PSMA), Prostate 74(16), 1674-1690.

Tykvart, J., Barinka, C., Svoboda, M., Navratil, V., Soucek Riubalek M.,
Hradilek, M., Sacha, P., Lubkowski, J., and Konvkdi, J. (20155tructural and
biochemical characterization of a novel aminopeptidse from human intesting
J Biol Chem, Epub 2015/03/11, doi: 10.1074/jbc.M114.628149.

Publications not included in the dissertation thes

Tykvart, J, Schimer, J., Barinkova, J., Pachl, P., Postoeae}inska, L., Majer, P.,
Konvalinka, J., and Sacha, P. (201Rational design of urea-based glutamate
carboxypeptidase 1l (GCPII) inhibitors as versatile tools for specific drug
targeting and delivery, Bioorgan Med Chem 22, 4099-4108.

Micochova, P., Barinka, C., Tykvart, $acha, P., and Konvalinka, J. (2009pstate-

specific membrane antigen and its truncated form P8’ , Prostate 69, 471-479.

Hlouchova, K., Navratil, V., Tykvart, JSacha, P., and Konvalinka, J. (20G&}PII
variants, paralogs and orthologsCurr Med Chem 19, 1316-1322.

-24 -



2.2.1 Paper I: Efficient and versatile one-step aiffity purification of GCPII

Motivation of the study

Since GCPII requires N-glycosylation for its promgrzymatic activity [21, 22], the
eukaryotic systems have to be used for its prejpara®ne option is to purify GCPII from
its natural sources (e.g., brain tissue or LNCdR ¢&9, 199, 200]). Unfortunately, even
though this approach vyields full-length GCPII wittndogenous post-translational
modifications, it provides low yields and is ratlspensive.

The other possibility is to use a eukaryotic hdtyous expression system, such as
insect cells, designed for a large-scale protepression. A baculoviral expression system
combined with affinity chromatography can be usedexpress and purify recombinant
GCPII with N-terminal His-tag [33, 201]. Howevetijlization of His-tag for GCPII, which
Is a metallopeptidase, is not optimal and may erilte the protein enzymatic activity.

A "tag-free" stable cell line expression systemngsDrosophila melanogaster
Schneider S2 cells was established by Baretka. in our laboratory in 2002 [46]. This
system is rather cost-effective providing GCPIhigh yields; tens of milligrams per liter
of culture media. Even though this set-up prodyass extracellular portion of GCPII
(rhGCPIl) the subsequent analysis showed that iprote properly folded and
enzymatically active. Furthermore, the omissiotfrahsmembrane domain enabled much
easier work with the protein. The down-sides ofs thuurification set-up were its
complexity, four purification steps, and its norrsadility towards other enzymes highly
homologous to GCPII, such as GCPIIl or NAALADase L.

Therefore, we set out to establish new expressystesy for GCPIl which would be
less laborious, more versatile and additionallybées specific modification of a purified

protein.

Summary

In this study, we present a new large-scale exjgresystem for extracellular portion
of GCPII utilizing Avi-tag as an affinity anchor émirosophila melanogaster Schneider
S2 cells as host cells. The prepared protein cactss well as purification analysis by
SDS-PAGE are show in Figure 10, p.26.

The protein construct (Avi-GCPIlI) comprises the Aaf sequence [202], TEV
cleavage site and extracellular portion of humanPGErhGCPIl). The Avi-GCPII is
endogenously biotinylated I#&. coli biotin ligase BirA) on the lysine residue of the Avi-

- 25 -



tag during its expression; S2 cells were stabiynsfected withBirA prior Avi-GCPII
production. We prepared three different S2 stalelé lmes with BirA localized in the
cytoplasm, in the endoplasmic reticulum (ER) orstx outside the cell. We investigated
these stable transfectants and found out BigA localization within ER leads to the
highest biotinylation efficacy of Avi-GCPII and ubthese cells for large-scale expression.
Subsequently, we used the site-specific biotingtatof Avi-GCPIlI for one-step
affinity purification via commercially available ®ptavidin Mutein Matrix (Roche)

yielding highly homogenous protein in good yiel@isng per liter of culture media.

B.
E1 E2 E3 E4 E5 E6 E7
D g O it~ 3 O 0,01
212 kD
158 kD
116 kD
ENLYFQ*G 97 kD - e —
A- RS GSGSGS\ 55 66 kD “.
AV TEV 4 thGCPII &1
56 kD
KSSNEATNIPT .. 43 KD

GLNDIFEAQKIEWHE

35kD

27 kD[

Figure 10: Schematic representation of Avi-GCPII and analysis of its purification.

Panel A: Schematic representation of Avi-GCPIl with detailed primary sequence; Avi —15 AAs
sequence known as AviTag with underlined Lys residue which undergoes biotinylation; TEV — TEV
protease cleavage site marked with *; rhGCPIl — extracellular portion of GCPII (AAs 44-750).
Panel B: Analysis of Avi-GCPII purification by SDS-PAGE. (1) Molecular weight marker; (2) Load;
(3) Flow-through; (4) Wash; (5-11) Elutions 1-7. 4 pl of the sample was loaded to each lane.

Additionally, we demonstrated that this purificaticet-up provides protein which
readily crystallizes yielding diffraction qualityystals. We solved the 3D X-ray structure
of Avi-GCPII and confirmed that our protein constrembodies the same overall structure
and enzymatic activity as its tag-free countergdrGCPII). Finally, we confirmed the
versatility of our expression system by preparatand purification of close GCPII

homolog, NAALADase L, with similar yields and puyit

My contribution:

| prepared expression plasmid for Avi-tagged prateestablished and optimized the
purification protocol, purify Avi-GCPII and refinaits X-ray structure. | also conducted all
experiment involving AViTEV cleavage, by TEV proseaor unknown host protease, and
Avi-GCPII enzymatic activity analysis and wrote tift of the manuscript.
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Affinity purification is a useful approach for purification of recombinant proteins. Eukaryotic expression
systems have become more frequently used at the expense of prokaryotic systems since they afford
recombinant eukaryotic proteins with post-translational modifications similar or identical to the native
ones.

Here, we present a one-step affinity purification set-up suitable for the purification of secreted
proteins. The set-up is based on the interaction between biotin and mutated streptavidin. Drosophila
Schneider 2 cells are chosen as the expression host, and a biotin acceptor peptide is used as an affinity
tag. This tag is biotinylated by Escherichia coli biotin-protein ligase in vivo. We determined that localiza-
Biotin-protein ligase (BirA) tion of the ligase within the ER led to the most effective in vivo biotinylation of the secreted proteins. We
Co-localization optimized a protocol for large-scale expression and purification of AviTEV-tagged recombinant human
PSMA glutamate carboxypeptidase 11 (Avi-GCPII) with milligram yields per liter of culture. We also determined
the 3D structure of Avi-GCPIl by X-ray crystallography and compared the enzymatic characteristics of the
protein to those of its non-tagged variant. These experiments confirmed that AviTEV tag does not affect
the biophysical properties of its fused partner.

Purification approach, developed here, provides not only a sufficient amount of highly homogenous
protein but also specifically and effectively biotinylates a target protein and thus enables its subsequent
visualization or immobilization.

Keywords:

Affinity purification

Biotin acceptor peptide
Recombinant protein expression

© 2011 Elsevier Inc. All rights reserved.

Introduction molecule to have a Ky, for biotin in the micromolar range, which

is more suitable for purification purposes [2,3].

Purification of recombinant proteins via diverse affinity tags has
recently largely replaced approaches utilizing the biophysical fea-
tures of the proteins. Affinity tags based on the well-characterized
biotin-avidin interaction (or its analogs) were among the first can-
didates for this application since this interaction is the strongest
(Kp ~ 107'5 M) non-covalent bond known in biology [1].

Ironically, the strength of the binding is a major drawback for its
use as a purification technique, since the elution conditions would
have to be so harsh that they would lead to destruction of the
purified protein. One possible way to overcome this problem is
to use site-directed mutagenesis to modify the streptavidin

# Corresponding author. Address: Institute of Organic Chemistry and Bioche-
mistry, ASCR, v.v.i. Flemingovo n. 2, 166 10 Prague 6, Czech Republic. Fax: +420 220
183 578.

E-mail address: jan.konvalinka@uochb.cas.cz (J. Konvalinka).

1046-5928/$ - see front matter @ 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.pep.2011.11.016

Enzymatic biotinylation of target proteins by biotin-protein
ligase from Escherichia coli (BirA; EC 6.3.4.15) is often used instead
of the less specific in vitro chemical biotinylation of free amino
groups. In E. coli, this ligase recognizes and biotinylates the &-ami-
no group of a specific lysine residue within the biotin carboxyl
carrier protein subunit of acetyl-CoA carboxylase [4,5]. Using
combinatorial peptide libraries, a 15 amino acid peptide with one
lysine residue specifically biotinylated by BirA was identified. The
sequence was referred to as biotin acceptor peptide (BAP) or, more
frequently, AviTag and it bears little similarity to the natural BirA
substrate [6,7].

The biotinylation via BirA can proceed either in vitro or in vivo.
The in vivo biotinylation, being a part of intracellular, post-transla-
tional modification of target proteins represents an elegant,
high-yield approach [8-10]. AviTag is specifically recognized only
by the BirA, therefore if other expression systems than E. coli are
used for production of biotinylated proteins, the expressing cells
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have to be co-transfected with plasmids coding for both targeted
protein and BirA. Proteins biotinylated in vive were successfully
expressed in both mammalian [8,10-13] and insect [9,14,15]
expression systems. In some of these studies, different cellular
localizations of BirA (in cytoplasm, within the ER, or in the
secretory pathway) were investigated showing a strong depen-
dency of BirA localization on its biotinylation efficiency. In all these
experiments, the biotinylated proteins were expressed as secreted
proteins [10,11,15].

Besides the AviTag/BirA/mutated streptavidin system, there are
other affinity purification approaches utilizing avidin or its ana-
logs. Above all, the Strep-tag 11/Strep-Tactin system is commonly
used [16,17]. This system does not require additional transfection
with BirA since the Strep-tag Il binds directly to the Strep-Tactin
molecule. On the other hand, the Strep-tag Il affinity to Strep-Tac-
tin is in the micromolar range, which is suitable for purification but
might represent a drawback during visualization, immobilization,
or specific uptake of a target protein. Generally, purification ap-
proaches based on the avidin-biotin interaction are very specific,
ensuring a high homogeneity of the purified proteins. Achieving
such a homogeneity may be an occasional problem with the use
of other affinity tags, e.g. His-tag [18].

In this paper, we present an optimized one-step protocol for
affinity purification of recombinant proteins expressed via the
secretory pathway in insect cells with BirA localized within the
ER. The purified protein, the extracellular portion of glutamate car-
boxypeptidase I (rhGCPII, amino acids 44-750)", is a 90 kD N-gly-
cosylated metalloprotease [19,20]. GCPII (EC 3.4.17.21) belongs to
the family of type Il transmembrane proteins and is an interesting
pharmaceutical target for prostate cancer imaging and treatment
[21-23]. It is also implicated in neuropathological disorders [24]
and has an unknown function in angiogenesis [25,26].

Materials and methods

Preparation of expression plasmid for N-terminally AviTEV-tagged
proteins

DNA encoding the AViTEV tag was prepared de nove from six
individual oligonucleotides with complementary overlaps. Short
5 overhangs were filled in with Phusion polymerase (Finnzymes).
The following primers were used: Avi0-F (5'-aaaaatgatcaggcctgaac
gacatc-3'), Avil-R (5'-atcttctgggectegaagatgtegttcaggee-3'), Avi2-F
(5'-ttcgaggcccagaagatega: cacg-3'), Avi3-R (5'-ggttctegetgecgetg
ccgetgecctegtgecacteg-3'), Uni3-F  (5-geageggeagegagaacctgtact
tccagggeagatctgaattcaaaaa-3'), and Uni4-R (5'-tttttgaattcagatetg
c-3’). Sequences encoding AviTag™ (Avidity) are underlined, and
sequences encoding the TEV cleavage site are in bold. Two restric-
tion sites introduced into the DNA are shown in italics, Bell at the 5'
end and BgllI at the 3' end of the sequence.

A standard PCR reaction was performed with a mixture of all
primers. The resulting DNA construct was cleaved by Bcll and Bglll
and inserted into the pMNAEXST, pre-cleaved with Bglll, to create a
plasmid for expression of N-terminally AviTEV-tagged rhGCPIL
Both correct orientation and sequence of the prepared plasmid

' Abbreviations used: GCPII, glutamate carboxypeptidase II; thGCPIl, extracellular
portion of GCPIL consisting of amino acids 44-750; Avi-GCPIl, molecule of rhGCPIl
fused at its N-terminus with AviTEV tag; TEV protease, tobacco etch virus protease;
Ac-Asp-Glu, N-acetyl-i-aspartyl-i-glutamate; Ac-Asp-Met, N-acetyl-t-aspartyl-i-
methionine; 2-PMPA, 2-(phosphonomethyl)-pentanedioic acid; BAP, biotin acceptor
peptide; BirA, biotin-protein ligase from Escherichia coli; ER, endoplasmic reticulum;
SDS-PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis; FBS, fetal
bovine serum; PBS, phosphate buffered saline; TBS, tris buffered saline; Tris,
tris{ hydroxymethyl Jaminomethane; HPLC, high-performance liquid chromatography;
HRP, horseradish peroxidase; Neu, NeutrAvidin; S2 cells, Schneider 2 cells; rm.sd,
root mean square deviation.

were verified by sequencing. The resulting plasmid was denoted
pMT/BiP/AViTEV/rhGCPIl and contained AviTEV tag immediately
downstream of the BiP peptide signal sequence for secretion. Addi-
tionally, the DNA encoding rhGCPII can be easily excised with Bglll
and Xhol{Xbal restriction enzymes, and DNA encoding a different
secreted protein can be substituted.

Preparation of plasmids encoding differently localized BirA

The commercially available plasmid pBirAcm ( Avidity) was used
as a template for PCR reactions. To obtain a plasmid encoding
cytoplasmic BirA, primers BirAKpnl-F (5-atcggggtaccatgaaggataa-
caccgtgee-3') and BirAnoKDELXhol-R (5'-tctagactcgagttattctgeac
tacgcaggg-3') were used (restriction sites are italicized). The DNA
amplicon was cleaved with Kpnl and Xhol and ligated into the vec-
tor pMT/V5-HisA (Invitrogen). The resulting plasmid was denoted
pMT/BirA. To obtain DNA encoding BirA retained within the
endoplasmic reticulum (ER), primers BirABglll-F (5'-ctcgggagatc
tatgaaggataacaccgtgee-3') and  BirAXhol-R (5'-tctagactcgagttaca
getcatctttttctgeactacgeagge-3') were used to amplify DNA from
pBirAcm. The DNA was cleaved with Bglll and Xhol and ligated into
the vector pMT/BiP/V5-HisA (Invitrogen). The resulting plasmid
was named pMT/BiP/BirA/KDEL. A plasmid encoding secreted BirA
was obtained similarly, but primer BirAXhol-R was substituted
with BirAnoKDELXhol-R. The resulting plasmid encoding secreted
BirA was denoted pMT/BiP/BirA.

The correct sequences of all three plasmids were subsequently
verified by sequencing.

Preparation of stable Drosophila S2 cell lines expressing Avi-GCPII and
BirA

Drosophila S2 cells were transfected consecutively, first with
9 g of pMT/BiP/AviTEV/ThGCPII together with 0.5 ng of pCoBlast
(Invitrogen) and selected with the appropriate antibiotic. After-
wards, they were transfected with 9 pig of one of the three different
plasmids encoding differently localized BirA together with 0.5 pg of
pCoHygro (Invitrogen), as previously published [27]. The transfec-
ted cells were selected by cultivation with both Blasticidin (5 pg/
mL, Invitrogen) and Hygromycin B (300 pg/mL, Invitrogen) until
they regained growth. Two transfections were performed in case
of BirA localized within ER to prepared two individual polyclonal
stable cell lines of S2 cells.

The 2.10° cells of each stable transfectant were transferred to
35 mm Petri dish supplemented with 2 mL SF900II medium (Invit-
rogen). The protein expression was induced next day by 1 mM
CuS04 (Sigma). Three days post-induction, the cells were harvested
by centrifugation, and the medium was analyzed by Western blot.

Large-scale expression of Avi-GCPIl and rhGCPII in Dresophila 52 cells

The protocol for large-scale expression of Avi-GCPII was almost
identical to that previously described [19]. The only modification
was the final volume of the cell suspension, which changed from
0.5 to 1 L. Different volumes of cell culture supplements were used
accordingly. The protocol for large-scale expression and purifica-
tion of rhGCPII was identical to that described previously [19].

Purification of Avi-GCPII on Streptavidin Mutein Matrix

The commercial protocol for Streptavidin Mutein Matrix™
(Roche) was used as a starting point for optimization of the purifi-
cation protocol. Phosphate buffer was replaced with Tris-HCl
buffer, since phosphate acts as a weak inhibitor of GCPII [28]. Addi-
tional optimization experiments were performed on a small-scale
with 9 mL of conditioned medium and 200 pul of mutein resin
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(i.e. 400 pL of resin mixture with 20% ethanol). Following optimi-
zation, large-scale purification of Avi-GCPIl was performed.

Conditioned medium from S2 cells (0.8 L) was centrifuged at
3400g for 30 min and then concentrated to 70 mL at 4 °C using a
LabScale™ TFF system (Millipore) with a Pellicon XL Biomax50
cassette (Millipore). All subsequent purification steps were per-
formed at 4 °C. The concentrated medium was mixed with equili-
bration buffer (450 mM NaCl, 300 mM Tris-HCl, pH 7.2) in a 2:1
ratio (fraction L). Equilibrated medium was mixed with 1.6 mL of
mutein resin, which had been washed several times with washing
buffer (150 mM NaCl, 100 mM Tris-HCl, pH 7.2), and incubated
overnight on a rocker. The next day, a disposable gravity column
(Thermo Scientific) was used to separate the resin from the equil-
ibrated medium (fraction FT). The mutein resin was washed with
30 mL of washing buffer and then 1.6 mL of elution buffer
(150 mM NacCl, 2 mM p-biotin, 100 mM Tris-HCl, pH 7.2) was
applied to the column to replace the remaining wash buffer (frac-
tion W). The column was sealed and the resin was incubated with
elution buffer for 1h. Then, the bound Avi-GCPIl protein was
eluted with 7 mL of elution buffer to obtain seven 1 mL elution
fractions (fractions E1-7). Following the purification procedure,
the Streptavidin Mutein Matrix™ was regenerated and stored
according to the manufacturer's protocol.

After the first purification and regeneration, the flow-through
fraction and regenerated resin were mixed again and the whole
purification procedure was repeated. All fractions were analyzed
by reducing SDS-PAGE. The E1 and E2 fractions were dialyzed
against appropriate buffer overnight, aliquoted and stored at
—80 °C until further use.

SDS-PAGE and Western blotting

Protein samples were resolved by reducing, 0.1% sodium dode-
cyl sulfate (SDS), polyacrylamide gel electrophoresis (PAGE). Fol-
lowing SDS-PAGE, gels were either stained using Coomassie
Brilliant Blue R-250 (Thermo Scientific), silver-stained, or electro-
blotted. For N-terminal sequencing, the proteins were transferred
onto a polyvinylidene difluoride (PVDF) membrane, which was
stained with Coomassie Brilliant Blue G-250 (Thermo Scientific).

Proteins were transferred onto a nitrocellulose membrane for
detection by a specific antibody against thGCPII (GCP-04) or Neu-
HRP (Thermo Scientific) The membrane was blocked with
Blocker™ Casein in TBS (Thermo Scientific) for 1 h. For detection
of rhGCPII, GCP-04 (1 mg/mL) was diluted 1:5000 in casein blocker,
incubated overnight, washed several times with 0.05% Tween 20 in
PBS, and incubated for 1 h with HRP-conjugated goat anti-mouse
antibody (1 mg/mL; Thermo Scientific) diluted in casein blocker
in a 1:25000 ratio. For detection of biotinylated proteins, Neu-
HRP (1 mg/mL)was diluted 1:2500 in casein blocker and incubated
with the membrane for 1 h.

Afterwards, the membranes were washed with 0.05% Tween 20
in PBS several times to remove either Neu-HRP or HRP-conjugated
goat anti-mouse antibody. The blots were developed using Super-
Signal West Dura Chemiluminiscence Substrate (Thermo Scientific)
according to the manufacturer’s protocol. Reactive bands were
visualized on a LAS-3000 CCD camera (FujiFilm). If necessary, den-
sitometry analysis was performed using Image] software v1.43 [29].

Cleavage of AviTEV tag from Avi-GCPIl by TEV protease

Purified Avi-GCPII was diluted to a final concentration of 1 pg/
mL and mixed with His-TEV(S219 V)-Arg protease in an equimolar
ratio or with a 100-fold molar excess of TEV protease. Equivalent
reference mixture, without TEV protease, was also prepared. Five
microliters of concentrated TBS buffer (1.5 M NaCl, 0.5M Tris-
HCl, pH 7.6) was added to each reaction, and the final volume

was adjusted to 50 pL with distilled water. Mixtures were incu-
bated overnight at 4 °C and analyzed on Western blots. Similar
experiments were performed under identical conditions substitut-
ing concentrated TBS buffer with concentrated TEV buffer (10 mM
p-mercaptoethanol, 5mM EDTA, 0.5M Tris-HCl, pH 8.0) or
concentrated MOPS buffer (0.2 M Nacl, 0.2 M MOPS, pH 7.4).

Inhibition of Avi-GCPII degradation

Twenty microliters of purified Avi-GCPII (40 pg/mL) was mixed
with 5 pL of inhibitor or water (negative control) to achieve a final
concentration of 200 M for EDTA (Sigma-Aldrich), 2-PMPA,
Pefabloc SC (Roche) and E-64 (Sigma-Aldrich) or 2 uM for Pepsta-
tin A (Sigma-Aldrich). Reactions were incubated at room tempera-
ture and 6 pL samples were taken sequentially every other day and
analyzed by SDS-PAGE.

Crystallization and data collection

The Avi-GCPII stock solution (10 mg/mL) was mixed with 1/10
volume of 1 mM 2-PMPA inhibitor, and the crystallization droplets
were prepared by combining 2 [L of the complex solution with
2 uL of the reservoir solution containing 33% pentaerythritol prop-
oxylate (Hampton Research), 1% polyethylene glycol 3350 (Fluka),
and 100 mM Tris-HCl, pH 8.0. Crystals were grown by the hanging
drop vapor diffusion method at 293 K.

Crystals were flash-frozen in liquid nitrogen directly from the
reservoir solution, and the diffraction data were collected at
100 K using synchrotron radiation at the Southeast Regional Col-
laborative Access Team sector 22 beamlines BM of the Advanced
Photon Source (Argonne, IL, USA) at an X-ray wavelength of
1.0 A. The complete dataset was collected from a single crystal
using the MarMosaic 225 mm CCD detector. Data processing was
performed with the HKL2000 software package [30].

Structure determination and refinement

Since the crystal of the Avi-GCPII/2-PMPA complex was iso-
morphous with the crystals of thGCPII containing the same inhib-
itor (PDB entry 2PVW) [31], the latter (without the inhibitor and
water molecules) was used as the starting model for the struc-
tural refinement based on the X-ray data collected from a crystals
of the Avi-GCPII/2-PMPA complex. Calculations were performed
with the program Refmac 5.1 [32], and the refinement protocol
was interspersed with manual corrections to the model using
Coot [33]. The stereochemical quality of the final model was eval-
uated using MolProbity [34] and the final model, together with
experimental amplitudes, deposited in the RCSB Protein Data
Bank (entry code 3RBU). During the refinement process, 1363 of
the randomly selected reflections were kept aside for cross-
validation (Rfree).

Radioenzymatic assay of carboxypeptidase activity

To determine the kinetic constants of Ac-Asp-Glu cleavage,
radioenzymatic assays using [*H]-Ac-Asp-Glu (radiolabelled on
the terminal glutamate; 50 Ci/mmol in Tris buffer, Perkin-Elmer)
were performed as previously described [27,28] with several
modifications.

Briefly, appropriate amount of enzyme solution in reaction
buffer (20 mM NacCl, 20 mM MOPS, pH 7.4) was pre-incubated for
10 min at 37 °C in a final volume of 90 pl. The reaction was started
by addition of a 10 puL mixture of unlabeled and radioactive
Ac-Asp-Glu with different overall concentration ranging from
200 nM to 50 pM (containing 50 nM *H-Ac-Asp-Glu together with
corresponding amount of unlabeled Ac-Asp-Glu) and 100 uM

-29.



. Tykvart et al./Protein Expression and Purification 82 (2012) 106-115 109

to 400 uM (containing 100 nM >H-Ac-Asp-Glu together with
corresponding amount of unlabeled Ac-Asp-Glu). Reactions were
then incubated at 37°C and after 20 min were stopped with
100 puL of ice-cold stopping solution (2 mM p-mercaptoethanol,
200 mM sodium phosphate, pH 7.4). Free glutamate was separated
from the uncleaved substrate by ion exchange chromatography,
and quantified by liquid scintillation using the Rotiszint ECO Plus
scintillation cocktail (Roth) and Tri-Carb 2900TR liquid scintillation
counter (Perkin-Elmer).

Reactions were performed in duplicate for each measurement,
and substrate turnovers ranged between 14% and 20%. For Avi-
GCPIIL, two separate measurements were performed. The K, and
kear values were determined from reaction rate versus substrate
concentration plots using the GraFit program [35].

HPLC assay of carboxypeptidase activity

Kinetic constants of N-acetyl-L-aspartyl-i-methionine (Ac-Asp-
Met) cleavage by Avi-GCPIl and rhGCPII were determined using
HPLC for quantification of the hydrolysis products. An appropriate
amount of enzyme was added to reaction buffer (20 mM Nacl,
20 mM MOPS, pH 7.4) to final volume of 45 pL. The reaction mix-
tures were pre-incubated for 10min at 37°C. Then, 5uL of
substrate was added into each reaction (final concentration of sub-
strate ranged from 2.8 uM to 360 uM). The reaction mixtures were
incubated for 15 min at 37 °C and then stopped by adding 125 pL
of ice-cold 0.2 M sodium borate, pH 10.0, and 4 uM r-glutamate
(internal standard). Subsequently, the amount of free .-methionine
was determined following a previously described method based on
o-phthaldialdehyde (OPA) derivatization [36] and analyzed on an
Agilent 1200 Series system using an AccQ-Tag Ultra column
(2.1 x 100 mm; Waters).

Reactions were performed with substrate turnovers ranging
from 10% to 15%. Methionine quantification was performed using
a calibration curve constructed from known concentrations of
methionine standard. The measurements were performed in dupli-
cate for both proteins. The K, and k., values were determined
from reaction rate versus substrate concentration plots using the
GraFit program [35].

Active site titration of Avi-GCPIl and rhGCPI

Mixtures of an appropriate amount of enzyme (to achieve 10-
15% substrate turnover for the non-inhibited reaction) and the
tight-binding inhibitor 2-PMPA (final concentration ranging from
0nM to 500nM) in reaction buffer (20 mM NaCl, 20 mM MOPS,
pH 7.4) were pre-incubated for 10 min at 37 °C. Reactions were
started by addition of Ac-Asp-Met (final concentration 100 pM)
and stopped after 15 min by addition of ice-cold 0.2 M sodium bo-
rate, pH 10.0, and 4 uM 1-glutamate (internal standard). Reaction
volumes and determination of free L-methionine were the same
as for the carboxypeptidase activity assay.

The active site concentrations and K;’ values were determined
from proportional velocity versus 2-PMPA concentration plots
using the GraFit program [35].

Determination of the inhibition constant of 2-PMPA for Avi-GCPIl and
rhGCPIl

The K; for 2-PMPA was calculated from the K value obtained
during active site titration measurements following the formula:
Ki = K{|/(1+[S]/Km) where [S] stands for Ac-Asp-Met concentration
and K, for the Michaelis constant of the enzyme towards
Ac-Asp-Met.

Amino acid analysis

The total protein concentration of Avi-GCPIl and rhGCPII stock
solution was determined by analysis performed on a Biochrom30
amino acid analyzer (Biochrom) following the manufacturer’s
protocol.

Results

Preparation of the stable insect cell line expressing biotinylated Avi-
GCPII

The DNA encoding AviTEV tag was prepared from oligonucleo-
tides by the gene fusion approach and inserted into the plasmid
PMNAEXST, which enables inducible expression in Drosophila
Schneider 2 (S2) cells [19]. Cells stably transfected with this
plasmid expressed rhGCPIl N-terminally fused with AViTEV tag
(Avi-GCPII) into the medium (the composition of the tag is sche-
matically shown in Fig. 1, panel A). The cells were subsequently
transfected with a plasmid encoding E. coli biotin-protein ligase
(BirA). In order to analyze the efficiency of Avi-GCPII in vivo biotin-
ylation, three different plasmids were prepared encoding BirA
localized in cytoplasm (pMT/BirA), within the ER (pMT/BiP/BirA/
KDEL), and secreted into the media (pMT/BiP/BirA). Two peptide
signal sequences for BirA targeting were used: the BiP sequence
for the secretory pathway and the KDEL sequence for retaining BirA
within the ER.

The expression of Avi-GCPII in the cell lines stably transfected
with BirA and Avi-GCPIl was monitored by the Westem blot (see
Fig. 2). To determine the biotinylation efficiency, two visualizing
agents were used: the monoclonal antibody GCP-04, which specif-
ically recognizes the extracellular portion of GCPII (rhGCPII) [37],
and NeutrAvidin conjugated with horseradish peroxidase (Neu-
HRP), which visualizes only the biotinylated fraction of Avi-GCPIl
(and potential other endogenously biotinylated proteins). The
cytoplasmic localization of BirA led to a very low biotinylation
yield. On the other hand, the localization of BirA either within
the ER or the secretory pathway caused the effective biotinylation
of Avi-GCPII. Densitometry analysis of the Western blot revealed
that BirA localization within the ER resulted in a slightly higher
biotinylation yield compared to BirA localized in the secretory
pathway (the ratio of the signals of biotinylated and total Avi-GCPII
for BirA localized within the ER was approximately 15% higher than
for BirA localized in secretory pathway). Based on these results, the
cell line containing BirA within the ER (stable cell line 1) was used
for large-scale expression of Avi-GCPIL

Previous work suggested that the addition of exogenous p-bio-
tin into the cell medium might influence the BirA biotinylation effi-
ciency [15]. However, this approach did not lead to any significant
improvement in biotinylation efficiency in our hands (data not
shown).

Avi-GCPII is successfully purified on Streptavidin Mutein Matrix

The purification protocol given by the manufacturer of Strepta-
vidin Mutein Matrix (Roche) was changed for the purpose of
Avi-GCPIl purification. The appropriate amount of resin, buffer
composition and its ionic strength, and incubation times were all
optimized to provide the highest possible yield while sustaining
high homogeneity of the purified protein.

After optimization of the purification protocol, large-scale puri-
fication of concentrated conditioned media was performed (see
“Materials and methods™ section for details). Fractions collected
during purification were analyzed and their purity assessed by
reducing SDS-PAGE (see Fig. 1, panel B for analysis of fractions

-30-



110 I Tykvart et al./ Protein Expression and Purification 82 (2012) 106-115

B L FT W E1 E2 E3 E4 E5 E6 E7
AP R e R e T E R |
212 kD
158 kD
116 kD
A ENLYFQ'G 97 kD ___“.- e
- esesas\ RS 66 kD| w —
TEV
56 kD
%
e KSSNEATNIPT . 434D
35KkD
27 kD| - b
-
[ -

Fig. 1. Schematic representation of Avi-GCPII and analysis of its purification. Panel A: Schematic representation of Avi-GCPII with amino acid sequences detailed for all AVITEV
tag parts; Avi - sequence of 15 amino acids known as AviTag, which is specifically recognized by biotin-protein ligase and biotinylated on the e-amino group of the lysine
residue (underlined); TEV - protein sequence specifically recognized by TEV protease (cleavage site is marked with =); thGCPII - extracellular portion of GCPII consisting of
amino acids 44-750.¥ - identified cleavage site within Avi-GCPII recognized by an unknown host protease which is co-purified with Avi-GCPIL. Spacer sequence and amino
acids introduced during molecular cloning are depicted in a smaller font size. Panel B: Analysis of Avi-GCPIl purification on Streptavidin Mutein Matrix. Equilibrated
concentrated conditioned medium from S2 cells was mixed with resin and incubated overnight at 4 °C. The resin was separated from the medium on a gravity-flow column,
and purified protein was eluted with an excess of p-biotin. Individual fractions obtained during purification were subsequently analyzed by SDS-PAGE and stained by
Coomassie blue. (1). Molecular weight marker; (2). Load; (3). Flow-through; (4). Wash; (5-11). Elutions 1-7. Four microliters of the sample was loaded to each lane. Detailed
descriptions of individual fractions can be found in “Materials and methods” section.
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Fig. 2. Comparison of the biotinylation efficiency of BirA in different cellular compartments of S2 cells. Conditioned media from the cells, expressing Avi-GCPIl and BirA
(targeted to three different cellular compartments - cytoplasmic, secreted, or within the ER), were harvested 3 days post-induction and analyzed on Western blot. Western
blots were visualized with the monoclonal antibody GCP-04, which recognizes total Avi-GCPII (panel A), and Neu-HRP, which recognizes only the biotinylated Avi-GCPIl
(panel B). (1) 7 ng (panel A) or 3 ng (panel B) of Avi-GCPII standard; (2) medium from cells with BirA localized within the ER (stable cell line 1); (3) medium from cells with
BirA localized within the ER (stable cell line 2); (4) medium from cells with secreted BirA; (5) medium from cells with BirA localized in cytoplasm. Lanes 2-5 in both panels

contained identical volumes of the analyzed samples.

from first purification). To increase the yield of purified Avi-GCPII,
the affinity purification was performed in two rounds, with the
flow-through from the first round used as an input for the second.
The yields from the first and second round of purification were
4.3 mg and 0.7 mg of Avi-GCPII protein, respectively. The homoge-
neity of the purified protein was more than 95% and more than 90%
of the protein was present in the first two elution fractions (E1, E2).
The amount of Avi-GCPII in the cell conditioned medium before
concentration and purification was estimated by densitometry
analysis to be approximately 20 mg of overall and 12 mg of biotin-
ylated Avi-GCPIl in 0.8 L of the cell culture, suggesting that the
purification yield was approximately 40%.

The purified Avi-GCPIl was characterized and compared to its
non-tagged version, the rhGCPIl. We analyzed the influence of
AviTEV tag on Avi-GCPIl activity and crystallizability. We also
investigated the possibility of removing the AviTEV tag with TEV
protease.

The Avi-GCPII structure is not influenced by the attachment of the
AVITEV tag

Purified Avi-GCPIl was concentrated to 10mg/mL and co-
crystallized with a potent GCPII inhibitor, 2-(phosphonomethyl)-

pentanedioic acid (2-PMPA), using conditions identical to those
used for rhGCPII crystallization [38]. The Avi-GCPII structure was
obtained by the structural refinement of isomorphous structure of
rhGCPII (PDB entry 2PVW) at 1.60 A resolution, using the X-ray data
collected for Avi-GCPII crystals. The new structure was deposited in
the Protein Data Bank (PDB entry 3RBU). Detailed information
about data collection and refinement statistics are summarized in
Table 1.

The structure is virtually identical to that of rhGCPII (PDB entry
2PVW) with r.m.s.d. of 0.14 A for 649 equivalent Cx atoms (see
Fig. 3, panel A). In particular, residues participating in Zn®* chela-
tion and inhibitor binding retain their spatial arrangement (see
Fig. 3, panels B and C). The AviTEV tag and the first 11 residues
of thGCPII are not visible in the electron density map, suggesting
a high flexibility of the N-terminal part of the protein.

Avi-GCPIl activity is not affected by the presence of the AviTEV tag

As a prerequisite for a careful quantitative comparison of
Avi-GCPII and rhGCPIl enzymatic activity, the total protein
concentrations and the active site concentrations of both enzymes
were determined by quantitative amino acid analysis and active
site titration by a specific inhibitor. Relative portion of the
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Table 1
Data collection and refinement statistics for the Avi-GCPII structure (3RBU).

Data collection statistics

Wavelength (A) 1.000
Temperature (K) 100
Space group 1222

Unit cell parameters a, b, ¢ (A)
Resolution limits (A)
Number of unique reflections

101.3, 1306, 158.9
30.0-1.60 (1.66-1.60)*
136,479 (12,595)

Redundancy 7.0(4.4)
Completeness (%) 99.0 (91.9)
Ifmeanl 19.8 (2.4)
Rmerge 0.081 (0.517)

Refinement statistics

Resolution limits (A) 28.46-1.60 (1.64-1.60)

Total No. of reflections 134416
No. of reflections in working 133,053 (8872)
No. of reflections in test set 1363 (68)
R 0.158 (0.251)
Rfree 0.182 (0.255)
Total No. of non-H atoms 6770
No. of protein atoms 6050
No. of inhibitor atoms 14
No. of ions 4
No. of water molecules 702
Average B-factor (A?) 30.31
Protein atoms 28.32
Waters 42.11
Inhibitor 28.00
RMS deviations
Bond lengths (A) 0.018
Bond angles (deg) 1.689
Ramachandran plot (%)
Favoured region 97.8%
Allowed region 2.05%
Disallowed region 0.15% (Gly333)

Missing residues T1-T32, 44-54, 541-544, 655

The amino acids which belong to the AVITEV tag are denoted as Txy.
@ Values in parentheses correspond to the highest resolution shell.

enzymatically active molecules in the stock solution was assessed
to be 102 +2% for Avi-GCPIl and 72 + 2% for the rhGCPII, respec-
tively. The thGCPII was purified according to the protocol estab-
lished in our laboratory [19].

Kinetic constants characterizing cleavage of the prototypical
GCPII substrate Ac-Asp-Glu [28], the less-efficient substrate Ac-
Asp-Met [19], and the potent inhibitor 2-PMPA [39] were deter-
mined in order to characterize the effect of AviTEV tag on Avi-GCPII
enzymatic activity. As shown in Table 2, all kinetic constants are
comparable for both Avi-GCPII and rhGCPI1], indicating that AviTEV
tag does not affect the enzymatic characteristics of Avi-GCPIL

Avi-GCPII is ineffectively processed by TEV protease

The AVIiTEV tag was designed with the specific cleavage site for
the tobacco etch virus (TEV) protease to enable the removal of the
tag from Avi-GCPII (see Fig. 1, panel A). TEV protease is known as
one of the most specific proteolytic enzymes and is widely used
for the processing of recombinant proteins [40]. The purified,
tagged TEV protease [His-TEV(S219V)-Arg] was incubated with
purified Avi-GCPII in two different ratios (equimolar and with a
100-fold molar excess of TEV protease to Avi-GCPII). Cleavage
was performed in three different buffers (see “Materials and meth-
ods” section). The results were identical for all buffers used, and for
simplicity, only the experiment using TBS is shown in Fig. 4. It is
visible from the Western blot analysis that a 100-fold molar excess
of TEV protease is needed to efficiently remove the AviTEV tag, sug-
gesting that the cleavage by TEV protease proceeds inefficiently,
and its use in large-scale experiments would not be feasible.

Avi-GCPIl is processed by host protease

Interestingly, a cleavage within the N-terminal part of purified
Avi-GCPIl itself was observed. N-terminal sequencing analysis
identified two cleavage sites within the Avi-GCPIl molecule (see
Fig. 1, panel A). A series of experiments was performed in order
to determine whether the processing is due to auto-proteolysis
or hydrolysis by some host contaminating protease. The data
shown in Fig. 5 suggested that Avi-GCPII is probably cleaved by a
contaminant serine protease, since addition of a specific serine
protease inhibitor, Pefabloc, slowed down the processing. The
intensive degradation of Avi-GCPIl observed in the experiment
with EDTA was probably caused by chelation of zinc and calcium
ions within Avi-GCPIl and the protein’s subsequent structural
destabilization by which more cleavage sites became accessible
for the contaminant host protease. This contaminant protease is
probably not co-purified during the standard purification of
rhGCPII since no N-terminal cleavage was observed for rhGCPII
(data not shown).

Additional experiments showed that the cleavage is also effec-
tively slowed at 4 °C and no hydrolysis of purified Avi-GCPIl was
detected after 2 days incubation at this temperature. To ensure
the integrity of our protein preparation, the potential degradation
of Avi-GCPIl was examined under the conditions of enzymatic
assays and protein crystal growth. In both these conditions no
Avi-GCPII processing whatsoever was observed (data not shown).

Discussion

Simple, efficient, and robust recombinant protein expression
and purification is indispensable for many areas of molecular biol-
ogy, from structural genomics to protein-protein interaction stud-
ies. Even though expression and purification in prokaryotic
expression systems is reasonably characterized, the eukaryotic
systems still remain a challenge. We aimed to develop a well-func-
tioning one-step purification procedure utilizing a biotin acceptor
peptide (BAP) as a purification tag, for its well-characterized prop-
erties of binding to streptavidin and its analogs, and Drosoephila S2
cells as an expression system, for their relatively easy handling,
possibility of large-scale growth in suspension, and high expres-
sion yields. As a target protein, we chose glutamate carboxypepti-
dase II. Even though a purification protocol for this protein has
already been developed [19], it is quite laborious and not much
versatile. Even a single amino acid mutation influences the purifi-
cation yield and requires some optimization [41] and for the GCPII
homologs, however close, the method needs to be re-developed.
[27]. We decided to locate the AViTEV tag on the N-terminus of
rhGCPII since its 3D structure indicates that it is more flexible than
C-terminus of the molecule.

This purification set-up requires preparation of stable cell line
expressing both E. coli biotin-protein ligase (BirA) and the target re-
combinant protein. Previously published results describing the
influence of BirA cellular localization (cytoplasmic, within the ER,
or in the secretory pathway) on the biotinylation efficiency of se-
creted recombinant proteins fused with BAP were not complete.
For instance, only two subcellular localizations were compared in
parallel, and the results varied significantly between mammalian
[10.11] and insect systems [15]. Therefore, we decided to prepare
three stable insect cell lines with BirA localized in cytoplasm (BirA),
within the ER (BiP-BirA-KDEL), or in secretory pathway (BiP-BirA),
and compared them in terms of the biotinylation efficiencies of
secreted Avi-GCPIL

The cytosolic localization of BirA was shown to be the least
effective (see Fig. 2). This finding contradicts the results of Yang
et al, who determined that cytosolic BirA had a higher biotinylation
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Fig. 3. Superposition of Avi-GCPIl (3RBU) and rhGCPII (2PVW) structure. Panel A: The overall fold of Avi-GCPII and rhGCPII is identical. The protein backbone is shown in
cartoon representation, sugar units in stick representation, and ions as spheres (Zn’* - magenta, CI~ - green, Ca®* - red for Avi-GCPII). Avi-GCPII is shown in yellow, rhGCPII in
gray (including ions and sugars). Sugar oxygens and nitrogens are shown in red and blue, respectively. Panel B: Superposition of the active site residues/atoms. Residues
coordinating Zn?* ions are shown in yellow and catalytic glutamate in orange for Avi-GCPIl (Zn®" ions as magenta spheres) while all rhGCPII residues are shown in gray
(including ions). Oxygen atoms are depicted in red and nitrogen atoms in blue. Coordination of the active site zinc ions in the Avi-GCPII structure is shown as dashed lines.
Panel C: 2-PMPA interactions in the Avi-GCPIl/rhGCPII active sites. Avi-GCPIl is shown in yellow (Zn?* ions as magenta spheres, 2-PMPA in green ball-and-stick representation,
waters Q as red spheres); rthGCPILin gray (including 1ons, 2-PMPA, and waters). Oxygen atoms are depicted in red, nitrogen atoms in blue, and the phosphorus atom in orange.
Direct H-bonding and coordination to Zn®* ions in the Avi-GCPII structure are shown as dashed lines. The figures were created using the PyMOL Molecular Graphics System
[43].

Table 2
Direct comparison of Avi-GCPIl and rhGCPIl enzymatic activity.
Avi-GCPIl rhGCPII
Substrate K [pmol/L] Kear [per second] Keat[Kem [10°[s-(mol/L)] K [pmol/L] kear [per second] Keae/Km [10°]s-(mol/L)]
Ac-Asp-Glu 0.53 + 0.08* 0.46 +0.01* 8.66+1.4 106 +0.18* 0.41+0.02* 3.88+ 1.06
Ac-Asp-Met 208 +33° 0.29 +0.01° 0.14 +0.02 252 + 40" 0.34+0.02" 0.13+002
Inhibitor K; [pmol/L] K; [pmol/L]
2-PMPA 370+ 80° 540 +120°

# Measurements were performed by radioactive assay.
b Measurements were performed by HPLC assay.

molar ratio molar ratio
A Avi-GCPIl : TEV B Avi-GCPIl : TEV
1:0 11 1:100 7 ng 1.0 1:1 1:100 3ng
1 2 3 4 1 2 3 4
100 kD ! 100 kD
RALN GCP-04 e Neu-HRP

Fig. 4. Avi-GCPII cleavage by TEV protease. Purified Avi-GCPIl was mixed with TEV protease in different ratios. The reactions were incubated overnight at 4 °C and then
analyzed using Western blots. Blots were visualized with the monoclonal antibody GCP-04, which recognizes total Avi-GCPII (panel A), and Neu-HRP, which recognizes only
biotinylated Avi-GCPII (panel B). (1) Purified Avi-GCPIl without TEV protease; (2) equimolar mixture of Avi-GCPII and TEV protease; (3) Avi-GCPIl with a 100-fold molar
excess of TEV protease; 4. 7 ng (panel A) or 3 ng (panel B) of Avi-GCPII standard. Lanes 1-3 in both panels contained identical volumes of the analyzed samples.

-33-



J. Tykvart et al./ Protein Expression and Purification 82 (2012) 106-115 113
inhibitor :  None 2-PMPA Pefabloc  E-64  Pepstatn EDTA 2
. - 200 M 200 pM 200 uM 2uM 00 Q
10k | 1 20 13 A SeE 6 e SIS ORLRS 2AS] e
Avi-GCPII - —
p— — truncated
truncated Avi-GCPI| s Y e —— ity
75 kD
50 kD e
g & £ £ &£ £ & £ £ 2 £ &
incubation: 8 8 & 84 8 § 8 88 & 8 8§ 38
I - . T S T =S

Fig. 5. Inhibition of Avi-GCPII cleavage by protease class-specific inhibitors. Purified Avi-GCPIl was incubated at room temperature, and samples were taken after 2 days
(lanes 1,3,5,7,9,11) and 4 days (lanes 2,4,6,8,10,12) and analyzed on silver-stained reducing SDS-PAGE. Inhibitors tested: 2-PMPA (specific GCPII inhibitor; final concentration
200 pM; lanes 3,4), Pefabloc SC (serine protease inhibitor; final concentration 200 puM; lanes 5,6), E-64 (cysteine protease inhibitor; final concentration 200 pM; lanes 7,8),
Pepstatin A (aspartate protease inhibitor; final concentration 2 pM; lanes 9,10), EDTA (metalloprotease inhibitor; final concentration 200 pM; lanes 11,12). The experiment
without inhibitor was also performed (lanes 1, 2). Three microliters of the sample was loaded to each lane. 50 ng of purified Avi-GCPII was loaded to line 13 as a standard.

yield than the secreted form of BirA in insect cells [15]. This dis-
crepancy might be due to the use of different peptide leading se-
quences for the secretion of BirA and target protein (BiP versus
HLA-DR B leader sequence), by different localization of AviTag in
the target molecule (N-terminal versus C-terminal), or by less obvi-
ous properties of a target protein or expression system. On the
other hand, localizations of BirA within the ER and in the secretory
pathway led to efficient Avi-GCPII biotinylation, indicating that the
biotinylation in both cases probably proceeds within the ER. Only a
slightly better relative biotinylation efficiency was determined for
BirA localized within the ER compared to BirA localized in the
secretory pathway. These data were consistent with the observa-
tions of Barat et al. in mammalian cells (even though we deter-
mined a much smaller difference between cells with secreted
BirA and BirA retained within the ER) [11]. Additionally, it should
be noted that using presented protocol for creation of stable S2 cell
transfectants we obtained a polyclonal cell lines. When the trans-
fection was done in duplicates, it showed higher variability in over-
all expression yields of biotinylated Avi-GCPII (Fig. 2, lanes 2 and 3)
than was observed between cell lines with differently localized
BirA (Fig. 2, lanes 2 and 4). These findings suggest that the careful
optimization of the expression system is at least as important as
proper localization of biotin ligase within the cell.

The purification procedure itself was optimized to provide the
highest possible yield while preserving high homogeneity of the
purified protein. Surprisingly, the use of non-dialyzed conditioned
medium as a starting material for purification was shown to be the
best option. Dialysis of the medium followed by optimization of io-
nic strength and/or addition of exogenous p-biotin resulted in low-
er yields and/or purity (data not shown). This effect might have
been caused by some unknown additive present in the SF900II
medium. We have also observed that by concentrating the condi-
tioned medium prior to affinity purification, we improved greatly
the purification yield. The explanation of this observation is not
straightforward: it might be caused by increasing the effective con-
centration of both Avi-GCPII and mutein resin beads within the
incubation mixture. Similar behavior was also observed during
purifications of several Avi-GCPIl mutants and homologs (data
not shown).

Tags covalently attached to purified protein are useful tools for
subsequent visualization or immobilization and are often retained
with the target protein. In the case of AviTEV tag, the covalently at-
tached biotin enables easy visualization, immobilization, or spe-
cific uptake of the target protein. Since the AViTEV tag is not
effectively cleaved from its fusion partner by TEV protease, we
focused on a detailed analysis of its influence on the biochemical
features of rhGCPIL

We were able to crystallize Avi-GCPIl under conditions identical
to those used for the non-tagged enzyme, suggesting that the Avi-
TEV tag does not influence the ability of Avi-GCPII to crystallize. In
fact, we showed that the structure of Avi-GCPIl is virtually identical
to that of rhGCPIL A lack of interpretable electron density for the
AVITEV tag indicates that this motif is likely disordered. Further-
more, we solved a structure of the AviTEV-tagged extracellular part
of Naaladase L (amino acids 28-740), a GCPII homolog, in which
the AViTEV tag was also not visible (manuscript in preparation).
Those findings, together with a previously reported study of the
structure of maltodextrin-binding protein fused with biotin accep-
tor peptide [42], supports the conclusion that the presence of
AVITEV tag does not significantly affect the 3D structure of its
fusion partner.

To determine the effect of AViTEV tag on Avi-GCPIl enzymatic
activity, kinetic constants for cleavage of GCPII substrates Ac-
Asp-Glu and Ac-Asp-Met and the inhibition constant for the potent
GCPII inhibitor 2-PMPA were determined for both Avi-GCPIl and
rhGCPII (see Table 2). The slightly improved catalytic efficiency
of Avi-GCPIl compared to rhGCPIl might be explained by the milder
conditions of the purification procedure used for Avi-GCPIL This
notion was also supported by active site titration measurements.
Purification via AviTEV tag led to Avi-GCPIl molecules that were
nearly 100% enzymatically active, while the standard four-step
purification method yielded only 72% enzymatically active rhGCPIL
The lower relative representation of enzymatically active enzyme
in rhGCPIIl preparation compared to Avi-GCPIl may be caused by
complexity of purification (4 steps versus 1 step) and overall dura-
tion of purification procedure (approximately 5 days versus 2 days)
in the former case. The inactive fraction of rhGCPIl might partially
bind the substrate/inhibitor and thus lower the observed catalytic
efficiency of rhGCPIL The kca; values for rhGCPII presented in Table
2 are not quite in agreement with previously published data
[19,27]. This discrepancy might be caused by different methods
of protein concentration determination (active site titration versus
Bradford assay). Taken together, we can conclude that in this puri-
fication set-up AvViTEV tag does not compromise the enzymatic
activity of its fusion partner.

Even though the N-terminus part of Avi-GCPIl molecule is disor-
dered and accessible for host contaminant protease, the TEV prote-
ase showed to be very inefficient in cleaving off the tag. The poor
processing may be caused by the arginine residue located at the
P2’ position of the TEV cleavage site in Avi-GCPII molecule (see
Fig. 1, panel A). In support of this hypothesis, we checked the enzy-
matic activity of the same preparation of TEV protease and deter-
mined it successfully cleaved different fusion protein containing
TEV cleavage site (data not shown).
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A potential versatility of this purification set-up was confirmed
by successful purification of Avi-GCPII site-directed mutants and
also several of its human paralogs and animal orthologs (data not
shown). Furthermore, a secreted version of a different enzyme, car-
bonic anhydrase IX, with the AviTEV tag on its C-terminus was also
successfully expressed and purified (Mader et al., manuscript in
preparation). It might be relevant to mention that carbonic anhy-
drase Xl is a type | transmembrane protein, and, consequently,
the topology of the AviTEV tag location was the same as for Avi-
GCPII)

In conclusion, we prepared a cell line of stably transfected Dro-
sophila S2 cells with BirA localized within the ER and compared it
with stable cell lines with the cytosolic and secreted forms of BirA.
We showed that BirA localizations within both the ER and the
secretory pathway lead to efficient biotinylation of target protein
while the localization within ER showed slightly better biotinyla-
tion yield. Using this stable cell line we expressed, purified and
characterized recombinant human GCPII. We achieved milligrams
yields of pure protein per liter of culture and showed that AViTEV
tag does not compromise the features of its fusion partner. Since
the interaction is independent of target protein properties, we be-
lieve this purification set-up may represent a versatile and facile
method for efficient expression and purification of secreted recom-
binant proteins in Drosophila S2 cells.
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2.2.2 Paper |1: Compar ative analysis of monoclonal antibodies against GCPI |

Motivation of the study

GCPIl is involved in severa human pathological conditions related to
neurodegenerative and cancerous diseases, as has been extensively reviewed in the
Introductory section (see section 1.7). Therefore, it is not surprising that monoclonal
antibodies (mAbs) against this protein represent an intensively studied and used tool for
GCPII specific targeting.

Unfortunately, even though there are many commercially available mAbs, only small
portion of them is appropriately characterized in terms of their affinity and specificity. This
issue may contribute to the inconsistent results concerning GCPII protein expression
profile (see section 1.6). Additionally, the cross-reactivity of mAbs with close GCPII
homologs, mainly human GCPIIl and mouse GCPII/Il (see section 1.9), has not been
investigated for amost any available mAbs. The lack of knowledge of these basic
characteristics may lead to erroneous interpretation of results obtained during every-day
laboratory work as well as during advanced clinical testing of these mAbs.

Therefore, we decided to collect a panel of the most commonly used mAbs against
GCPIl and analyze them in both qualitative and quantitative manner.

Summary

In the presented study, we collected the 13 most frequently used mAbs against GCPII.
We quantitatively characterized their binding to GCPII by enzyme-linked immunosorbent
assay (ELISA) and surface plasmon resonance (SPR) while simultaneously determining
their ability to recognize either native or denatured form of GCPII. Additionaly, we
investigated potential cross-reactivity of the studied mAbs against human GCPIIl and
mouse GCPII/I11, and using a peptide library we mapped the epitopes of mADbs recognizing
denature form of GCPII.

ELISA and SPR analyses reveaed that mAbs J591, J415, D2B, 107-1A4, GCP-05, and
2G7 bind preferentially to GCPII in its native form, while mAbs YPSMA-1, YPSMA-2,
GCP-02, GCP-04, and 3E6 bind solely to denatured form of GCPII. mAbs 24.4E6 and
7E11-C5.3 recognize both forms of GCPII in similar efficiency. Additionaly, we
determined that GCP-02 and 3E6 cross-react with denatured mouse GCPII, while GCP-04

recognizes denatured GCPII and GCPIII proteins from both human and mouse.
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Finally, we assessed the applicability of these mADbs to routine experimental setups,
including western blot (WB), immunohistochemistry (IHC), and flow cytometry (FC). The

obtained results are summarized in Table 3.

Table 3: Summary of basic characteristics of anti-GCPIl mAbs.
Each mAb is evaluated for its effectiveness on each of the analyzed methods. “-* stand for ‘not
applicable’ while “+++" stands for ‘highly efficient’.

GCPIlin native form GCPIl in denatured form
Antibody
ELISA FC ELISA WB IHC
J591 +++ +++ + + -
J415 +++ +++ - - -
D2B +++ +++ + + -
107-1A4 +++ +++ - - -
2G7 ++ ++ - - -
GCP-05 + +++ - - -
7E11-C5.3 ++ - ++ ++ -
GCP-02 - - +++ +++ +++
GCP-04 - - +++ +++ +++
YPSMA-1 - - ++ +++ +++
YPSMA-2 - - ++ ++ +++
3E6 - - ++ ++ ++
24.4E6 + - + + ++

Thisis afirst comprehensive study of these highly important research tools for GCPII
analysis and targeting. We hope that the presented data will enable more precise and

efficient usage of these mADbs by the researchersin the future.

My contribution
| purified mAbs GCP-02 and 24.4E6 and conducted al ELISA, SPR and WB
experiments. | also participated in FC and IHC experiments and wrote the draft of the

manuscript.
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Comparative Analysis of Monoclonal Antibodies Against
Prostate-Specific Membrane Antigen (PSMA)
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BACKGROUND. Pr()statc-spcciﬁc membrane antigen (PSMA), also known as glutamate
Carb()xypcpﬁdﬂsc IT (GCPI), is generally recognized as a diagnostic and tlmrﬂpcutic cancer
antigen and a molecular address for targeted imaging and drug delivery studies. Due to its
significance in cancer research, numerous monoclonal antibodies (mAbs) against GCPII have
been described and marketed in the past decades. Unfortunately, some of these mAbs are
poorly characterized, which might lead to their inappropriate use and misinterpretation of the
acquired results.

METHODS. We collected the 13 most frequently used mAbs against GCPII and quantita-
tively characterized their binding to GCPIl by enzyme-linked immunosorbent assay
(ELISA) and surface plasmon resonance (SPR). Using a peptide library, we mapped
epitopes recognized by a given mAb. Finally, we assessed the applicability of these mAbs
to routine experimental setups, including Western blotting, immunohistochemistry, and
flow cytometry.

RESULTS. ELISA and SPR analyses revealed that mAbs J591, J415, D2B, 107-1A4, GCP-05,
and 2G7 bind preferentially to GCPII in native form, while mAbs YPSMA-1, YPSMA-2, GCP-
02, GCP-04, and 3E6 bind solely to denatured GCPIL. mAbs 24.4E6 and 7E11-C5.3 recognize
both forms of GCPII. Additionally, we determined that GCP-02 and 3E6 cross-react with
mouse GCPII, while GCP-04 recognizes GCPII and GCPIII proteins from both human and
mouse.

CONCLUSION. This comparative analysis provides the first detailed quantitative characteri-
zation of the most commonly used mAbs against GCPII and can serve as a guideline for the
scientific community to use them in a proper and efficient way. Prostate 74: 1674-1690, 2014.
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INTRODUCTION

Over the past 20 years, prostate specific membrane
antigen (PSMA), also known as glutamate carboxypep-
tidase II (GCPIL), has been investigated for use in
cancer diagnostics and targeted drug delivery due to
its elevated and highly restricted expression in prostate
adenocarcinoma [1]. In 1997, GCPII was also found to
be expressed in the neovasculature of newly formed
solid tumors [2-3]. This finding turned GCPII into an
even more attractive target for diagnostic and thera-
peutic applications [4]. Furthermore, GCPII has become
widely used as a model molecular address for various
targeted drug delivery strategies due to its favorable
features, including its topology (it is a transmembrane
protein with the majority of the molecule facing
outside of the cell [5]), ability to internalize ligands
upon binding [6] and restricted tissue expression [7-11].

Several laboratories are currently studying GCPII from
various perspectives, and the majority of them routinely
use monoclonal antibodies (mAbs) in a variety of
experimental methods [12-15]. There is a large pool of
available anti-GCPII mAbs produced by both academia
and industry. Unfortunately, some of them are not
sufficiently well characterized to allow appropriate use
and interpretation of results. This may occasionally lead
to inconsistent or even contradictory results. For example,
numerous research groups intensively studied the expres-
sion profile of GCPII in the human body The researchers
utilized several detection methods (immunohistochemis-
try (IHC) [2-3,1622], Western blot (WB) [23-24],
enzyme-linked immunosorbent assay (ELISA) [25]) and
various mAbs (7E11-C5.3 [3,18-20,24-25], J591 [218],
PEQ226.5 [18,25], 24.4E6 [20], YPSMA-1 [21], 3D16 [16],
PM2j004.5 [17-18], GCP-04 [23], and 3E6 [22]). Taken
together, the studies provided some clear and consistent
results (e.g., GCPII was detected in prostate tissue in all
studies) but also yielded some major inconsistencies and
contradictions (e.g., expression of GCPII in tumor-associ-
ated neovasculature was detected by some scientists
[16-17,22] but not others [20-21]; the expression of GCPII
in brain was confirmed in some studies [20-21,24] but
not others [3,18-19]).

Therefore, our objective was to gather the most
frequently used mAbs against GCPII and perform
their thorough analysis and comparison. These mAbs
are listed in Table L.

Two mAbs from our collected panel are either in
clinical use or advanced stage of clinical trials. 7E11-

C5.3 was the first mouse mAb developed against
GCPIL It was generated in 1987 by immunizing mice
with crude LNCaP cell lysate, and it recognizes the
intracellular portion of GCPII [29] The "™In radio-
conjugate of 7E11-C5.3 (ProstaScint™) is currently the
only anti-GCPII agent employed in clinical practice. It
is used for detection of prostate cancer recurrence and
metastases [26-28].

J591 is a second-generation mAb that recognizes the
extracellular portion of GCPIL It was prepared and
characterized in 1997 by Liu et al. J591 recognizes
viable LNCaP cells expressing GCPII and enables
visualization of GCPII in frozen tissue sections [2].
J591 has been intensively investigated for potential use
in the clinic. Various conjugates of this mAb have been
prepared and characterized as potential diagnostic
and therapeutic agents, and some are now being tested
in phase II clinical trials [31-39].

We could not possibly cover all available mAbs
against GCPII, but we believe that we included most of
those that are commonly used. The notable exceptions
involve a panel of mAbs prepared in the laboratory of
Dr. Ursula Elsasser-Beile (Universitatsklinikum Frei-
burg, Experimentelle Urologie, Germany) [61] and a
panel of mAbs developed by Progenics [62-63]. These
mADbs were unfortunately not provided to us for the
purpose of this study.

We believe the results of this study will help dlarify
the inconsistent results published in the GCPII litera-
ture. We also hope that our observations will help
scientists choose the most appropriate mAbs for their
experiments and plan them in the most effective
manner (e.g., information about the binding affinity of
a particular mAb would enable facile estimation of its
working concentration). Finally, we point out some
misconceptions and the erroneous performances of
some of the methods involving these mAbs, specific-
ally Western blot and immunohistochemistry.

MATERIALS AND METHODS
Purification of Recombinant Avi-tagged Proteins

The extracellular portion of human GCPII with an
N-terminal Avi-tag (Avi-GCPIl) was prepared as pre-
viously described [64]. Human GCPII homologs (hu-

man GCPIH mouse GCPIl and mouse GCPIII) were
prepared and denoted in a similar fashion. See
Supplementary Material for more details.
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TABLEI List of mAbs Against GCPIll Analyzed in this Study and Their Basic Characteristics (As Found in Appropriate

Publications or Manufacturer’s Datasheets)

Antibody Isotype Producer Applications Epitope References
7E11-C5.3 IgG1 NA WB, THC-Fr/ intracellular [3,18-20,24-30]
P ICC, IP (aa 1-7)
J591 IgG1 NA [HC-Fr, extracellular 12,6,18,31-39]
IP, ICC, WB, ELISA
J415 IgG1 NA [HC-Fr, extracellular 12,517]
IP, ICC, ELISA
D2B IgG1 NA IP, ICC, THC-Fr, WB extracellular [40-45]
107-1A4 IgG1 Abcam (ab140348), ELISA, IHC-P, extracellular [46-47]
Sigma (SAB4200257) [HC-Fr, ICC
YPSMA-1 IgG2b Abcam (ab19071), THC-Fr/P, extracellular [9-10,21,48]
Anogen (MO-T40086A), WB, ELISA, ICC (aa 716-723)
LSBio (LS-B3040),
Abnova (MAB4315),
GeneTex (GTX19071),
Santa Cruz (sc-59674)
YPSMA-2 IgG2b Anogen (MO-T40086B), THC-Fr/P, extracellular [48]
Santa Cruz (sc-69665) WB, ELISA
3E6 IeG1 Dako (M3620) IHC-P extracellular [22,49-52]
(aa 57-134)
2G7 IgG1 NA P extracellular [53]
244E6 IgG1 NA WB, THC-P extracellular [20,54]
(aa 638-657)
GCP-02 IeG1 NA WB, THC-P extracellular [55]
GCP-04 IgG1 Exbio (11-532), WB, THC-P extracellular [23,39,55-58]
Abcam (ab66911) (aa 100-104)
GCP-05 IgG1 Exbio (11-539), 1P, ICC, FC extracellular [59-60]

Abcam (ab66912),
Sigma (SAB4700282)

WB, Western blot; ICC, immunocytochemistry; IP, immunoprecipitation; ELISA, enzyme-linked immunosorbent assay; FC, flow
cytometry; THC-Fr, immunohistochemistry performed on frozen tissue sections; IHC-P, immunohistochemistry performed on paraffin-
embedded tissue sections; aa, amino acid; NA, not available. Positions of mAbs epitopes refer to GCPII sequence of accession number

Q04609-1.

Preparation and Purchase of mAbs

The following mAbs were purchased from com-
mercial sources: YPSMA-1 (Abcam), YPSMA-1 (Ano-
gen), YPSMA-2 (Anogen), 3E6 (Dako) and GCP-05
(Exbio). Antibodies provided as lyophilized powders
were reconstituted according to the manufacturer’s
protocol.

Antibodies D2B (referred to as anti-PSMA in [41]),
107-1A4 [46], GCP-02 [57], GCP-04 [57], 7E11-C5.3 [57]
and 2G7 [53] were prepared as previously described.

Antibody 24.4E6 was purified from hybridoma
supernatant that was kindly provided by Dr. Ching
Y. Wang, using the same protocol as for 2G7 [53]. The
purity of the final 24.4E6 preparation was approxi-
mately 50%, as assessed by silver-stained SDS-PAGE.
Purified mAbs J415 and J591 were a kind gift from
Dr. Neil H. Bander.

The Prostate

Concentration of all mAbs was determined by
absorption at 280nm except for 3E6, which was
purchased as a dialyzed hybridoma supernatant. We
used the 3E6 concentration stated by the manufacturer.

Characterization of mAb Binding by ELISA

All ELISA experiments were performed in a 96-well
plate format at 25°C. First, the NeutrAvidin solution
(Thermo Scientific) was non-specifically immobilized
on the surface. Casein blocker was used to block the
surface of each well. Mono-biotinylated human Avi-
GCPII was then bound to the neutravidin in native
binding buffer (for native GCPII ELISA assay) or in
denaturing binding buffer (for denatured GCPII
ELISA assay). To determine possible mAb cross-
reactivity, human Avi-GCPlI, mouse Avi-GCPII and
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mouse Avi-GCPIII were used in a similar fashion as
human GCPIL. For mAb 7E11-C5.3, intraGCPII peptide
in native binding buffer was used instead of human
Avi-GCPIL Then, solutions of various mAbs prepared
by 2x serial dilution (11 concentrations in total) were
added into the wells, followed by addition of HRP-
conjugated goat anti-mouse polyclonal antibody. The
chemiluminiscent substrate was added into each
well, and the chemiluminiscence was measured. See
Supplementary Material for more details.

Epitope Determination Assay

The protocol described for the native GCPII ELISA
assay was also used for this experiment. A library of
83 biotinylated 18-mer peptides was synthesized.
These peptides, which cover the entire sequence of
human GCPII, were immobilized on a 96-well plate
via neutravidin and then treated with the appropriate
mAb. Experiments without any primary antibody and
with indifferent mouse IgG were also performed as
negative controls. See Supplementary Material for
more details.

Characterization of mAb Binding by SPR

All SPR measurements were performed on a four-
channel SPR sensor platform (PLASMON 1V) devel-
oped at the Institute of Photonics and Electronics (IPE)
of the Academy of Sciences of the Czech Republic,
Prague [65-66]. First, a gold chip was functionalized
with alkanethiols containing carboxylic terminal
groups (Prochimia) in pure ethanol and then mounted
to the prism on the SPR sensor. All experiments were
performed at 25°C. Activation of carboxylic terminal
groups on the sensor surface was performed in situ
by injecting a solution of N-hydroxysuccinimide and
N-ethyl-N-(dimethylaminopropyl) carbodiimide in
pure water. Then, neutravidin was covalently immo-
bilized on the chip surface, followed by a high ionic
strength solution and ethanolamine to wash out
non-covalently bound neutravidin and deactivate
residual carboxylic groups, respectively. Recombi-
nant human Avi-GCPII in PBS was immobilized to
the prepared layer, followed by injection of an
appropriate mAb (D2B, 591, J415, 107-1A4 or 2G7).
Four different mAb concentrations in PBS were used
for each experiment (association phase). Then, PBS
was loaded to the chip to wash out the bound mAb
(dissociation phase).

TraceDrawer 1.5 (Ridgeview Instruments AB) was
used to calculate k,, and k. parameters of mAb
binding. Measurements were performed twice for
each mAb. See Supplementary Material for more
details.

Western Blotting

Western blots were performed using standard pro-
cedures and overnight incubation with appropriate
mAbs, namely GCP-02, GCP-04, YPSMA-1, YPSMA-2,
3E6, 24.4E6, J591 (1 pg/ml) and D2B (10 wg/ml). See
Supplementary Material for more details.

Immunohistochemistry

A prostate adenocarcinoma sample (Gleason score
3 +4) was obtained by radical prostatectomy at Tho-
mayer’s Hospital in Prague. Patient consent and local
ethical commission approval were obtained. Formalin-
fixed paraffin-embedded tissues (3-pm-thick slides)
were used for THC that was performed according to a
standard procedure with overnight incubation of the
anti-GCPII mAbs at 4°C. The mAb concentration
differed depending on the particular experiment, rang-
ing from 0.01 pg/ml to 10 pg/ml. For visualization of
anﬁbody—anﬁgén complexes, the slides were incubated
with Histofine® Simple Stain™ MAX PO (MULTI)
(Nichirei Biosciences Inc.). See Supplementary Material
for more details.

Flow Cytometry

LNCaP and PC3 cells were grown under standard
tissue culture conditions. After reaching 80% conflu-
ence, the cells were trypsinized, harvested, counted
and diluted in 10% FBS/PBS to a final concentration
4 % 10° cells/ml.

The experiments were performed in a 96-well plate
format with 2 % 10°cells in each well. All subsequent
procedures were performed strictly at 4°C to prevent
internalization of a bound primary antibody. An
appropriate mAb was added into each well to reach a
final concentration of 10pg/ml. After 1hour, cells
were washed several times and incubated for another
hour with secondary F(ab’) fragment donkey anti-
mouse [gG (H + L) antibody conjugated with phycoer-
ythrin (Jackson ImmunoResearch). Finally, the cells
were diluted in 10% FBS/PBS, and single cell suspen-
sions were measured on a BD LSRFortessa™ cell
analyzer (Becton, Dickinson and Company). All
experiments (all mAbs and both cell lines) were
measured in triplicate. See Supplementary Material for
more details.

RESULTS

We sorted the mAbs based on the nature of the
antigen they recognize (i.e., GCPII in native or dena-
tured form) since this feature predetermines mAb
effectiveness in all the methods tested. Throughout
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this manuscript, we use the term “GCPII in native
form” to refer to the biophysical properties of GCPII,
that is, properly folded and enzymatically active
protein. We use the term “GCPII in denatured form”
to refer to protein that has been heat-denatured in the
presence of the detergents.

In this study, we used GCPII of two different origins.
For ELISA, SPR, and WB experiments, we used the
extracellular portion of recombinant human GCPII
(Avi-GCPII) or its three homologs (human Avi-GCPIII,
mouse Avi-GCPIl, and mouse Avi-GCPIIL) produced in
insect cells with N-terminal biotin (covalently attached
to the Avi-tag™) [64] while for FC, IHC, and WB
experiments, we used GCPII endogenously expressed
in LNCaP cells or prostate adenocarcinoma tissue.

Quantitative Analysis

The affinities of mAbs for Avi-GCPII were deter-
mined by ELISA and SPR. First, we used ELISA to
qualitatively test the ability of the mAbs to bind Avi-
GCPII in its native or denatured form. Based on these
results, we measured a titration curve for each mAb
and its appropriate antigen. From these measure-
ments, we obtained the 50% saturation binding value,
which describes the affinity of the mAb, and the
maximal saturation signal value, which corresponds to
the overall output signal of the mAb.

Using ELISA, we also tested mAb binding to three
GCPII homologs (human Avi-GCPIIL, mouse Avi-GCPII,

TABLEIl. Characteristics of mAb Binding to Human
Avi-GCPIlin Native Form

Antibody 50% saturation Maximal signal #
D2B 0.07240.013 nM 4.8 2
J415 0.16340.022 nM 39 3
J591 1.404+0.27 nM 6.9 3
2G7 2.89+0.25 nM 1.0 2
107-1A4 3.814+£0.43 nM 2.6 2
24.4E6 365+ 77 nM NC 4
GCP-05 550+ 130 nM NC 2

ELISA experiments under native conditions were performed
with various mAbs to measure their saturation binding curves
to Avi-GCTII. “50% saturation” indicates the mAb concentration
at which 50% of the maximal saturation signal was obtained.
“#" stands for the number of measurements performed. “Maxi-
mal signal” shows the ratio of maximal saturation signals
among all mAbs (the lowest maximal saturation signal was
taken as the standard). The maximal signal values for GCP-05
and 24.4E6 were not calculated (NC) because a different amount
of immobilized Avi-GCPII was used in those experiments. 50%
saturation values are shown as arithmetic means with weighted
standard errors calculated from the individual measurements.
The saturation curves for each mAb are shown in Fig. S1 in the
Supplementary Material.
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and mouse Avi-GCPIII). Additionally, to gain an even
better understanding of the binding event, we used SPR
to determine the kinetic profile of binding for the tight-
binding mAbs against Avi-GCPII in native form.

ELISAUsing Avi-GCPIl in Native Form

mAbs that bind to Avi-GCPII in native form are listed
in Table II. Our results show that mAbs 2G7, J415, ]591,
D2B and 107-1A4 bind Avi-GCPII very tightly (with
nanomolar to high picomolar 50% saturation values),
while GCP-05 and 24.4E6 bind Avi-GCPII much weakly
(with submicromolar 50% saturation values). Moreover,
a comparison of the maximal saturation values of the
tight-binding mAbs showed an almost sevenfold differ-
ence in maximal signal output (2G7 vs. J591).

ELISA Using Denatured Avi-GCPIl and mAb
Epitope Mapping

mAbs that bind Avi-GCPIl in denatured form are
listed in Table III. The results show a wide range of 50%

TABLE lll. Characteristics of mAb Binding to
Denatured Human Avi-GCPII

Maximal
Antibody 50% saturation signal Epitope  #
GCP-04 0.628 £0.066 nM 54 91-108 2
1591 3.0640.89 nM 1 ND 3
GCP-02 52+12nM 40 271-288 4
3E6 98+£1.7 nM 9 118-135 2
7E11-C5.3 9.9+3.0 nM NC 1-21 2
YPSMA-1 614+17 nM 7 469486 2
YPSMA-2 2164£55 nM 42 469-486 3
24 4E6 267 +£49 nM 5 640-657 2

ELISA experiments under denaturing conditions were per-
formed with various mAbs to measure their binding to Avi-
GCPI (for 7E11-C5.3, a synthetic biotinylated peptide was
used). “50% saturation” indicates the mAb concentration at
which 50% of the maximal saturation signal was obtained. “#”
stands for the number of measurements performed. “Maximal
signal” shows the ratio of maximal saturation signals among; all
mAbs (the lowest maximal saturation signal was taken as
standard). “Epitope” indicates the sequence of the biotinylated
peptide used in the epitope determination assay. Positions of
mAb epitopes refer to the GCPII sequence of accession number
Q04609-1. The assay did not provide any positive results for
J591. In the case of 7E11-C5.3, the sequence of intraGCPII
peptide, which was used for measurement of saturation binding
curve, is stated. The maximal signal value for 7E11-C5.3 was not
calculated (NC) because a different amount of immobilized
antigen was used in the experiment. 50% saturation values are
shown as arithmetic means with weighted standard errors
calculated from the individual measurements. The saturation
curves for each mAb are shown in Fig. S1 in the Supplementary
Material.
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saturation values (from subnanomolar for GCP-04 to
submicromolar for 244E6 and YPSMA-2). The variation
in the maximal saturation signals is even higher, with a
54-fold difference between mAbs GCP-4 and ]591. In
addition to the mAbs listed in Table III, we also
observed detectable binding of D2B to denatured Avi-
GCPIL However, due to the very low signal, we were
unable to obtain an appropriate saturation-binding
curve to characterize this interaction (data not shown).
For measurements with 7E11-C5.3, we used a synthetic
peptide (intraGCPIl peptide) as antigen because the
7E11-C5.3 epitope lies within the intracellular portion of
GCPII, which is not included in Avi-GCPIIL.

To further characterize the epitopes of the mAbs
tested, we used a library of biotinylated peptides that
cover the entire GCPII sequence. Using this library, we
identified the epitopes of all tested mAbs except J591
and D2B. For 7E11-C5.3, GCP-04 and 24.4E6, we
confirmed already known epitopes, and for 3E6, we
substantially narrowed the previously suggested epi-
tope. Furthermore, we identified the epitopes of
YPSMA-1 (aa 469-486), YPSMA-2 (aa 469-486), and
GCP-02 (aa 271-288).

ELISA Using Avi-GCPIl Homologs

None of the tested mAbs recognize human GCPII
homologs (human Avi-GCPIII, mouse Avi-GCPII, and
mouse Avi-GCPIII) in native form. On the other hand,
three of the 13 mAbs tested cross-react with the
denatured form of the human GCPII homologs (see
Table IV). GCP-02 and 3E6 recognize mouse Avi-
GCPII with similar affinity as human Avi-GCPII, but
GCP-02 has a much lower maximal saturation signal
value toward the mouse enzyme. GCP-04 recognizes
all tested homologs, binding to mouse Avi-GCPII
with similar affinity as to human Avi-GCPII and
recognizing both Avi-GCPIII proteins with approxi-
mately 10-fold lower affinity and threefold lower
maximal saturation signal compared to their Avi-
GCPII counterparts.

SPR Using Avi-GCPIll in Native Form

To further characterize binding of the tested mAbs
to Avi-GCPII, we determined their binding kinetics
using SPR. Due to persistent problems with prepara-
tion of a stable denatured Avi-GCPII layer, we were
only able to analyze mAb binding to Avi-GCPII in its
native form. We performed this kinetic analysis for
mAbs J415, ]591, 107-1A4, D2B, and 2G7. GCP-05 and
24 4E6 did not provide sufficient signal for proper
measurement.

The results (summarized in Table V) show similar
kinetic profiles for mAbs J591 and 2G7, with dissociation

TABLEIV. Characteristics of mAb Binding to Denatured
Avi-GCPIlHomologs

Maximal
Antibody  50% saturation signal Antigen #
GCP-02 52+12nM 16.3 human GCPII 2
2.524+0.44 nM 1.0 mouse GCPII 3
3E6 9.8+1.7 nM 1.0 human GCPII 2
28.6 +3.0 nM 1:3 mouse GCPII 2
GCP-04 0.628 + 0.066 nM 34 human GCPII 2
2.62+0.13 nM 29 mouse GCPIT 2
50.4 +£9.3 nM 1.0 human GCPIII 2
293+3.3nM 1.3 mouse GCPIII 3

ELISA experiments were performed under denaturing condi-
tions with various mAbs to determine their binding affinity
toward human Avi-GCPIII, mouse Avi-GCPII and mouse Avi-
GCPIHI. “50% saturation” indicates the antibody concentration
at which 50% of maximal saturation signal was obtained. “#”
stands for the number of measurements performed. “Maximal
signal” shows the ratio of maximal saturation signals for one
mADb and several GCPII homologs (the lowest maximal satura-
tion signal was taken as the standard). 50% saturation values are
shown as arithmetic means with weighted standard errors
calculated from the individual measurements. The saturation
curves for each mAb are shown in Fig. S1 in the Supplementary
Material.

constants (Kp values) in the subnanomolar range. 107-
1A4 had a very high association rate (ko value) but also
the highest dissociation rate (k,¢ value) leading to a
similar Kp as those calculated for J591 and 2G7. J415
and D2B showed high k,, and very low k. values. The
ko values were under the detection limit of our SPR
instrument. However, our results indicate that the Kp

TABLEYV. Kinetic Parameters of mAb Binding to Avi-
GCPIlin Native Form

knr\ knfl’ KL)
Antibody [10* (M*s) Y [10~°s7Y [1072 M]
7415 110.54+3.5 <2 < 0.018
D2B 492+31 <2 < 0.041
107-1A4 46.1+1.3 10.24+3.8 0.221 + 0.083
2G7 11.4540.78 41+15 0.36 +£0.13
7591 11.15 +0.64 84415 0.75+0.14

Recombinant human Avi-GCPII was immobilized via biotin to
the SPR chip. Four different concentrations of each mAb were
applied to the layer, and their association and dissociation
curves were measured. Each measurement was performed
twice. The k,, and k. values represent the average of both
measurements with the deviation from the mean. The K¢ values
of J415 and 107-1A4 were below the detection limit of our SPR
sensor and thus could not be reliably determined. The fitted
binding curves for each mAb are shown in Figure 52 in the
Supplementary Material.
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values for these two mAbs are in the picomolar range.
The SPR results are in agreement with the results from
ELISA experiments, in which mAbs J415 and D2B
displayed the lowest 50% saturation values.

Qualitative Analysis

To obtain additional information about the character-
istics of the tested mAbs, we compared them using three
basic techniques: Western blot (WB), immunohistochem-
istry (IHC) and flow cytometry (FC). In the WB analysis,
the protein samples are denatured; therefore, we ana-
lyzed only those mAbs capable of binding to denatured
GCPIL In the other two methods, we exploited a larger
pool of mAbs because the methods can be performed
under both native and denaturing conditions.

Comparison of mAbs inWestern Blot

We used mAbs GCP-02, GCP-04, 3E6, YPSMA-1,
YPSMA-2, 24.4E6, J591, D2B, and 7E11-C5.3 to detect

GCP-04 (1 pg/mL)

GCP-02 (1 pg/mL)

GCPII by Western blot (see Fig. 1). Our sample set
contained a dilution series of purified human Avi-
GCPII and its three homologs, lysate from LNCaP cells
(a cell line endogenously expressing GCPII) and lysate
from prostate adenocarcinoma tissue (only the latter
two samples were used with 7E11-C5.3 because this
mADb has an intracellular epitope and thus does not
recognize the recombinant protein constructs).

Our results show that all the mAbs are able to
detect GCPII under WB conditions. Based on signal
strength, the mAbs can be divided into three groups:
(a) GCP-02, GCP-04 and YPSMA-1, yielding a strong
signal even for low amounts of Avi-GCPII and lysates;
(b) 3E6, YPSMA-2 and 7E11-C5.3, providing an aver-
age signal for detection of GCPII in lysates and the
highest concentration of Avi-GCPII; and (c) 24.4E6,
J591 and D2B, showing weak signals (for D2B, we had
to increase the mAb concentration to obtain a detect-
able signal). Additionally, only mAbs GCP-02, GCP-
04, and 3E6 were able to detect some of the human
Avi-GCPII homologs, which is in agreement with

3E6 (1 pg/mL)
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Fig. 1. Western blot detection of human GCPIl and its homologs by anti-GCPIl mAbs. Samples of purified human Avi-GCPIl and its
homologs (human Avi-GCPIIll, mouse Avi-GCPIl and Avi-GCPIIl), lysate from LNCaP cells and lysate from prostate adenocarcinoma
tissue were resolved by SDS-PAGE, blotted onto nitrocellulose membranes and incubated with various mAbs. Sample legend: |. mouse
Avi-GCPIIl - 10 ng, 2. mouse Avi-GCPIl - 10 ng, 3. human Avi-GCPIIl - 10 ng, 4. human Avi-GCPIl — 10 ng, 5. human Avi-GCPIl -5 ng, 6. human
Avi-GCPIl - I ng, 7. human Avi-GCPIl - 500 pg, 8. human Avi-GCPII —200 pg,9. empty line, 10. LNCaP lysate —20 j.g total protein |I. empty
line, I12. prostate adenocarcinoma lysate — 50 ug total protein. The chemiluminiscence detection was performed identically for all mAbs.
A: Figures were not processed with a graphical editor. B: Contains the same figures as in panels A, but processed with a graphical editor
(changesin color contrast and levels) to highlight the chemiluminiscence signal.
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results from ELISA. In Figure 1, panels “A” serve for
proper comparison of the signal outputs of the tested
mAbs (images were not processed with a graphical
editor), while panels “B” show images that were
individually processed with a graphical editor to
highlight the chemiluminiscence signal.

Comparison of mAbs in Immunohistochemistry

We prepared formalin-fixed paraffin-embedded tis-
sue sections (this preparation method leads to com-
plete denaturation of the sample proteins) from
high-grade prostate adenocarcinoma and tested the
ability of our mAb panel to visualize GCPII. We tested
the mAbs at a concentration of 10 png/ml. As shown in
Figure 2, only mAbs GCP-02, GCP-04, YPSMA-1,
YPSMA-2, 3E6, and 24.4E6 provide visible staining of
GCPII in tissue sections. Even though the strength of
staining is different among these six mAbs, they all
provided clear visualization of GCPIL

Additionally, we performed an experiment with
these mAbs to map the dependence of the output
signal on the mAb working concentration. As shown
in Figure 3, all tested mAbs were able to visualize
GCPII in tissue sections at a concentration 0.1 pg/ml,
and GCP-04 was effecive even at concentration
0.01 pg/ml

Comparison of mAbs in Flow Cytometry

To assess the ability of the tested mAbs to bind
GCPII in native form, we used flow cytometry and
evaluated their binding to two prostate cancer cell
lines: one endogenously expressing GCPII (LNCaP)
and one lacking this expression (PC3). We incubated
live cells with mAbs (10 pg/ml final concentration)
and investigated the potential binding.

Results from these experiments are summarized in
Figure 4. Based on the overall fluorescent signal of the
cells, the mAbs can be divided into two group:;: a)
mADbs that bind to LNCal® but not to PC3: J591, D2B,
107-1A4, J415, GCP-05, and 2G7 and b) mAbs that do
not bind either LNCaP or PC3 cells: 24.4E6, GCP-02,
GCP-04, 7E11-C5.3, YPMSA-1, YPSMA-2, and 3E6 (see
Fig. 4A).

Additionally, the mAbs binding to LNCalP cells
can be further divided based on their ability to
distinguish the LNCaP and PC3 cell populations. J591,
D2B, 107-1A4, GCP-05, and J415 are able to separate
these populations quantitatively, while 2G7 provides
approximately 60% separation of these populations
(see Fig. 4B).

The results from all our presented experiments are
summarized in a simplified form in Table VI. All tested
mAbs are marked with ” 4 /—" signs to indicate their

TABLE VI. Summary of Basic Characteristics of Anti-
GCPIlmAbs

GCPII in native form GCPII in denatured form

Antibody  ELISA FC  ELISA WB IHC-P
1591 o +++ + + -
Ja15 e+ i - - -
D2B ot +++ + + -
107-1A4 ek +++ - - _
2G7 T ++ - — -
GCP-05 + b - - _
7E11-C5.3" -+ ot e =
GCP-02 - -+ A
GCP-04 - e T
YPSMA-1 - ++ A A
YPSMA-2 - B e ++
3E6 - - R ++ +o+
24 4E6 + 4 + ++

“for this mAb the intraGCPII peptide was used as antigen
instead of GCPII protein. ELISA, enzyme-linked immunosorbent
assay; WB, Western blot; FC, flow cytometry performed under
native conditions; IHC-P, immunohistochemistry performed on
paraffin-embedded tissue sections.

efficacy in the appropriate method (“ 4 + 4 ” meaning
the highest efficacy and “—” meaning not working
at all).

Discussion

The form of the antigen (native or denatured) that
a mAb recognizes and its appropriate binding
constants are the two features that should suffice for
the proper utilization of a given mAb. Therefore, in
our study we did not aim to compare the efficacies
of all mAbs in all applicable methods, but rather
quantitatively analyze the binding of collected
mAbs to their antigens. Our results, together with
the understanding of a particular method’s princi-
ples and some basic biochemical knowledge, should
allow researchers to select the best mAb and con-
ditions for their particular experiments.

Evaluation of Quantitative Analysis Data

The data obtained from quantitative analysis of
mADbs from ELISA experiments can be used to
estimate the efficacies of the mAbs in other methods,
such as WB, IHC, and FC. We can evaluate this
assumption based on the results presented in this
study, including the 50% saturation value (which
reflects binding affinity) and the maximal saturation
signal obtained from ELISA analysis. Comparing
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Fig. 2. Immunohistological staining of prostate adenocarcinoma tissue sections with anti-GCPIl mAbs. Formalin-fixed paraffin-embedded
sections were subjected to the panel of mAbs (all at 10 pg/ml concentration) to compare their abilities to visualize GCPII. The immunoperoxi-
dase method was used for visualization of antibody-antigen complexes, followed by counterstaining with Harris’ hematoxylin. Routine hema-
toxylin and eosin staining (H&E) was also performed to determine the morphological features of the cancer tissue. The specificity of
staining was confirmed by processing one slide with omission of the primary antibody (blank).
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46CP-02 - 0.1pgimL
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YPSMA-2 o 1|.|girnL &

Fig. 3. Immunohistological staining of prostate adenocarcinomatissue sections by different concentration of various anti- GCPIl mAbs. For-
malin-fixed paraffin-embedded tissue sections were subjected to two different concentrations (0.1 g/ml and 0.0l pg/ml) of GCP-02,
GCP-04, YPSMA-|, YPSMA-2, 3E6 and 24.4E6. The immunoperoxidase method was used for visualization of bound mAbs, followed by

counterstaining with Harris’ hematoxylin.

the 50% saturation value to the working mAb
concentration used in a certain method (e.g., WB)
indicates whether the mAb is saturated with the
particular antigen. The maximal saturation signal
provides an estimate of the maximal signal output
given by the mAb in a particular method. However,
it is important to keep in mind that these are only
rough estimates because the conditions used for
the method studied (e.g.,, WB) differ slightly from
the conditions used for quantitative analysis (e.g.,
ELISA).

GCP-02 and GCP-04 should provide the best WB
results based on the ELISA experiments, and they are
indeed the most sensitive mAbs from the panel
YPSMA-2 has a high maximal saturation signal as
well, but also a high 50% saturation value (the
working concentration of mAbs in WB was approxi-
mately 7nM). Therefore, it did not provide a very
strong signal. In this case, increasing the mAb concen-
tration should significantly improve the signal output.
On the other hand, increasing the mAb concentration
is unlikely to greatly improve the results for J591 and
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Fig. 4. Flow cytometry analysis of mAb binding efficacy to viable prostate cancer cell lines. Single cell suspensions of cell lines that possess
(LNCaP) or lack (PC3) endogenous GCPII expression were mixed with the tested mAbs. The antibody-antigen complex was subsequently
visualized by phycoerythrin-conjugated secondary antibody followed by flow cytometry analysis. For each measurement, 10,000 events
(gated to analyze only living cells) were processed. A: Graph showing the mean fluorescent intensity (MFI) of each mAb for either LNCaPor
PC3 cells. Each experiment was run in triplicate, and error bars represent the standard deviation. B: A series of histograms for each mAb
showing the population distribution based on the fluorescent intensity. Each histogram was created from a single representative experiment.
The LNCaP population is shown in dark grey and the PC3 population in light grey. The number in the top right corner of each histogram
indicates the percentage of the LNCaP population that has a higher MFl signal than the highest 5% of the PC3 population. This number was
calculatedfor each measurement (performedin triplicate), and the mean £ SEM is presented.
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3E6 because they already have very low 50% satura-
tion values, and their weak signals are likely caused
by their low maximal saturation values.

A quantitative comparison of IHC staining is very
difficult to perform. Nevertheless, it appears that GCP-
02 and GCP-04 provided the strongest signals (see
Fig. 2). The working concentration of mAbs in IHC
was approximately 70nM. Such a concentration
should, based on the results from ELISA, provide the
maximal saturation signal for all mAbs except
YPSMA-1, YPSMA-2, and 24.4E6. For those mAbs, an
additional increase in concentration should improve
the signal output obtained upon staining. Even though
we showed that many of the tested mAbs also work at
lower concentrations (as low as 0.07 nM for GCP-04),
it should be noted that we analyzed a sample of high-
grade prostate adenocarcinoma with very high expres-
sion of GCPIL; the expression will likely be much lower
in other tissues. Therefore, we recommend following
the 50% saturation values determined by ELISA
(concentrations 10-fold higher than the 50% saturation
value should provide the highest signal output) to
estimate an appropriate mAb concentration for IHC
experiments.

Interestingly, the mAb 7E11-C5.3 did not provide
any visible staining in our IHC experiments, even
though there is clear and repeated evidence of its
expected “positive” performance throughout the liter-
ature (see references in Table 1). To elucidate this result,
we performed an additional experiment with two
different antigen retrieval buffers (acidic and basic).
This experiment showed that even though basic
retrieval buffer slightly improved the staining, 7E11-
C5.3 still provides very weak to no signal (see Fig. S3).
This might indicate that the intracellular epitope of
GCPII was not accessible under our experimental
conditions (perhaps due to the cross-linking with the
surrounding intracellular proteins during the fixation
step by formaldehyde), suggesting that the IHC proto-
col would require additional optimization to work
efficiently for this particular mAb. This result favors
mADbs with epitopes located in the extracellular por-
tion of GCPII (e.g., GCP-04 or YPSMA-1) over 7E11-
(5.3, because these mAbs likely do not require such
stringent and optimized experimental conditions to
work efficiently.

Data from FC experiments are in general agreement
with the estimations made from the ELISA results.
]591, J415, D2B, and 107-1A4 provided the highest
signals and full separation of the GCPlIl-positive and
GCPlI-negative cell populations. 2G7 showed average
separation, which is probably caused by its low
maximal signal value. mAb 7E11-C5.3 did not bind to
viable LNCaP cells because the mAb was likely unable
to access its intracellular epitope in our experimental

setup. Both 24.4E6 and 7E11-C5.3 were also tested in
FC at a higher concentration (100 pg/ml), yielding the
same negative results (data not shown).

Discrepancies in Proposed mAb Efficacies

Taken together, the results of our quantitative
analysis can be used to estimate mAb efficacy in other
methods. Nevertheless, we observed several examples
of poor data correlation; namely, 7E11-C5.3 efficacy in
IHC and FC, GCP-05 and 24.4E6 efficacy in FC and
YPSMA-1 efficacy in WB. As discussed earlier, 7E11-
C5.3 behaved differently than other tested mAbs
mainly due to its different epitope localization (intra-
cellular vs. extracellular).

GCP-05, which bound to Avi-GCPIlI weakly in
ELISA, provided very good results in FC experiments.
On the other hand mAb 24. 4E6, which showed similar
affinity to Avi-GCPII as GCP-05 in the ELISA assay,
did not work in FC at all. There are at least two
potential explanations for these discrepancies. First,
there is a difference in experimental conditions (e.g.,
working with immobilized antigen in ELISA vs.
working in solution in FC and use of different second-
ary antibodies or different binding buffers). This
problem cannot be overcome and must always be
taken into account. Second, the antigens used for
ELISA and FC originate from different sources. We
performed the ELISA experiments with recombinant
Avi-GCPII protein expressed in insect cells, while FC
was performed with human cell lines. Even though it
has been repeatedly shown that the extracellular
portion of GCPII produced in insect cells is properly
folded, enzymatically active protein [64,67], there is a
difference in the protein’s post-translational modifica-
tion, namely N-glycosylation, compared to that of its
mammalian counterpart.

There is little information about the epitopes of mAbs
binding to GCPII in native form and therefore we can
only speculate about the influence of N-glycosylation on
the binding of GCP-05. On the other hand, we have
determined the approximate epitopes of mAbs that bind
to denatured Avi-GCPIL As shown in Fig. 54, the
epitope of 24.4E6 does not contain an N-glycosylation
site, and therefore the discrepant results obtained from
ELISA and FC experiments cannot be explained by this
phenomenon. Contrary to 24.4E6 the determined epi-
tope sequences of YPSMA-1, YPSMA-2, and 3E6 contain
Asn residue which is N-glycosylated suggesting that
these three mAbs could bound differently to GCPII
expressed in insect and mammalian cells. However, the
results from WB experiment where both recombinant
Avi-GCPII from insect cells and endogenous GCPII
were detected (see Fig. 1) shows that these mAbs
recognize both forms of GCPII with similar affinity and
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thus N-glycosylation does not play role in the recogni-
tion of GCPII by these mAbs.

Specificity of mAbs Against Different Forms of
GCPII

Our results suggest that most mAbs recognize
GCPII either in its native or denatured form. The
exceptions are 24.4E6 and 7E11-C5.3 because their
epitopes probably adopt the same conformation
regardless of the GCPII state. Additionally, we
observed binding of J591 and D2B to denatured
GCPII, but in comparison to their affinity toward
the native protein, this binding was negligible. We
hypothesize that the process of denaturation in some
methods was incomplete, and a small portion of
the protein (or at least the appropriate antibody
epitope) remained in the native state. This hypothe-
sis is supported by the fact that epitope determina-
tion assays using the panel of synthetic peptides
were inconclusive for J591 and D2B. This would
suggest that these mAbs require some additional
structural motive (secondary structure) for efficient
binding and they do not bind to a single unstruc-
tured polypeptide chain.

On the other hand, 244E6 showed very similar
binding to Avi-GCPII in both native and denaturing
ELISA setups. Since for this particular mAb the
amount of immobilized Avi-GCPII was identical
(10ng per well) in both experiments, the incomplete
denaturation of Avi-GCPII in the denaturing ELISA
setup or partial denaturation of Avi-GCPII in the
native ELISA setup would not explain the observed
binding. In addition, the epitope determination assay
provided a positive result for 24.4E6, unlike J591 and
D2B. Both facts support the finding that 24.4E6 can
bind to both the native and denatured forms of
Avi-GCPIL

Results from the epitope determination assay were
also helpful in predicting and validating the cross-
reactivities of the mAbs with close GCPII homologs in
denatured form. In this case, cross-reactivity is exclu-
sively dependent on the protein sequence similarity.
Therefore, it was not surprising to observe cross-
reactivity of 3E6 with mouse Avi-GCPII because the 3E6
epitope sequences of mouse and human GCPII are
identical (see Fig. S4). We can also tum this approach
around and narrow the determined 18 aa epitope for
YPSMA-1 and YPSMA-2, which do not recognize
mouse Avi-GCPIL Because the only difference between
human and mouse GCPIL in this region is Lys482, which
is a GIn residue in mouse GCPII, the epitopes of these
mAbs are likely located around this residue. Interest-
ingly, the determined epitope for YPSMA-1 does not
correspond to the suggested epitope (aa 716-723;
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information taken from Abcam datasheet). To address
this discrepancy, we tested two different batches of
YPSMA-1, from Anogen and Abcam. Both these mAbs
provided identical results in our epitope determination
assay.

Advantages and Disadvantages of the
Comparative Analysis Approach

Finally, we should note that we performed all
qualitative experiments with the same mAb concen-
trations (with the exception of D2B in WB) because we
focused primarily on comparative analysis of the
tested mAbs. The consequence of this approach was
that in some cases we performed an experiment with a
mAD concentration that was too low compared to its
corresponding 50% saturation value (e.g., YPSMA-2 in
WB) and thus did not obtain optimal results.

Additionally, direct comparison of our results with
those presented in the literature is difficult because
use of different instrumentation and protocols can
influence the results. Therefore, we decided to per-
form a large-scale comparative study of anti-GCPII
mAbs rather than characterize only mAbs developed
in our lab. For example, our results do not disprove
the fact that J591 can recognize GCPII with sufficient
sensitivity in WB if the experiment is performed with
a different blotting device or by using a different
blotting membrane or secondary antibody compared
to our WB protocol [2] (in that study, 100 nM J591 was
used). On the other hand, the result suggesting that
J591 works with similar efficacy as GCP-04 in WB as
presented by Wang et al. is quite surprising in light of
our observations [58].

General Remarks on the Lack of Experimental
Detailsin the Scientific Literature

Because comparative studies of mAbs in this field
are lacking, it is very challenging to compare pub-
lished results and determine their biological and/or
clinical relevance. The situation is further complicated
by the fact that the experimental sections of published
papers often lack sufficient and precise descriptions of
the experimental setups. For example, the amount of
protein sample loaded onto a WB or the exact
concentration of primary antibody used is often not
mentioned in the figure legend or Methods sec-
tion [20,39,48]. Sometimes, even the name of the mAb
is not stated clearly and a generalized denotation, such
as “antibody purchased from Abcam,” is given instead
(Abcam currently provides more than 30 different
mADbs against GCPII) [68].

It is even more complicated for methods such as
IHC or ICC, because these methods can generally be
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performed under either native or denaturing condi-
tions. Therefore, even if the mAD is suggested for use
in THC or ICC by its manufacturer, the researcher
should always attempt to check the exact experimen-
tal conditions. For example, IHC from frozen tissue
sections is generally thought to visualize antigen in
its native form. But the experimental protocol often
includes fixation with acetone or methanol, which
leads to complete denaturation of the sample and
therefore requires different mAbs for proper visuali-
zation. If these seemingly minor differences are not
stated explicitly, it may lead to confusion. In the case
of YPSMA-1, several manufacturers state that it
works in ICC and IHC-Fr. These methods are
generally thought to visualize native proteins. There-
fore, it is not surprising that some studies used
YPSMA-1 in experimental setups in which GCPII in
native form was targeted, even though based on
our results YPSMA-1 binds solely to denatured
GCPII [10,69].

To avoid such pitfalls, precise description of experi-
mental details is essential. Unfortunately, this is not
the case for many studies, which use mAbs to visualize
GCPII. For example, the dilution rather than the
working concentration of 3E6, the most frequently
used mAD for visualizing GCPII in IHC experiments, is
almost exclusively stated in the literature [22,49-51].
Unfortunately, 3E6 is provided as dialyzed supernatant
with its concentration determined by the producer, and
this concentration varies batch-to-batch. For example,
we used two batches of 3E6 (#10041132 and #10067501,
which were provided at concentrations of 283 pg/ml
and 81 pug/ ml, respectively) in our study. With such a
difference in concentrations between the batches, it is
not surprising that the dilution of 3E6 used varies from
1:20 to 1:200 in the literature [22,51]. Clearly, in this
case there is no way to calculate the actual working
concentration of 3E6. It is also worth noting that the
customer purchases a volume of supernatant, so the
actual amount of mAb purchased differs for each
batch.

The lack of detailed information regarding exper-
imental procedures may be partially caused by
the ongoing efforts of scientific journals to reduce
the length of published articles as much as
possible; the Materials and Methods sections are
most often the first choice for truncation. Even
though this effort is understandable, it should not
be done at the expense of scientific accuracy. The
authors may try to overcome this issue by provid-
ing a simplified method description in the main text
and full detailed experimental descriptions in the
Supplementary Material (as is already suggested by
some of scientific journals, e.g., Science).

CONCLUSION

We performed a thorough comparative analysis of
13 mAbs against GCPII. We divided them based on
their abilities to bind GCPII in either native or
denatured form and compared their efficacies in basic
molecular biology methods (WB, THC, and FC). We
believe that our observations will help dissect some of
the discrepancies in the published results and that
they will be useful in helping researchers choose the
most appropriate mAb for their experimental setup.
We also dare to hope that the common inaccuracies in
method descriptions that we pointed out will become
less frequent in the future.
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Methods

Purification of recombinant Avi-tagged proteins

The extracellular portion of human GCPII with an N-terminal Avi-tag (Avi-GCPII)
was prepared as previously described [62]. GCPII homologs (human GCPIII, mouse GCPII
and mouse GCPIII) were prepared in a similar fashion.

Briefly, the DNA sequences coding for extracellular portions of human GCPIII, mouse
GCPII or mouse GCPIII proteins were nserted into plasmid pMT/BiP/AviTEV/tThGCPII in
place of the rhGCPII sequence (coding for extracellular portion of human GCPII), yielding
plasmids encoding human GCPII (pMT/BiP/AviTEV/thGCPIII), mouse GCPII
(PMT/BiP/AVITEV/rmGCPII)  and mouse GCPII  (pMT/BiP/AviTEV/rmGCPIII).
Subsequently, Drosophila S2 cells, stably transfected with E. coli biotin-protein ligase
localized within the ER, were additionally transfected with the above-mentioned plasmids
using calcium-phosphate transfection protocol (Life Technologies). Large-scale expressions
of Avi-tagged proteins were performed, and one-step purification was carried out on
Streptavidin Mutein Matrix™ (Roche), yielding >90% pure protein of interest.

The prepared proteins contain an Avi-tag™ and TEV cleavage site N-terminally fused
with the extracellular portion of the respective protein (human GCPIIL, aa 36-740; mouse
GCPII, aa 45-752; mouse GCPIII, aa 36-740). The recombinant proteins are denoted human
Avi-GCPIII, mouse Avi-GCPII and mouse Avi-GCPIII. The concentration of purified
proteins was determined using a Biochrom30 amino acid analyzer (Biochrom) following the

manufacturer’s protocol.

Characterization of mAb binding by ELISA

ELISA experiments were performed in a 96-well plate format using polystyrene F96
Nunc MaxiSorp™ MicroWell™ plates (Thermo Scientific). All procedures were carried out
at 25 °C. All incubations and washes were performed on a shaker at 200 RPM and 450 RPM,
respectively.

First, 100 uL of 83.3 nM NeutrAvidin solution (Thermo Scientific) was immobilized
in 100 mM sodium borate, pH 9.5, in each well for 1 h. The wells were washed twice with
250 uL of TBS (20 mM Tris-HCL, 150 mM NaCl, pH 7.4), incubated with 200 pL of Casein
Buffer 20x-4x Concentrate 1 (SDT) diluted 20x in TBS for 1 h and washed twice with 250 uL
of 0.05% Tween-20 in TBS. Then, an appropriate antigen was immobilized on neutravidin-

coated wells.
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For the native GCPII ELISA assay, 100 pL of 0.4 nM recombinant human Avi-GCPII
in native binding buffer (0.1% Tween-20 in TBS) was used. In the case of antibodies GCP-05
and 24.4E6, 100 puL of 1 nM of Avi-GCPII was used to ensure sufficient signal read-out. For
7E11-C5.3, 100 pL of 10 nM intraGCPII peptide in native binding buffer was used. This
peptide consists of the first 21 amino acids of the GCPII sequence with an N-terminal biotin
linked through the e-amino group of lysine and a TTDS (l-amino-4,7,10-trioxa-13-
tridecanamine succinimic acid) linker. For the denatured GCPII ELISA assay, recombinant
human Avi-GCPII, human Avi-GCPIII, mouse Avi-GCPII or mouse Avi-GCPIII stock
solutions were denatured in 1% SDS solution for 15 min at 70 °C. Subsequently, these stock
solutions were diluted at least 100-fold with denature binding buffer (50 mM Tris-HCI,
150 mM NacCl, 0.2% Tween-20, 0.08% SDS). A 100 uLL aliquot of such prepared 1 nM
protein solution was immobilized on neutravidin.

The protein/peptide solution was incubated for 1 h with pre-bound neutravidin and
washed three times with 250 pL of 0.05% Tween-20 in TBS. Then, 100 uL of various mAbs
solutions prepared by 2x serial dilution (11 concentrations in total) in 0.1% Tween-20 in TBS
was incubated with immobilized antigen. Based on the signal strength, the highest
concentration of the dilution series was either 67 nM or 670 nM. The antibody was incubated
with antigen for 1 h, and wells were then washed three times with 250 pL. of 0.05% Tween-20
in TBS. Afterwards, 100 pL. of 2.7 nM HRP-conjugated goat anti-mouse antibody (Thermo
Scientific) in 0.1% Tween-20 m TBS was added to each well and incubated for 1 h, followed
by three washes with 250 pL of 0.05% Tween-20 in TBS.

The chemiluminiscence substrate was prepared (2.5 mM luminol (Sigma-Aldrich),
2 mM 4-iodophenol (Fisher Scientific), 0.018% hydrogen peroxide (Sigma-Aldrich), 100 mM
Tris-HCI, pH 8.8). A 175 pLL aliquot of substrate solution was added to each well, and the
chemiluminiscence was immediately measured for 500 ms on an Infinite® M1000 PRO

(TECAN).

Epitope determination assay

The protocol described for the native GCPII ELISA assay was also used for this
experiment, with minor modifications. A library of 83 18-mer peptides (custom-made by
PepScan, Lelystad) biotinylated at their N-termini and linked to the peptide through 6-
aminohexanoic acid was synthesized. These peptides cover the entire sequence of human
GCPII with nine amino acid overlap between the peptides. All cysteine residues in the library

were substituted with serine to prevent the formation of disulfide bridges. Each peptide was
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immobilized in one well of a 96-well plate (100 uL of 2.5 uM peptide solution) and treated
with the appropriate primary mAb; YPSMA-1 (6.7 nM), YPSMA-2 (6.7 nM), GCP-02
(6.7 nM), GCP-04 (6.7nM), 244E6 (6.7 nM), 3E6 (0.67nM), J591 (6.7nM) or D2B
(6.7 nM). Experiments without any primary mAb and with mdifferent mouse IgG (Thermo

Scientific) were used as negative controls.

Characterization of mAb binding by SPR

All surface plasmon resonance measurements were performed on a four-channel SPR
sensor platform (PLASMON IV) developed at the Institute of Photonics and Electronics
(IPE), AS CR, Prague [63-64]. First, the SPR chip (provided by IPE) was loaded into a pure
ethanol mixture of HS-(CH3);,-PEG4-OH and HS-(CH,),;-PEG¢-O-CH,-COOH alkanethiols
(Prochimia; mixed in a 7:3 ratio) with a final concentration of 0.2 mM and incubated for 1 h
at 37 °C. The chip was rinsed with ethanol and deionized water, dried with nitrogen flow and
mounted to the prism on the SPR sensor. Experiments were performed at 25 °C.

Activation of carboxylic terminal groups on the sensor surface was performed in situ
by injecting a solution of 0.1 M N-hydroxysuccinimide (NHS) and 0.5M 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC) in deionized water (Biacore) for
5 min at a flow rate of 20 pl/min. The remainder of the experiment was performed at a flow
rate of 30 uL/min. Afterwards, a 0.02 mg/mL neutravidin solution in 10 mM sodium acetate
buffer, pH 5.0, was loaded for 8 min, followed by a high ionic strength solution (PBS with
0.5 M NaCl) and 1 M ethanolamine (Biacore) to wash out non-covalently bound neutravidin
and deactivate residual carboxylic groups, respectively.

A 2.5 pg/mL solution of recombinant human Avi-GCPII in PBS was immobilized to
achieve approximately 20% saturation of binding sites (e.g., around 3 nm change in the
relative response signal). Antibody solutions of various concentrations were then loaded into
each flow-channel for 10 min, followed by 20 min flow of PBS to observe antibody
dissociation. The following antibody concentrations were used: D2B (4 pg/mlL, 2 pg/ml,
I pg/ml. and 0.5 pg/ml), J415 (2 pg/mL, 1 pg/ml, 0.5 pg/ml and 0.25 pg/mL), J591
(20 pg/mL, 10 pg/ml, 5 pg/mL and 2.5 pg/ml), 2G7 (20 pg/mL, 10 pg/ml, 5 pg/mL and
2.5 ng/mL) and 107-1A4 (8 ng/mL, 4 ug/mL, 2 pg/mL and 1 pg/mL).

TraceDrawer 1.5 (Ridgeview Instruments AB) was used to calculate k,, and kg
parameters of antibody binding. The One-To-One interaction model for fitting was used for
all antibodies except J415. We used the One-To-One model with mass diffusion correction for

J415 due to the very high association rate of this antibody. Change in signal due to the bulk

-59-



effect was added manually for antibody 107-1A4. For all other mAbs, this effect was not

observed and was manually set to zero. Measurements were performed twice for each mAb.

SDS-PAGE and Western blotting

Samples were resolved by reducing 0.1% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Following SDS-PAGE, the proteins were electroblotted onto a
nitrocellulose membrane using a Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad). The
membrane was blocked with Casein Buffer 20x-4x Concentrate 1 (SDT) diluted 20-fold in
TBS for 1h and subsequently incubated overnight with GCP-02, GCP-04, YPSMA 1,
YPSMA 2, 3E6, 24.4E6, J591 or D2B. All mAbs were diluted in blocking solution to a
concentration of 1 pg/mL with the exception of antibody D2B, which was diluted to a
concentration of 10 pg/mL. The membranes were washed several times with 0.05% Tween 20
m PBS and mcubated for 1h with HRP-conjugated goat anti-mouse antibody (1 mg/mL;
Thermo Scientific) diluted in Casein Buffer in a 1:25,000 ratio. The membranes were washed
several times with 0.05% Tween 20 in PBS, and the blots were developed using SuperSignal
West Dura Chemiluminiscence Substrate (Thermo Scientific) according to the manufacturer’s
protocol. Reactive bands were visualized by 20 min exposition using 1x1 binning on a

ChemiDoc-It™600 Imaging System (UVP).

Preparation of tissue slides for immunohistochemistry

A prostate adenocarcinoma sample (Gleason score grade 3+4) was obtained by radical
prostatectomy at Thomayer’s Hospital in Prague from a consented patient with the agreement
of the local ethical commission. Subsequently, less-than-3-pum-thick slides of the formalin-
fixed paraffin-embedded sample were prepared from the obtained tissue according to standard
histological procedures. Samples for immunohistological staining were mounted on

SuperFrost*PLUS microscope slides.

Comparison of IHC staining of prostate cancer tissues with various mAbs

The prepared slides were deparaffinized in xylene (incubated twice for 5 min) and
rehydrated through decreasing concentrations of aqueous ethanol (incubated 3 min each in
99%, 96%, 70%, 50% and 30% ethanol and finally 5 min in pure water). Heat-induced
antigen retrieval was performed in the appropriate buffer by warming to 95 °C in a water bath
for 45 min. If not stated otherwise, acidic antigen retrieval buffer (10 mM sodium citrate,

0.1% Tween 20, pH 6.0) was used. For comparison study of antigen retrieval buffers, basic
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bufter (10 mM Tris base, 1.2 mM EDTA, 0.1% Tween 20, pH not adjusted) was also used.
Endogenous peroxidase activity was blocked with 1.5% hydrogen peroxide solution in PBS
for 20 min. Afterwards, the slides were incubated for 1h in 10% FBS/PBS followed by
overnight incubation with various anti-GCPII mAbs at 4 °C. Concentration of the mAbs
differed depending on the experiment. In experiments comparing the ability of various mAbs
to visualize GCPII (Figure 2), the concentration was 10 pg/mlL. In experiments with dilution
series of mAbs (Figure 3), the concentrations were 0.01 ug/ml. and 0.1 pg/mL. In
experiments with different antigen retrieval buffers (Figure S3), the concentration of 7E11-
C5.3 used was 10 ng/mL and the GCP-04 concentration was 1 pg/mlL..

For visualization of antibody-antigen complexes, the slides were incubated with
Histofine® Simple Stain™ MAX PO (MULTI) (Nichirei Biosciences Inc.) diluted 1:1 with
10% FBS/PBS for 1 h at 4 °C. Then, the bound antibody was visualized by either 30 sec (for
10 pg/mL concentration of primary antibody) or 90 sec (for lower concentrations of primary
antibody) staining with diaminobenzidine solution using the stable DAB/Plus kit (Diagnostic
BioSystems). Finally, all sections were counterstained with Harris® hematoxylin (Fluka
Chemie) and mounted in mowiol solution (9.6% (w/V) Mowiol 4.88 (Merck), 24% (w/V)
glycerol, 100 mM Tris-HCL, pH 8.5) for preservation.

Comparison of LNCaP and PC3 cell line staining by various mAbs using flow cytometry

LNCaP and PC3 cells were grown in 100 mm Petri dishes. LNCaP cells were grown in
RPMI-1640 medium (Sigma-Aldrich) with addition of FBS (final concentration of 10%),
while PC3 cells were grown in DMEM-High Glucose medium (GE Healthcare) containing L-
glutamine (final concentration of 4 mM) and FBS (final concentration of 10%). After
reaching 80% confluence, the cells were harvested using trypsin solution (0.25% (w/V)
trypsin and 0.01% (w/V) EDTA in PBS). Cells were counted and their viability was
determined with a Countess® Automated Cell Counter (Invitrogen) using a 0.4% solution of
trypan blue (Sigma-Aldrich) in PBS.

If the viability of cells was higher than 90%, they were washed with PBS and
suspended in 10% FBS/PBS. A 50 uL aliquot of 4 x 10° cells/mL cell suspension was placed
into wells of a polypropylene 96-well plate (round bottom) and incubated 1h at 4 °C. All
following procedures were performed strictly at 4 °C to prevent internalization of a bound
primary antibody. A 1 uL aliquot of antibody solution was added into each well to reach a
final antibody concentration of 10 pg/mlL. After 1 h, cells were pelleted (500 g, 2 min) and
washed twice with 200 pL of 10% FBS/PBS. Then, the cell pellet was suspended in 50 pL of
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a 2.5 pg/mL solution of secondary F(ab”) fragment donkey anti-mouse IgG (H+L) antibody
conjugated with phycoerythrin (Jackson ImmunoResearch) in 10% FBS/PBS and incubated
for 1 h.

Fimally, the cells were suspended in 200 pul. of 10% FBS/PBS, and single cell
suspensions were measured on a BD LSRFortessa™ cell analyzer (Becton, Dickinson and
Company). An appropriate amount of cell suspension was injected to ensure 10,000 measured
events for each well. The gates on side scatter and forward scatter were set to ensure
measurement of viable cells. All experiments (all mAbs and both cell lines) were performed

in triplicate.
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Figure S1: Binding curves of various anti-GCPIll mAbs determined by ELISA.

Each mAb was measured at least twice (the precise number is shown in Tables 2-4). The error bars
indicate standard deviations of the measurements. In the bottom-right corner of each binding curve,
the experimental ELISA setup and the type of antigen are specified. For more experimental details,
see the corresponding section in Supplementary Material. Panel A: Saturation binding curves for
antibodies binding denatured extracellular portion of human GCPII. In the case of mAb 7E11-C5.3,
the biotinylated peptide was used instead of the extracellular portion of GCPIl. Panel B: Saturation
binding curves for antibodies binding denatured extracellular portions of human GCPIl homologs
(human GCPIll, mouse GCPIl and mouse GCPIll). Panel C: Saturation binding curves for
antibodies binding native extracellular portion of human GCPII.
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Figure S2: Kinetic analysis of various mAbs binding to GCPII in native form measured by SPR.
Recombinant Avi-GCPIl was immobilized through biotin-neutravidin interaction. Afterwards, four
different concentrations of each mAb were applied to the immobilized Avi-GCPII. The concentration of
mAbs were as follows: D2B (4 pg/mL, 2 yg/mL, 1 pg/mL and 0.5 pg/mL), J415 (2 pg/mL, 1 pg/mL,
0.5 pyg/mL and 0.25 pg/mL), J591 (20 yg/mL, 10 yg/mL, 5 ug/mL and 2.5 pg/mL), 2G7 (20 ug/mL,
10 pg/mL, 5 pg/mL and 2.5 ug/mL) and 107-1A4 (8 pg/mL, 4 pg/mL, 2 yg/mL and 1 pg/mL). Kinetic
curves were fitted in TraceDrawer 1.5 (Ridgeview Instruments AB). In the case of J415, the One-To-
One model with mass diffusion correction was used. For 107-1A4, the bulk effect of running buffer
was included. For more details, see the corresponding section in Supplementary Material.



Figure S3: Immunohistological staining of GCPII in prostate adenocarcinoma tissue sections
using two different antigen retrieval buffers.

Formalin-fixed paraffin-embedded tissues sections were subjected to two different antigen retrieval
protocols (using either acidic citrate-based buffer or basic Tris/EDTA-based buffer) and two mAbs
(7TE11-C5.3 at 10 pg/mL concentration and GCP-04 at 1 ug/mL concentration) to compare their
ability to visualize GCPIl. The immunoperoxidase method was used for visualization of hound
antibodies, followed by counterstaining with Harris’ hematoxylin. For more details, see the
corresponding section in Supplementary Material.
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Figure S4: Alignment of protein sequences of human GCPIl and GCPIIl and their mouse
counterparts, with epitopes of several mAbs highlighted.

Epitopes determined by epitope determination assay using a synthesized peptide library are
marked with dashed black rectangles. Black rectangles mark previously known mAb epitopes that
are more specific than those determined by epitope determination assay. A gray rectangle marks
the previously reported epitope of YPSMA-1 mAb. Potential N-glycosylation sites are shown in bold.
Yellow background and red letters indicate the same aa in all sequences. Dark green background
shows aa with highly similar biophysical properties. Light green letters show aa with slightly similar
biophysical properties. Light blue background with dark blue letters indicates the same aa for
several of the aligned sequences.
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2.2.3 Paper I11: Structural and biochemical characterization of NAALADase L

Motivation of the study

Human N-acetylated alpha-linked acidic dipeptidase-liketpn (NAALADase L)
represents one of the closest GCPIl homologs wifiraximately 37% sequence identity
and conservation of zinc coordinating residues el &g catalytic glutamate. Even though
the protein was identified in 1997 by Shneidgral. [197] only one additional study
describing NAALADase L has been published to dag&Y].[ Both these studies
characterized expression and enzymatic activithAALADase L. However, they did not
use purified recombinant protein and their reswkse somewhat inconsistent.

Therefore, we decided to prepare recombinant NAABA®L and thoroughly
describe its structure, expression profile and sratic activity. Additionally, being a close
GCPII homolog, we hoped that elucidation of a pblgsjical role of NAALADase L could
shed some light on the potential non-enzymatic ttancof GCPII; a question which is

actively pursued in a GCPII research field.

Summary

Using previously established Avi-tag based expogssind purification system, we
prepared and purified extracellular portion of NAADase L (Avi-NaallL) and its putative
catalytically ineffective mutant Avi-NaalL(E416A)We prepared diffraction quality
crystals of Avi-NaalL and refined the final model 1.75 A resolution (see Figure 11A,
p. 68). The structure analysis revealed that AvalNatructure is highly similar to that of
GCPIl, including complete conservation of aminodaciindispensable for hydrolase
activity.

Additionally, we analyzed the expression profile MAALADase L on both mRNA
and protein level. We detected high levels of mRddAling for NAALADase L in several
tissues such as testis, small intestine, coloreespland ovary. On the other hand, we
observed highly restricted expression of NAALAD&sen a protein level detecting the
expression predominantly in a small intestine. Ehdesta suggested that the mRNA coding
for NAALADase L probably undergoes extensive alégire splicing.

Finally, we investigated the enzymatic activity MAALADase L. We disproved its
previously reported DPP IV-like activity and demwated that the recombinant protein
derived from theNAALADL1 gene possesses aminopeptidase activity. NAALADase
degrades peptide substrates from their N-termitil iimeaches an acidic residue at P2' or
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proline residue at P3'. If there is none of thesena acids present within the peptide
sequence, NAALADase L processes the peptide tdesiagnino acids. Furthermore, we
identified Glu416 as a critical residue for promgrzymatic activity of NAALADase L
probably functioning as a proton shuttle (see FBdLEB).

A /fh\ Py —‘5(7‘ B R-I-K-L-N-W-F-S [l tl‘yptoplixan.
« i i\/}\'//"‘k/) = 3 N (TI/T\ I-K-L-N-W-F-S[l] phenylalanine[]
¢ 's \ Q;j\ c'te!{nlnal, :j%]/}A q 1000
o« I (~ AN apleal | |
Ut —¢ [ i B
> ’ % 600 {
QL en 3
‘é S 400
) :
Q

=
o
o

random
peptide

Avi-NaalL
(E416A)

I protease-like Avi-NaalL

Figure 11: Structure and enzymatic activity analysis of NAALADase L.

Panel A: Overall structure of NAALADase L dimer shown in ribbon representation. One monomer is
shown in wheat, and the other is colored based on its domain organization. The zinc ions are
shown as magenta spheres and calcium ions as blue spheres. The carbohydrate moieties are
depicted as cyan sticks with oxygen atoms in red and nitrogen in blue. The disulfide bond between
Cys296 and Cys313 is shown as a green stick. Panel B: Cleavage analysis of a random peptide by
NAALADase L showing that the putative inactive mutant is incapable of effective cleavage and that
the NAALADase L is able to completely process the peptide to individual amino acids.

Based on NAALADase L newly identified enzymatic iaity and highly restricted
protein expression, we suggested a new name ®ettayme: human ileal aminopeptidase

(HILAP) and hypothesized that this protein physgadal role in human is likely connected
to a peptide/protein degradation.

My contribution:
| prepared the expression plasmids and performefigation of Avi-tagged proteins,
refined Avi-NaalL X-ray structure, conducted allzgmatic experiments except for the

PICS analysis, performed protein expression prafitalysis, and wrote the draft of the
manuscript.
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Background: A protein product of NAALADLI
gene 1s a homolog of glutamate carboxypeptidase
I, a metallopeptidase studied as a promising
theranostic cancer agent.

Results: We solved x-ray structure and analyzed
substrate specificity of NA4LADLI gene product.
Conclusion: We demonstrated that the protein
represents a novel human ileal aminopeptidase.
Significance: This study describes novel enzyme
involved in protein/peptide digestion in small

intestine and clarifies controversial previous
reports.
ABSTRACT

N-acetylated alpha-linked acidic

dipeptidase-like  protein (NAALADase L),
encoded by the NAALADLI gene, is a close
homolog of glutamate carboxypeptidase II
(GCPII), a metallopeptidase that has been
intensively studied as a target for imaging and
therapy of solid malignancies and
neuropathologies. = However, neither the
physiological functions nor structural features
of NAALADase LL are known at present. Here,
we report a thorough characterization of the
protein product of the human NAALADLI gene,
including heterologous overexpression and
purification, structural and biochemical

characterization, and analysis of its expression
profile.

By solving the NAALADase L. X-ray
structure, we provide the first experimental
evidence that it 1is a zinc-dependent
metallopeptidase with a catalytic mechanism
similar to that of GCPII, yet distinct substrate
specificity. A proteome-based assay revealed
that the NAAILADILI gene product possesses
previously unrecognized aminopeptidase
activity, but no carboxy- or endopeptidase
activity. These findings were corroborated by
site-directed mutagenesis and identification of
bestatin as a potent inhibitor of the enzyme.
Analysis of NAALADLI gene expression at both
the mRNA and protein levels revealed the small
intestine as the major site of protein expression
and points towards extensive alternative
splicing of the NAALADL]I gene transcript.

Taken together, our data imply that the
NAALADLI gene product’s primary
physiological function is associated with the
final stages of protein/peptide digestion and
absorption in the human digestive system.
Based on these results, we suggest a new name
for this enzyme: human ileal aminopeptidase
(HILAP).

Copyright 2015 by The American Society for Biochemistry and Molecular Biology, Inc.
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INTRODUCTION

Human N-acetylated alpha-linked acidic
dipeptidase-like  protein  (NAALADase L) 1is
encoded by the NAALADLI gene localized at
chromosome 11ql2. The gene spans more than
14 kbp and contains 18 exons (1). Translation of
the mRNA transcript vields a 740-amino-acid type
IT transmembrane protein. According to the
MEROPS database, NAATL ADase L belongs to the
M28B metallopeptidase subfamily (MEROPS ID:
M28.011). Glutamate carboxypeptidase II (GCPII),
which shares 37% sequence identity and 50%
similarity with NAALADase L, is another member
of this subfamily.

In 1997, Shneider er al. identified a
NAALADase L protein (designated as 1100) in rat
ileum. They analyzed mRNA expression in rat and
human tissues, raised polyclonal antibody against
1100, and detected DPPIV activity in an
immunoprecipitate from rat ileum (2). The only
other report to date describing the NAALADLI
gene product was published by Pangalos et al. in
1999 (1). These researchers performed a
comparative analysis of the human NAALADLI
gene product and its two close paralogs
NAALADase I and NAALADase II, which are
now known as GCPII and GCPIII, respectively.
They gave the protein 1its current name,
NAALADase L, based on the close homology of
these enzymes. They cloned NAALADase L
cDNA, identified its position in the human
genome, analyzed 1its alternative splicing, and
detected DPPIV activity in NAALADase L-
transfected cell lysate. Additionally, they detected
DPP IV activity in GCPII- and GCPIII-transfected
cell lysates. However, this activity was
subsequently not confirmed for GCPII and GCPIII
in experiments with purified recombinant protein
(3-4).

In the present study, we performed a
thorough structural and biochemical
characterization of the human NAALADLI gene
product using a purified recombinant protein
preparation to elucidate the physiological role of
the protein.

EXPERIMENTAL PROCEDURES
Cloning NAALADase L ¢cDNA and preparation
of expression plasmids

Two plasmids, A (ID LIFESEQ95147340)
and B (ID LIFESEQ4181072), containing cDNA

coding for NAALADase I were purchased from
Open Biosystems (now GE Healthcare). The
extracellular portion of NAALADase L (AAs 28-
740) was amplified from plasmid A, and Be/T and
Xhol restriction sites were introduced by PCR

using primers FNAL28BcII
(aaatgatcaatccccaaaaaagecaactcactggce) and
RNAL740Xhol

(treetegagteatcagaggteagecacaggee).  The PCR

product was then ligated via Bg/ll and Xhol
restriction sites into pMT/BiP/V5-HisA (Life
Technologies), resulting in pMT/BiP/rhNaall.28-
740. Sequencing identified two mutations in
pMT/BiP/thNaall.28-740  (resulting in AA
mutations L364P and 1393P). Therefore, the
mutated part of DNA was replaced with the
corresponding DNA from plasmid B utilizing Neol
and Kpnl cleavage sites to insert leucine residues at
the proper positions in the plasmid DNA.
Additional sequencing confirmed that the
mutations were repaired.

For preparation of N-terminal His-tagged
NAALADase L, the extracellular portion of the

protein  (AA 28-740) was amplified from
pMT/BiP/thNaall.28-740 using primers
FNAL28Ndel

(aaacatatgatccccaaaaaagecaacteactgge) and

RNAL740Xhol. The PCR product was then ligated
into pET28b via Ndel and Xhol restriction sites,
yielding pET28b-HisNaall..

For preparation of N-terminal Avi-tagged
NAALADase L, the extracellular portion of the
protein  (AA 28-740) was amplified from
pMT/BiP/rthNaall.28-740 using primers
FNAL28BclI and RNAL740Xhol. The PCR
product was then ligated nto
pMT/BiP/AVITEV/thGCPII (5) via Bg/ll and Xhol

restriction sites, yielding
pPMT/BiP/AVITEV/thNaalL. The final protein
construct contains an N-terminal AviTag™

(Avidity) sequence and TEV cleavage site.

The E416A mutation was introduced into
PMT/BiP/AviTEV/rhNaalL using the QuikChange
Site-Directed Mutagenesis Kit  (Stratagene).
Primers RNAL-E416A
(gecaatgageecaaactcegeagecceceagetegc) and
FNAL-E416A
(gcgagetegogegctgegoagtitgggcteattggc) were
used for the PCR reaction, which was performed
according to the manufacturer’s protocol, vielding
pMT/BiP/AVITEV/rhNaallL(E416A).
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The plasmid pET24a HIVprD25N, which
encodes HIV-1(D25N) protease, was created from
pET24a HIVprWT (6), which encodes wild-type
HIV-1 protease, using the QuikChange Site-

Directed Mutagenesis Kit (Stratagene) with
primers RHIV-D25N
(gaagctctattaaatacaggageagatgata) and FHIV-

D25N (tatcatctgetectgtattiaatagagettc) according
to the manufacturer’s protocol.

The sequences of all constructed plasmids
were verified by DNA sequencing.
Preparation of His-NaallL for
immunization

The plasmid pET28b-HisNaallL was used
for large-scale expression of the extracellular
portion (AAs 28-740) of NAALADase L with an
N-terminal His-tag (His-Naall) in E. coli BL21-
CodonPlus-RIL cells using 1mM IPTG for
induction. His-Naall was purified from inclusion
bodies under denaturing conditions. First, the cell
pellet was dissolved in running buffer (8 M urea,
0.5 M Na(Cl, 50 mM Na,HPO,, pH 8.0) and loaded
onto a HisTrap HP (GE Healthcare) column using
an AKTAexplorer LC system (GE Healthcare).
The column was washed with running buffer
containing 10 mM imidazole, and protein was
eluted with | M imidazole. The elution fractions
were pooled and used for mouse immunization.

protein

Preparation of monoclonal antibody against
NAALADase L

Monoclonal antibodies were prepared
according to an established protocol (7). Briefly,
Balb/c mice were intraperitoneally immunized
with purified His-NaallL m 8 M urea (40 pug in
100 pL.) muxed with an equal volume of
incomplete Freund's adjuvant in 3-week intervals.
Hybridoma cells, prepared by fusion of immune
spleen cells and Sp/0 myeloma cells, were cloned
by Iimited dilution and assayed for production of
NAALADase L-specific antibodies by enzyme-
linked immunosorbent assay. Positive selection
was performed against His-Naall and negative
selections against thGCPII and rhGCPIII prepared
in our laboratory (3-4). Four positive hybridoma
clones (1CI11, 3CIll1, 3DI10, and 4E9) were
expanded, and conditioned medium from the most
sensitive hybridoma clone (1C11) was used for
immunoblots. Additionally, we tested the ability of
all four hybridoma supernatants to

immunoprecipitate native Avi-Naall. The results
indicated that these monoclonal antibodies bind
specifically to the denatured form of
NAALADase L (data not shown).

Expression and purification of Avi-NaallL and
Avi-NaalL(E416A)

Preparation and purification of Avi-NaallL
was performed as previously described (5). Briefly,
Drosophila S2 cells expressing E. coli biotin-ligase
(Bird) m the endoplasmic reticulum were
transfected ~ with  pMT/BiP/AviTEV/rhNaallL
(encoding the extracellular portion [AAs 28-740]
of NAALADase L with an N-terminal Avi-tag and
TEV protease cleavage site. Large-scale expression
of Avi-Naall. was performed, and the conditioned
medium  was  concentrated  10-fold. The
recombinant protein was purified on Streptavidin
Mutein Matrix™ (Roche), followed by size
exclusion chromatography on Superdex™ 200
10/300 GL (GE Healthcare) in 10 mM bis-Tris
propane, 150 mM NaCl, pH 7.4. The concentration
of the final protein preparation was determined by
amino acid analysis using a Biochrom30 amino
acid analyzer (Biochrom).

The preparation of Avi-Naall.(E416A)
mutant was performed analogously.

Expression and purification of HIV-1 protease
and HIV-1(D25N) protease

HIV-1 protease was prepared as previously
described (6).

HIV-1(D25N) protein was overexpressed
n E. coli BL2I(DE3)RIL (Novagen) transformed
with pET24a HIVprD25N expression plasmid.
Insoluble recombinant protein, accumulated in the
form of inclusion bodies, was isolated and
solubilized m 50% (v/v) acetic acid. Solubilized
protein was purified by gel chromatography in
50% (v/v) acetic acid, using a Superdex G75 16/60
gel filtration column (Amersham Bioscience).
Fractions containing mutant HIV-1 protease were
pooled, and the protein was subsequently refolded
by drop-wise dilution into a 19-fold excess of
water and additional dialysis against water for 3 h
at 4 °C, followed by subsequent overnight dialysis
against 50 mM MES, 10% (v/v) glycerol, 1 mM
EDTA, 0.05% (v/v) 2-mercaptoethanol, pH 5.8.
The purified protein was stored at —70°C.

Crystallization and data collection
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Avi-NaalLL stock solution (5 mg/mL) was
mixed in a 1:1 ratio with reservoir solution
(0.16 M magnesium formate and 16% [w/v]
PEG 3350). Crystals were grown using the
hanging drop vapor diffusion method at 293 K.
Diffraction quality crystals (0.3x0.2x0.2 mm’)
were obtained by seeding. For diffraction
experiments, crystals were cryo-cooled mn liquid
nitrogen after transferring to cryo-protectant
containing 0.16 M magnesium formate, 16% (w/v)
PEG 3350, and 14% (v/v) glycerol. The diffraction
data were collected at 100 K using synchrotron
radiation at the Southeast Regional Collaborative
Access Team sector 22 beamlines BM of the
Advanced Photon Source (Argonne, IL, USA) with
the X-ray wavelength tuned to 1.0000 A. The
complete dataset was collected from a single
crystal and recorded on a MarMosaic 225 mm
CCD detector. Data processing was performed
with the HKL.2000 software package (8).

Structure determination and refinement

The Avi-NaallL structure was solved by
molecular replacement using the program Phaser
(9) and coordinates of GCPII (PDB entry 2PVW)
as a search model. Subsequent structural
refinement was carried with the program Refmac
5.1 (10). During the refinement process, 1% of
randomly selected reflections were kept aside for
cross-validation (Raee). Refinement was
interspersed with manual corrections aided by the
program Coot (11). The stereochemical quality of
the final model was evaluated using the Web
server MolProbity (12). The final model and
experimental amplitudes were deposited in the
RCSB Protein Data Bank (entry code 4TWE).

Quantitative PCR (qPCR)

Amounts of NAALADII gene transcript
were quantified using two distinct sets of primers.
The first set, Naall. A, contained forward and
reverse primers (sequences cactgggctgeeactacag
and ffgtagacgcicacattcacct) and  fluorescent
hydrolysis Universal ProbeLibrary Probe #3
(Roche). This set was designed to amplify NTs 945
to 1032 i NAALADLI transcript NM 005468,
which covers the region containing exons 6 and 7
and corresponds to AAs 310 to 339 in the longest
ORF. The expected size of the amplified product
was 88 bases; the size of the possibly amplitied
genomic DNA was 758 bases. The second set,

NaalL B, consisted of forward and reverse primers
(sequences afctecteeatggacattge and
getgtgrggtaggtggggta) and fluorescent hydrolysis
Universal ProbeLibrary Probe #41 (Roche). This
set was designed to amplify NTs 1580 to 1656 in
NAALADLI transcript NM_ 005468, which covers
the region containing exons 13 and 14 and
corresponds to AAs 522 to 547 in the longest ORF.
The expected size of the amplified product was 77
bases, while the size of the possibly amplified
genomic DNA was 1024 bases.

All gPCR reactions (10 pl) were carried
out in triplicate 1in sealed 96-well plates
(FrameStar® 480, 4titude) using a LightCycler 480
IT instrument (Roche). Each reaction consisted of
LightCycler 480 Probe Master (Roche) diluted
according to the manufacturer’s protocol, forward
and reverse primers (final concentration 1 uM
each), fluorescent probe (final concentration of #3
was 100 nM: final concentration of #41 was
50nM) and template DNA. Reaction mixtures
without template DNA were prepared as controls.
Moreover, interplate calibrators were included in
each plate. Initial denaturation for 3 min at 95 °C
was followed by 45 cycles of 10 sec at 95 °C,
30 sec at 66 °C, and 30 sec at 72 °C. The threshold
cycle numbers (C,) were then determined from
fluorescence intensities acquired during the qPCR
runs by the 2* derivative maximum method using
LightCycler 480 software (Roche). The presence
and size of PCR products for all qPCR reactions
was analysed by agarose gel electrophoresis.

A set of serial dilutions, ranging from 10
to 107 copies per reaction, of the
pMT/BiP/AviTEV/thNaallL plasmid was used for
absolute quantification. The initial concentration of
plasmid DNA prior to dilution was determined
spectrophotometrically based on absorption at
260 nm (Nanodrop ND-1000, Thermo Scientific).
The amount of NAALADLI transcript was then
measured 1n 0.1 ul aliquots of tissue cDNA
libraries obtamned from Clontech (Human MTC
Panel I and II).

To assess the selectivity of ¢PCR
amplification, pcDNA4 plasmids with subcloned
protein coding sequences of homologous human
transcripts (ORF from NM 004476 coding AAs
1 to 750 of GCPII, ORF from NM 005467 coding
AAs 1 to 740 of GCPIII) at concentrations of 10°
coples per reaction were amplified in the same
qPCR setup with both primer sets. Possible
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products were inspected by agarose gel
electrophoresis. Amplification of isolated human
genomic DNA was tested in the same manner.

Human tissue lysate preparation

Human tissue lysates were prepared as
described earlier (13). Briefly, human samples
were obtained during autopsy performed 4-8 h
postmortem. The samples were homogenized in
50mM  Tris-HCL, 150 mM NaCl, pH 7.5,
supplemented with EDTA-free protease inhibitors
(Roche). The samples were then sonicated using
Soniprep 150 (Sanyo) three times for 10 sec on ice,
and 1% (v/v) Triton X-100 was added. After
30 min incubation on ice, the suspension was
centrifuged at 16000 g for 10min, and the
supernatants were stored at -80° C for further
experiments.

SDS-PAGE and Western blotting

Protein samples were resolved by reducing
sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Gels were silver-
stained for analysis of protein purification or
stained with colloidal Coomassie G-250 for mass
spectrometry analysis or electroblotted (100 V for
1 h) onto a nitrocellulose membrane using a Mini
Trans-Blot® Cell wet blot system (Bio-Rad).

After blotting, membranes were blocked
with casein (SDT), incubated overnight with
hybridoma supematant 1C11, washed three times
with 0.05% (w/w) Tween 20 in PBS (PBST),
incubated for | h with HRP-conjugated goat anti-
mouse antibody (1 mg/mlL: Thermo Scientific)
diluted in casein in a 1:25000 ratio, and washed
three times with PBST. Blots were developed
using SuperSignal West Dura Chemiluminiscence
Substrate (Thermo Scientific) according to the
manufacturer’s protocol. Reactive bands were
visualized on a ChemiDoc-It™600 TImaging
System (UVP: 20 min exposition, 1x1 binning).

MS analysis

Chosen gel sections were excised,
destained, reduced with DTT, alkylated with
1odoacetamide, and digested with trypsin for 10 h.
Peptides were extracted and dissolved mn 0.1%
formic acid (FA). Samples were analyzed with an
UluMate 3000 RSLCnano system (Thermo
Scientific) coupled to a TripleTOF 5600 mass
spectrometer with a NanoSpray III source (AB

Sciex). Peptides were separated on an Acclaim
PepMap100 analytical column (3 um, 250 mm x
75 pm ID, Thermo Scientific). The concentration
of buffer B (0.1% FA 1in acetonitrile) was gradually
increased from 5% to 30% in buffer A (0.1%
aqueous FA) over 40 min. The MS mass range was
set to 350-1250 m/z; in MS/MS mode, the
mstrument acquired fragmentation spectra within
100-1600 m/z. The program Protein Pilot 4.5 (AB
Sciex) was used for protein identification against
the UniProt Homo sapiens database (reviewed
12/20/2013).

Samples for PICS were analyzed in the
same manner but without gel extraction and by
applving a 95-min instead of a 40-min gradient.
PICS results were searched against the UniProt
Homo sapiens database containing typical MS
contaminants (reviewed 06/23/2014).

LNCaP lysate preparation

LNCaP cells were grown in RPMI-1640
medium (Sigma-Aldrich) with addition of 10%
(v/v) FBS. After reaching confluence, the cells
were harvested and sonicated 4 times for 15 sec in
lysis buffer (50 mM Tris-HCL, 150 mM NacCl,
1% [w/v] C12E8 [Affymetrix], 50 mM NaF, 1 mM
Na;VO,, 1mM p-glycerol phosphate, 2.5 mM
Na,O,P,. pH 7.4). Cell debris was removed by
centrifugation (45000 g for 60 min at 4 °C), and
protein concentration was determined by Bradford
assay (14).

DPP 1V activity assay

Protein samples, either puritied
recombinant Avi-tagged protein or LNCaP cell
lysate, were incubated in 25 mM bis-Tris propane,
150 mM NaCl, pH 8.5, with 100 pM Gly-Pro-
AMC (Sigma) for 15h at 37 °C. The reactions
were performed in triplicate in white 96-well
polypropylene plates with V-bottoms. The
fluorescence was measured on an Infinite® M1000
PRO (TECAN) with excitation and emission
wavelengths/bandwidths  of  335/5nm  and
450/10 nm, respectively.

Svnthesis of dipeptides and dipeptide libraries
Substrate mixtures of the general formula
Ac-Aaa-X-OH (where Aaa 1s one of 19
proteinogenic AAs [all except cysteine] and X is
an equimolar mixture of all 19 AAs [all except
cysteine]) were prepared by solid phase peptide
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synthesis on 2-chlorotritylchloride resin (for C-
terminal amino acids Asp, His, Pro, Trp) or on
Wang resin (for all other C-terminal amino acids)
using the Fmoc/tBu protection and DIC/HOBt
coupling strategy described by Barlos ef al. (15).

N-terminal acetylation was accomplished
with acetic anhydride in the presence of DIEA.
The completeness of all couplings was controlled
by a ninhydrin test (16). A mixture of 94%
trifluoracetic acid, 2% triisopropylsilane, 2%
ethanedithiol, and 2% water was used for final
cleavage from the resin. The peptides were freeze-
dried from 10% acetic acid in water.

To confirm the presence and quantify the
amount of all N-acetylated dipeptides in the
mixtures, samples were analyzed by amino acid
analysis using a Biochrom30 amino acid analyzer
(Biochrom) following the manufacturer’s protocol.

Carboxypeptidase activity assay

Reactions were performed in round-bottom
96-well PP plate. The enzyme (final concentration
0.25 uM) and 5 pl of N-acetylated dipeptide
library (the final concentration of each individual
dipeptide in the library was approximately 25 uM)
were diluted with reaction buffer (25 mM bis-Tris
propane, 150 mM NaCl, 0.001% [w/v] CI12ES,
pH 7.4) to a final volume of 50 pL. The reaction
were then incubated at 37°C for 15 h and
subsequently analyzed on HPLC.

The cleaved free amino acids in the
reaction mixtures were analyzed on an Agilent
1260 HPLC system (Agilent Technologies)
equipped with an AccQ-Tag Ultra RP 130 A
column (1.7 pm, 100 mm x 2.1 mm ID, Waters)
following a previously published protocol for
amino acid analysis (17).

Enzymatic assay with peptides from PICS
Reactions were performed in 1.5 mL
capped plastic vials in final volume of 40 pL. The
final enzyme concentration was 1 uM for 15h
incubations and 0.1 pM for time-dependent
cleavage analysis. The final concentration of
substrate (peptide 52 or peptide 71) was 100 uM.
Reactions were buffered with 25 mM bis-Tris
propane, 150 mM NaCl, 0.001% (w/v) CI2ES,
pH 7.4. After stopping reactions by addition of
40 uL 1 M glycine-HCI, pH 2.4, mixtures were
analyzed on an Agilent 6230 TOF LC/MS (Agilent
Technologies) equipped with a Dual AJS ESI

source operated in the positive ion mode
(acquisition 4 GHz, HiRes).

Separation of the peptides and AAs was
conducted on the Acquity UPLC BEH-CIS 130 A
column (1.7 pm, 100 mm * 2.1 mm ID, Waters)
using a 10 min gradient from 2% to 100% mobile
phase B (A: 0.1% aqueous FA, B: 0.1% FA in
acetonitrile). The column temperature was 25 °C
and the flow rate 0.3 ml/min.

HPLC analysis of aminopeptidase activity

Reactions were performed in round-bottom
96-well PP plates. For determination of kinetic
parameters of IIDPNG peptide cleavage by Avi-
NaalL the reactions with various concentration of
the peptide ranging from 6 to 1600 pM were
performed. The Avi-NaalL was first diluted in
reaction buffer (25 mM bis-Tris propane, 150 mM
NaCl, 0.001% [w/v] CI2E8, pH 7.4) in final
volume of 40 uL to ensure 10-20% conversion.
The enzyme was then pre-incubated for 5 min at
37 °C and then 10 puL of various concentrations of
peptide substrate (IIDPNG) was added to start the
reaction. After 15 min the reactions were stopped
by addition of 50 uLL of stopping buffer (200 mM
glycine-HCI, pH 2.4).

For determination of inhibition constant of
bestatin =~ 90ng of  Avi-Naall, ensuring
approximately 10% conversion, and various
concentration ranging from 0.1 to 500 pM of
bestatin hydrochloride (AppliChem) were mixed in
reaction buffer in final volume of 40 pl.. The
reactions were pre-incubated for 5 min at 37 °C
and then 10 pL of peptide substrate (ITDPNG: final
concentration 50 uM) was added to start the
reaction. After 15 min the reactions were stopped
by addition of 50 ul. of stopping buffer. Each
reaction was performed in duplicate.

The reactions were subsequently analyzed
on an Agilent 1260 HPLC system (Agilent
Technologies) equipped with the Acquity UPLC
BEH-C18 130A column (1.7 um, 100mm x
2.1 mm ID, Waters) using a 6 min gradient from
2% to 100% mobile phase B (A: 0.1% aqueous
FA, B: 0.1% FA i acetonitrile). The column
temperature was 25 °C, and the flow rate was
0.3 ml/min. The obtained data were then processed
using GraFit v.5.0.11 (Erithacus Software Ltd.).

The catalytic efficiency of Awvi-
NaalL(E416A) mutant was determined in reaction
buffer by incubation Avi-Naall.(E416A), final
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concentration 10 pM, and peptide ITDPNG, final
concentration 4 mM, at 37 °C. 2 uL. of reaction
mixture were withdrawn from the reaction after
60 min, 120 min, and 240 nun, added to 100 pL of
stopping buffer and subsequently analyzed on
HPLC.

PICS assay

PICS was performed along previously
published protocol with several modifications (18).
Non-transfected HEK293T cells were grown in
DMEM to 90% confluence and harvested by
washing into PBS buffer. Cells were transferred
mnto hypotonic lysis buffer containing protease
inhibitors and lysed by sonication, followed by
cysteine reduction and alkylation. Proteins were
precipitated using TCA and resolubilized mto

200 mM HEPES, pH 7.5. Following
resolubilization, the proteome-derived peptide
library was prepared by cleaving isolated

denatured proteins into peptides with trypsin
(Sigma Aldrich). After abolishing trypsin activity
using | mM PMSF, a second round of sulthydrvl
reduction and alkylation was performed. Primary
amines on peptide N-termini and lysine side chains
were blocked by formaldehyde-cyanoborohydride
reductive  dimethylation. Excess modification
reagents were removed by gel filtration, and the
peptide library was purified and transferred to
HPLC-grade water using a C-18 solid phase
extraction cartridge Sep-Pak (Waters) according to
the manufacturer’s protocol. The peptide
concentration was adjusted to 2mg/mL. The
integrity of the peptide library was confirmed by
LC-MS/MS analysis, and aliquots were stored at -
80 °C until further use.

For the endopeptidase assay, the peptide
library  (final concentration [ mg/mlL) was
incubated in 200 pl. of 25 mM bis-Tris propane,
150 mM NaCl, pH 7.4, and 02 uM Avi-NaalL.
The reaction was incubated for 12h at 37 °C.
Following incubation, the reaction was heat-
mactivated for 30 min at 70 °C and titrated with
2 M HEPES, pH 8.5, to final pH 8.0.

Subsequently, newly formed free peptide
N-termini (products of proteolytic cleavage) were
in vitro biotinylated by addition of 350 uM sulfo-
NHS-SS-biotin  (Thermo-Scientific) for 4h at
room temperature. Biotinylated products were then
immobilized on streptavidin agarose (Solulink) by
2h incubation with mild agitation at room

temperature, followed by washing. Additional
washing steps (2M wurea followed by 20%
1sopropanol, 5% DMSO, and 5% acetonitrile, all in
washing buffer [50 mM HEPES, 150 mM NaCl,
pH 7.5]) were added to the original protocol,
followed by ten washes with washing buffer.
Immobilized peptides were eluted with 20 mM
DTT, desalted using Pepclean C-18 reverse phase
cartridges (Thermo Scientific) according to the
manufacturer’s protocol, and analyzed by mass
spectrometry.

As negative controls, Avi-NaalL(E416A)
and buffer alone (blank) were used. As positive
controls, the HIV-1 protease cleavage profile in
100 mM sodmum acetate, 300 mM NaCl, pH 7.4,
was tested with wild-type and HIV-1(D25N)
protease. The protease library ratio was 1:200, and
the final enzyme concentration was 0.2 uM.

PICS data analysis

Data were analyzed using a series of
predesigned queries in Microsoft Access database
software. First, lists of identified peptides from
each MS run were loaded into the database and
filtered for peptides containing products of N-
terminal modification by biotinylation. Second,
peptides with confidence over 80% were picked
for enzymatic reactions (Avi-Naall. or HIV-1
protease), while peptides with confidence over
10% were picked for control reactions (reactions
with catalytically ineffective forms of the enzymes
and blanks). To properly subtract the background
signal, the list of peptides found in each enzymatic
reaction was screened for peptides present in the
blank reaction and the reaction with catalytically
meffective enzyme. Such peptides were then
removed from processing. Finally, the enzymatic
reactions were screened for peptides identified in
the original unprocessed peptide library. Such
peptides were also removed from the analysis.

The final cleared list of identified peptides
was then mapped against the FASTA database
used for proteomics database search. By identified
peptide alignment with the database, the N-
terminal portions of cleaved peptides (preceding
the cleavage site) were determined. If there was
more than one computationally identified AA for a
given P position, the position was omitted from the
processing, while the identified peptide sequence
remained listed for downstream analysis. The final
list of substrate peptides containing sequences of P’
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amino acids identified in the MS experiment and
four P amino acids identified computationally is
shown in Table 2. The frequency of each AA in
each position was then calculated and plotted,
yielding substrate specificity matrix heat-maps.

RESULTS

We used an expression and purification
system established in our laboratory to produce the
extracellular portion (AAs 28-740) of human
NAALADase L, designated Avi-Naall., and its
putative catalytically ineffective mutant Avi-
NaalL(E416A) (5). These recombinant proteins,
with a final purity greater than 95%, shown in
Fig. 1, were used in all subsequent experiments.

X-ray structure of Avi-NaallL

We prepared diffraction quality crystals of
human Awvi-Naall 1 hanging drops using a
microseeding approach. We solved the structure by
molecular replacement using the program Phaser,
and refined the final model to 1.75 A resolution
(PDB code 4TWE: data collection and refinement
statistics are shown in Table 1). As shown in
Fig. 2A, the overall fold of Avi-NaallL is very
similar to that of GCPII (PDB code 3BXM) with a
root-mean-square deviation of 1.41 A for the 646
equivalent Ca atoms (19). Guided by the well-
described structural features of GCPII (20-21), we
annotated the Avi-NaalL structure accordingly.

The Avi-Naall. monomer folds into three
distinct domains: protease-like domain (residues
35-108 and 340-587), apical domain (residues
109-339), and C-terminal domain (residues 588-
740). Two Avi-NaalL molecules in the asymmetric
unit form a dimer with a buried surface area of
more than 2300 A®. The dimerization interface
mainly involves interactions between the C-
terminal domain of the first monomer and the
protease-like/apical domains of the second
monomer (F1g. 2B). Size-exclusion
chromatography data also indicated that the protein
is dimeric with approximate relative molecular
weight 250 kDa (Fig. 1), suggesting that this is
likely 1its physiological quaternary structure. This
quaternary arrangement is reminiscent of the
dimerization pattern of both human transferrin
receptor and GCPII (22).

Unlike GCPII, Avi-NaallL contains one
intramolecular disulfide bridge, linking Cys296
with Cys313. The Avi-NaallL sequence also

contains seven potential N-glycosylation motifs.
We found clear electron density for at least one N-
acetylglucoseamide moiety for all putative
glycosylation sites except Asn274. A sequential
alignment of NAALADase L and GCPII is shown
in Fig. 2C and highlights several key structural
features of these proteins.

A strong positive density peak representing
a metal ion was observed in the Fo-Fc map of the
Avi-Naall. structure. The metal 1is hepta-
coordinated by the y-carboxylates of Glu425 and
Glu428, the main chain carbonyls of Leu261 and
Thr258, and the side chain hydroxyl group of
Thr258 (all at distances between 2.4 A and 2.5 A).
The coordination sphere is completed by a water
molecule (2.5 A, Fig. 3A). In the final model the
Ca®™ jon was modeled into this position. Our
assumption of modeling calcium ion was guided
by several lines of indirect evidence, including the
favored pentagonal bipyramidal geometry of the
coordination sphere, agreement with the electron
density, “optimal” interatomic distances, and
matching atomic displacement parameters (B-
factors) of the metal and coordinating residues
(23). Additionally, the identity of Ca® ion,
occupying equivalent site in closely-related human
GCPIIL was confirmed experimentally before (20),
thus strengthening our argument for calcium as a
metal of choice. The exact structural and/or
functional role of this cation, however, is not
known at present and warrants further studies.

Avi-NaalL binds two Zn™™ ions. which are
coordinated by the side chains of His368, Asp378,
Glu417, Asp445, and His545 (Fig. 3B) at distances
between 19-2.0A. These zinc-coordinating
residues adopt the same conformation as in GCPII,
forming the core of the Avi-Naall active site.
Glu416, analogous to Glu424 in GCPII (24), likely
serves as a catalytic acid/base residue for peptide
cleavage. Additionally, the presence of zinc ions
was experimentally confirmed by fluorescent
scanning of the Avi-NaallL protein crystal (data not
shown). Similar to GCPII, Avi-NaalL also contains
a cis peptide bond between Asp378 and Pro379,
which 1s a hallmark of bimetallic peptidases.

Although Avi-Naall. was crystallized in
the absence of a ligand, we detected an extensive
positive electron density peak in the vicinity of the
zinc 1ons (Fig. 3C). Unfortunately, we were unable
to reliably model any molecule into this electron
density. Moreover, this electron density peak spans
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over the expected position of the catalytic hydroxyl
ton, which therefore could not be modeled in the
Avi-Naall. structure. In GCPII, this hydroxyl ion
completes the tetrahedral coordination of zinc ions
and acts as a nucleophilic agent during peptidic
substrate cleavage (24).

The comparison of AAs that mediate
ligand binding i GCPII with their Avi-Naall
counterparts is illustrated in Fig. 3D; the structure
of inactive GCPII in complex with its endogenous
substrate NAAG was used for comparison. We
found two conserved residues that likely mediate
substrate binding to Awvi-Naall, Argl98 and
Tyr544. Their GCPII counterparts, Arg210 and
Tyr552, interact with the C-terminal alpha
carboxylic group and the carbonyl oxygen of the
cleaved peptide bond of the GCPIT substrate. The
residues Arg534 and Arg536, which forms the so-
called ‘arginine patch’ in GCPII, thus providing
the GCPII substrate binding cleft with a positive
charge and contributing to its preference for
negatively charged peptide substrates, are not
conserved in Avi-Naall (Fig. 3E). Consequently,
the chloride 1on, which stabilizes the energetically
unfavorable ‘all-gauche’ conformation of Arg534
in GCPIL, 1s not present in the Avi-NaalL structure.

Expression pattern of the human NAALADLI
gene product

We determined the amount of NAALADLI
gene transcript in commercially available cDNA
libraries normalized to set of control genes from
several human tissues by quantitative PCR
(gPCR). We used two primer sets, each consisting
of a primer pair for amplification and a fluorescent
probe for detection. The first set of amplification
primers targeted the region spanning exons 6 and 7
(NaalL._A), while the second targeted the exons 13
to 14 (NaalL B). The absolute amounts of
NAALADLI transcripts detected are shown in
Fig. 4A. We identified NAALADII  gene
transcripts in several tissues, including the testis,
colon, small intestine, ovary, spleen, and thymus.

On the other hand, using our newly
developed mAb 1C11, we found that
NAALADase L expression 1s primarily restricted
to the small intestine (Fig 4B). We interrogated
the specificity of Western blots by mass
spectrometry by analyzing several areas
corresponding to positive Western blot signals
(boxed in Fig. 4B). The small intestine tissue

sample (solid box) was the only one in which we
identitied the NAALADLI gene product (UniProt
Accession number Q9UQQI). We found 33
distinct peptides covering 41% of the sequence
entry in the database. On the other hand, gel
sections from ovary tissue (dashed box) did not
contain NAAT ADase L, suggesting that 1C11 has
non-specific cross-reactivity.

Enzymatic activities of NAALADase L
Putative DPP IV activity

Because both  human and rat
NAALADase L were previously reported to
possess DPP IV activity (1-2), we attempted to
confirm these findings using our purified protein
preparations. As illustrated in Fig. 5, we were
unable to detect any DPPIV activity for Avi-
Naall. and Avi-GCPIIL, while the use of LNCaP
lysate as a positive control resulted in a clear
increase in fluorescence intensity.

Putative carboxypeptidase activity

Guided by our structural analysis of Avi-
Naall.,, we set out to investigate its putative
carboxypeptidase activity. We synthesized and
screened a dipeptide library encompassing 19
proteinogenic amino acids (all but cysteine). Our
library consisted of 19 individual N-acetylated
dipeptide mixtures, each nmuxture comprising 19
different dipeptides with defined N-terminal and
variable C-terminal AAs (e.g., Ac-Ala-X-OH, Ac-
Met-X-OH). After incubating each mixture with
Avi-NaalL, released C-terminal AAs were detected
using HPLC analysis. We used a catalytically
neffective mutant, Avi-NaallL(E416A), as a
control. Additionally, we tested an active
recombinant GCPII-preparation (Avi-GCPII) and
its catalytically ineffective E424A mutant as
a corresponding control pair (5,25).

The results of this carboxypeptidase
activity assay presented as differential heat-maps
of active and inactive protein preparation are
illustrated in Fig. 6. The control experiment with
Avi-GCPII indicates that the assay is reliable, as it
confirms a clear preference for acidic residues
(Glu/Asp) at both the C- and N-termini of the
dipeptides (3). On the other hand, Avi-Naall
shows negligible activity and no preference for any
AA at either the C- or N-terminus. These results
demonstrate that Avi-Naall does not possess
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detectable carboxypeptidase activity against an N-
acetylated peptide as a substrate.

Putative endopeptidase activity

We performed a proteomic identification
of cleavage site (PICS) experiment to assess Avi-
NaallL endopeptidase activity. This technique
enables simultaneous characterization of both the S
and S’ cleavage sites of an enzyme (18). We used a
peptide library derived from the HEK293T cell
proteome as substrate and mcluded HIV-1 protease
as positive control to assess the functionality of the
assay. Additionally, Avi-Naall(E416A) and HIV-
I(D25N), the  corresponding  catalytically
meffective mutants, were included to ensure
reliable background subtraction.

The specificity matrices, presented in the
form of heat-maps, obtained from PICS are shown
in Fig. 7. They summarize the sequences of
peptide substrates for Avi-NaallL (72 individual
sequences identified; a list of the peptides is shown
in Table2) and HIV-1 protease (over 160
individual sequences identified). For better clarity,
we depicted matrices characterizing the percentage
of individual AAs at a given position in the
identified cleaved peptides in Fig. 7A. Fig 7B
illustrates the ratios of individual AA occurrence at
a given position compared to the overall
occurrence of that AA in the human genome. Our
data for HIV-1 protease showed high similarity to
those found 1 the MEROPS database,
demonstrating that our PICS experimental set-up
provides a reliable account of protease substrate
specificity. The specificity matrix for Avi-Naall
revealed substantial enrichment of acidic residues
(Glw/Asp) in the P2' position and Pro residue in the
P3' position.

Novel aminopeptidase activity

To elaborate on the PICS results, we
synthesized two of the identified peptides,
peptide 52 (AVF/VDLEPT) and peptide 71
(GLFIVIDPNG), and assayed their processing by
Avi-NaalL and Avi-NaalL(E416A).

During overnight incubation, both peptides
were completely processed by wild-type Avi-
NaalL, while its E416A mutant showed minimal
activity (Fig. 8). Interestingly, we could identify
only N-terminally truncated parts of the assayed
peptides.  Moreover, we  detected  free
phenylalanine in both reactions, which most likely
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originated from the N-terminal portion of the
peptides. These data suggest that Avi-Naall
possesses aminopeptidase rather than
endopeptidase activity. To confirm this assumption
we performed a time-dependent analysis of
hydrolysis of peptide 52 and found that Avi-NaallL
indeed processes its peptide substrate sequentially
from N-terminus (Fig. 9A).

To obtain more quantitative data on Avi-
Naall enzymatic activity we designed model
peptide  substrate derived from peptide 71
(VIDPNG) from which only one Ile should be
cleaved off by Avi-NaalL. Using this model
substrate, we determined kinetic parameters of
Avi-NaalL cleavage, Ky=210 uM and
k.=2.16 ! (Fig. 9B), and also determined the
inhibition constant of a common aminopeptidase
inhibitor bestatin towards Avi-NaalL,
K;=10.7 uM (Fig. 9C). Additionally, using high
substrate concentration, thus modeling saturation
state of the enzyme, we were able to determine the
catalytic efficiency of the Avi-NaalL(E416A)
mutant, k., = 0.0011 s, This result confirmed our
prediction that the Glu416 indeed serves as a
proton shuttle residue which 1s crucial for proper
catalytic efficiency of the enzyme.

Finally, to further corroborate the Avi-
NaalL substrate specificity we designed a random
peptide (RIKLNWES) and assayed its degradation
by Avi-Naall.. As shown in Fig. 10, we identified
that the peptide was efficiently processed to single
AAs by Avi-Naall during overnight incubation;
a finding that is in line with the expected cleavage
pattern because the peptide contained neither an
acidic residue nor Pro that could block the peptide
processing. Moreover, this experiment also
revealed the fact that Avi-NaalL is able to
efficiently process longer oligopeptides as well as
smaller tri- or dipeptides.

All these results demonstrate that Avi-
NaallL is an aminopeptidase with wide substrate
specificity. Additionally, the results strongly
suggest that the apparent Avi-NaalL
endopeptidase-like substrate specificity determined
by PICS—acidic residues in P2' and Pro in P3'
position—is actually a motif preventing further N-
terminal processing of peptides by Avi-NaalL.

DISCUSSION
Structural features of the NAALADLI gene
product
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This is the first study to experimentally
describe the structure of the NAALADLI gene
product which 1s highly homologous to that of
GCPIIL The AAs coordinating two active site zinc
ions and the catalytic acid/base residue (Gludl6,
Fig. 3B) in Avi-NaallL are identical to those in
GCPIL. On the other hand, the GCPII AAs
participating in substrate recognition and formation
of the arginine patch, which provides positive
charge to the GCPII active site, are not conserved
im  Avi-NaallL. This structural comparison
suggested that Avi-Naall. might bind the C-
terminus of its potential peptide substrate and
position it towards the catalytic acid/base residue
to enable proteolysis. However, it also indicated
that Avi-NaalL substrate specificity 1s likely
different from that of GCPIL

Both GCPII and NAALADase L belong to
the MH clan (family M28) of metallopeptidases.
The primary feature of these peptidases is di-zine
active site centre with conserved zinc-coordinating
AAs His, Asp, Glu, Asp/Glu, His with the first Asp
coordinating both metal ions. Additionally, for all
peptidase from this clan, an additional residue
(Asp or Glu) has been identified which is
important for catalysis and is placed adjacent to
coordinating AAs in the motifs His-X-Asp or Glu-
Glu. Based on the sequence and structural
alignment of Avi-Naall with other members of
M28 family such as aminopeptidase S from
Streptomyces griseus (SGAP) or GCPIL Glu4l6
most probably plays a role of acid/base catalytic
residue 1 Avi-NaallL. This assumption 1is
additionally supported by the enzymological data
with the E416A mutant presented in this study.

Similarly to other families from MH clan
(e.g., M20 family), the M28 family of peptidases
contains both carboxypeptidases (GCPII) and
aminopeptidases (SGAP). In the M20 family the
peptidase enzymatic activity is determined by the
sequence; more specifically by the presence of
either Glu or Asp residue at the ambiguous
position in the zinc coordination center. If Glu
residue 1s present, the peptidase embodies
carboxypeptidase activity (e.g., carboxypeptidase
G2 from Pseudomonas sp.) while in the presence
of Asp residue the peptidase acts as an
aminopeptidase (e.g., aminopeptidase PepV from
Lactobacillus delbrueckii) (26). Interestingly, this
relationship is not observed in M28 family where

11

Asp coordinating residue is present in both GCPII
and SGAP.

Considering tertiary and quaternary
structure organization, Avi-NaallL adopts identical
structure as GCPII, containing three domains and
folding into the dimer, while aminopeptidases from
M28 family, such as SGAP, are single-domain
monomeric proteins. On the other hand, our
enzymological data indicate that Avi-NaalL, like
SGAP, possesses aminopeptidase  activity.
Therefore, we hypothesize that Avi-NaallL
represents an evolutionary intermediate between
GCPII and SGAP, sharing the same structural
features with the former and the same enzymatic
activity with the latter. The elucidation of Avi-
NaallL reaction mechanism and substrate binding
may hopefully lead to the identification of the
comparable structure-activity dependence as was
described for M20 family.

However.,  additional  crystallographic
studies, targeting complexes of the wild-type
enzyme with a potent inhibitor (e.g., bestatin) or
complexes of an catalytically ineffective mutant
(e.g., Avi-NaalL[E416A]) with a substrate, will be
needed to address these questions in detail.

Distribution of the NAALADLI gene product in
human tissues

Although prior studies have described
NAALADLI gene product expression in human
tissues at the mRNA level, this is the first study
which analyzes its expression profile at a protein
level. Interestingly, the restricted expression of
NAALADase L, which we detected only in the
small intestine, did not correspond well with the
results from our qPCR analysis, which showed
wide tissue distribution (Fig. 4). False positive
results from the gPCR assay or alternative splicing
of the NAALADL! transcript are two possible
explanations for these differences.

Amplification of plasmid NAALADLI
transcript in our qPCR assay conditions was
approximately 90% effective and showed linear
dependence between the C, values and the
logarithm of the plasmid concentration over a
complete range of standard concentrations for both
primer sets. Moreover, we confirmed that both
primer sets do not amplify transcripts of close
NAALADase . homologs human GCPIIIIT or
genomic DNA to a degree that would interfere
with our qPCR assay (data not shown). These
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additional experiments and the use of commercial
c¢DNA libraries, which are normalized to several
different housekeeping genes and pooled from
numerous individuals, help ensure the reliability of
our qPCR data.

Previously reported data on NAALADLI
transcript expression by Pangalos ef al., amplifying
the region between exons 14 and 16, showed wide
tissue distribution (1). On the other hand, a study
by Shneider et al., using a large probe spanning
exons 1015, detected NAALADLI transcript only
in the small mtestine (2). The discrepancies
between these two studies could be explained by
alternative splicing of the NAALADLI transcript;
short amplicons are more prone to recognize
several splice variants, while long probes are more
specific.

Data from the AceView database also
support a high degree of alternative splicing of the
NAALADLI transcript, describing more than 15
different splice variants (27). Among these
variants, deletions of exon 11 (68 bp) or exon 13
(91 bp) are most common. The Naall. A primer
set, targeting exons 6 and 7, can detect both of
these potential splice variants, while the NaallL B
primer set, targeting exons 13 and 14, cannot
detect a variant lacking exon 13. This observation
may be responsible for the different results in lung,
ovary, and prostate tissues, in which NaalL. A but
not Naall._B primer sets amplified the NA4LADLI
transcript (Fig. 4A).

Taken together, both the presented and
previously published data support the hypothesis
that the NAALADL] transcript undergoes extensive
alternative splicing. This processing may function
as a regulatory mechanism of NAALADaseL
expression.

Putative activities of NAALADase L

We were unable to detect the previously
reported DPPIV activity in our enzyme
preparation. The previous reports used either
polyclonal antibody immunoprecipitate (2) or
crude cell lysate (1-2). Due to the ubiquitous
presence of DPP IV activity in mammalian cells
(28), we suggest that their results may have been
false-positive. Furthermore, one of these studies
also reported DPPIV activity for GCPII and
GCPIII, which was subsequently disproved by
experiments with purified recombinant protein (3-
4).

12

The results from our carboxypeptidase
assay, which suggest slow but specific Avi-NaallL
cleavage of N-acetylated dipeptides with identical
C- and N-termini, can be explained by sequential
N-terminal degradation of the tested dipeptides.
The free N-terminal AA, present in the reaction
mixture 19 times more frequently than other AAs,
would be detected preferentially, leading to a false-
positive signal. The release of free N-terminal AA
could be explained either by the ability of Avi-
NaallL to cleave the N-acetyl moiety from the
dipeptide or by incomplete N-acetylation during
library synthesis.

Aminopeptidase activity of NAALADase L

After ruling out the  potential
carboxypeptidase activity of Avi-Naall., we used
PICS, a more general method, to probe potential
Avi-NaallL proteolytic activity. PICS enables not
only analysis of endopeptidase activity but, in
theory, also determination of aminopeptidase
activity. Since the method is based on MS analysis
of P' regions of the cleaved peptides (i.e., the C-
terminal fragments of putative peptide substrates)
which are assigned by the peptide spectrum
matching against proteomic database, the cleavage
of even one AA from the N-terminus of putative
peptide substrate can be detected. However,
because the downstream sequences of different
peptides are often identical, the determination of
the "P sequence" can be ambiguous. We identified
approximately 15% of peptides in our assay with
more than one possible P sequence. We omitted
these P sequences from the analysis (see Table 2
and Experimental procedures for more details
about a data analysis).

The PICS data suggested that Avi-NaalL
prefers an acidic residue at P2' and a Pro residue at
P3'". Interestingly, individual analysis of 72 peptide
sequences revealed that Asp/Glu in the P2' position
(31 peptides identified) and Pro in the P3' position
(25 peptides 1identified) are almost mutually
exclusive. Of those 56 peptides, Gluw/Asp and Pro
were present simultaneously only in two cases.
This observation led us to assume that these AAs
do not form a conserved substrate recognition
motif for Avi-Naall. Indeed, subsequent
enzymatic analyses revealed that the identified
cleavage pattern acts as a stopping point for N-
terminal peptide degradation rather than as a
substrate recognition motif. Nevertheless, these
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results confirmed the potential of PICS for
characterization of aminopeptidase substrate
specificity.

It should be noted that the peptides used
for our PICS experiments were dimethylated at
their N-termini. This suggests that Avi-Naall is
capable of cleaving off N-terminal AAs with
blocked primary amine groups. However, this
assumption conflicts somewhat with the results
from the carboxypeptidase assay, in which N-
acetylated dipeptides were ineftficiently processed
by Avi-NaallL. A likely explanation for this
phenomenon is incomplete dimethylation of the
peptide library, which would leave some peptides
accessible to Avi-Naall degradation.

Subsequent analysis of two individual
peptides  identified by PICS confirmed the
aminopeptidase activity of Avi-Naall.. We were
able to detect only the P' portion of peptide
substrates. Additionally, we identified individual
AAs that were present in the N-terminal portions
of the analyzed peptides (Phe in peptide 52 and 71
or Phe and Trp i random peptide). Moreover,
reactions with prolonged incubation times revealed
that either Asp/Glu at P2' or Pro at P3' 1s sufficient
to significantly decrease the cleavage efficacy, but
only the combination of both AAs completely
prevents peptide degradation (Fig. 8, peptide 52).
The mhibition experiment with bestatin together
with detection of complete degradation of random
peptide showed that Avi-NaallL likely belongs to
the group of aminopeptidases that are able to
cleave a variety of AAs from the peptide N-
terminus, such as bovine lens aminopeptidase and
SGAP (29). Even though we perform quantitative
analysis of Avi-Naall. cleavage of a model
substrate, an additional analysis of Avi-NaalL
substrate specificity and cleavage efficacy will be
necessary for proper classification of this novel
aminopeptidase.

Nevertheless, our data clearly demonstrate
that the NAALADLI gene product possesses
different enzymological activity than GCPIL
Because the protein product ("NAALADaseL")
currently bears the same EC number as GCPII
(EC 3.4.17.21), a new EC number for this enzyme
should be appointed. Additionally, considering that
the name NAALADase L (N-acetylated alpha-
linked acidic dipeptidase-like) does not in fact
describe the enzyme’s features and is rather
misleading, we suggest renaming the enzyme
human 1leal aminopeptidase (HILAP), to reflect its
actual enzymatic activity and expression profile.

To conclude, we solved the X-ray structure
of the extracellular portion of the human
NAALADL! gene product and showed that it is
very similar to the GCPII structure, including
complete conservation of all AAs necessary for
peptidase activity. Analysis of NAALADLI gene
product expression showed high levels of
corresponding mRNA in several tissues. However,
the protein was identified predominantly in small
mtestine, implying that the corresponding mRNA
undergoes extensive alternative splicing. We
disproved the previously reported DPP IV-like
activity of the enzyme and demonstrated that a
recombinant protein derived from the NAALADL!
gene possesses aminopeptidase activity. The
enzyme degrades peptide substrates from their N-
termini until it reaches an acidic residue at P2' or
proline residue at P3". This activity is inhibited by
the specific aminopeptidase inhibitor bestatin.

Given its restricted expression profile and
wide substrate specificity, we suggest that the
physiological functions of the NAALADII gene
product are likely associated with the final stages
of protein digestion in the human body and suggest
a new name for this enzyme: human ileal
aminopeptidase (HILAP).
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FOOTNOTES

Abbreviation used: AA, amino acid; Avi-GCPIL, extracellular portion of GCPII with N-terminal AviTEV
tag; AMC, aminomethylcoumarine; Avi-Naall, extracellular portion of NAALADase L with N-terminal
AVITEV tag: cDNA, complementary deoxyribonucleic acid; DIC, N .N'-diisopropylcarbodiimide; DIEA,
N.N-diisopropylethylamine; DPPIV, dipeptidyl peptidase IV: FA, formic acid; Fmoc,
fluorenylmethyloxycarbonyl : GCPIVIIL, glutamate carboxypeptidase IUIII; HILAP. human ileal
aminopeptidase; His-Naall, extracellular portion of NAATL ADase L. with N-terminal His tag; His-tag,
hexahistidine tag; HOBt, 1-hydroxybenzotriazole: 1100, 100-kDa brush border membrane protein; NAAG,
N-acetyl-L-aspartyl-L-glutamate; NAATL ADase I/TV/L, N-acetylated alpha-linked acidic dipeptidase T/~
like; NTs, nucleotides; PDB, protein data bank; PICS, proteomic identification of cleavage site; PSMA,
prostate-specific membrane antigen; qPCR, quantitative polymerase chain reaction; rhGCPIVIII,
extracellular portion of recombinant human GCPIVIIL; SGAP, aminopeptidase from Streptomyces grisetis,
tBu, tert-butyl; TEV, tobacco etch virus

FIGURES AND TABLE LEGENDS

Table 1: Data Collection and Refinement Statistics for Avi-NaallL

*Rpim = Zna (/(0-1))70.5 X% [Taa;~<Lu>| / Zia Zj L (30) b estimated by SFcheck °R value = ||F,| -
|[Fe|l/|F,|, where F, and F. are the observed and calculated structure factors, respectively. . Riee 18
equivalent to the R value but is calculated for 1% of the reflections selected at random and omitted from
the refinement process. ° as determined by MolProbity (12). *the data in parentheses refer to the highest-
resolution shell. Amino acids of the AviTEV-tag and first seven N-terminal amino acids of Avi-Naall are
disordered and not modeled in the structure.

Table 2: List of Avi-NaalL peptidic substrates sequences determined by PICS.
Sequences are written in one-letter AA coding from N- to C-terminus. A dash marks the putative cleavage
site.

Figure 1: SDS-PAGE and SEC analysis of Avi-NaallL(E416A) affinity purification.

Concentrated conditioned medium from S2 cells mixed with equilibration buffer (fraction L) was mixed
with Streptavidin Mutein Matrix overnight. The medium was separated from the resin (fraction FT), and
the resin was washed with washing buffer (fraction W1). The resin was then transferred to elution buffer
(fraction W2). After 1 h incubation, Avi-NaalL(E416A) was eluted with an excess of D-biotin (fractions
E1-E4). Samples were loaded on the gel and silver-stained; L, FT — | pul: W1, W2 — 15 ul; E1 — 1 ul; E2—
10 ul; E3, E4 — 15 pl. The quaternary fold of Avi-NaalL(E416A) was subsequently analyzed using FPLC
system and Superdex™ 200 10/300 column. Prior the analysis, the column was calibrated by LMW and
HMW Gel Filtration Calibration Kits (GE Healthcare) following manufacturer’s protocol.
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Figure 2: X-ray structure of Avi-NaalL. and its structural and sequential comparison to GCPIL
Panel A: Alignment of Avi-NaallL (PDB code 4TWE) and GCPII (PDB code 3BXM) structures. Both are
shown in ribbon representation. GCPII is shown in gray. Avi-Naall is color-coded based on its domain
organization: protease-like domain — red, apical domain — yellow, C-terminal domain — orange. The zinc
ions are shown as magenta spheres and calcium ion as blue sphere. Panel B: Overall structure of Avi-
NaalLL dimer shown in ribbon representation. One monomer is shown in wheat, and the other is colored
based on its domain organization. The zinc 1ons are shown as magenta spheres and calcium 1ons as blue
spheres. The carbohydrate moieties are depicted as cyan sticks with oxygen atoms 1in red and nitrogen in
blue. The disulfide bond between Cys296 and Cys313 is shown as a green stick. The top-view of the
dimer illustrates the extensive dimerization interface. Panel C: Sequential alignment of GCPII and
NAALADase L. Conserved AAs are highlighted in yellow and similar AAs in cyan. The domain
organization of NAATLADase L is indicated by arrows above the sequence colored as follows: intracellular
domain — black, transmembrane domain — gray, protease-like domain — red, apical domain — yellow, C-
terminal domain — orange. The catalytic acid/base Glu is marked with blue star. Residues coordinating the
zine ions are black-boxed. N-glycosylation sites are shown as blue circles, shaded if electron density for
corresponding N-acetylglucoseamide was detected. AAs coordinating the calcium ion are shown as red
circles and Cys residues forming the disulfide bond as green circles. AAs participating in NAAG binding
in GCPII are marked with magenta circles.

Figure 3: Detailed features of the Avi-NaalL structure compared with the GCPII structure.
Avi-NaallL residues are shown in green and GCPII residues in gray. Oxygens are colored red and
nitrogens blue. Panel A: Calcium i1on hepta-coordination shell in Avi-NaallL with electron density map.
The calcium ion is coordinated by the Glu425 and Glu428 side chain carboxyl groups, the Thr258
hydroxyl group, the carbonyl oxvgens of Leu261 and Thr258, and a water molecule. Interactions are
depicted as dashed lines with distances shown. The calcium ion is shown as a blue sphere and water as red
sphere. The 2Fo-Fc map (contoured to 1 ) 1s shown in blue, while the Fo-Fc map (contoured to 3 G) 1s
colored green for positive and red for negative electron density peaks. Panel B: Superposition of the zinc
1on coordination shells in Avi-NaallL and GCPII (PDB code 2PVW). The coordination shell of the active-
site zincs 1s identical for both proteins, utilizing the side chains of His368, Asp378, Glu417, Asp445, and
His545 in Avi-NaalL. Additionally, the position of the Glu416 side chain is identical to the position of the
catalytic glutamate (Glu424) in GCPIL Interactions are depicted as dashed lines with distances shown.
Panel C: Electron density map around the Avi-NaallL active site. The 2Fo-Fc map (contoured to 1 G) is
shown m blue, while the Fo-Fc map (contoured to 3 G) 1s colored green for positive and red for negative
electron density peaks. Zinc ions are shown as magenta spheres and waters as red spheres. Panel D:
Superposition of AAs contributing to substrate binding in GCPII with the Avi-Naall structure. The
structure of GCPII E424A mutant (PDB code 3BXM) with bound N-acetyl-L-aspartyl-L-glutamate
(NAAG), an endogenous GCPII substrate, 1s shown. Zinc ions in the GCPII structure are shown as gray
spheres and in Avi-NaalL as magenta spheres. Interactions of NAAG with GCPII are depicted as dashed
lines. Panel E: Superposition of the arginine patch in the GCPII (PDB code 3BXM) structure with Avi-
NaalL.. GCPII water molecule and chloride ion are depicted as gray spheres and Avi-NaallL waters as
green spheres. Interactions of both GCPII and Avi-NaalL are depicted as dashed lines with distances
shown.

Figure 4: NAALADL] gene product expression in human tissues.

Panel A: Quantitative PCR (qPCR) determination of NA4L4DII mRNA. Two sets of primers (Naall. A
and Naall B) were used to independently assess the level of NAALADL]I transcripts in different human
tissues. “No. of transcripts”™ indicates the number of transcripts determined in 0.1 pL of normalized cDNA
library, with values showing the mean of triplicate measurements. Error bars represent standard deviations
(for more experimental details, see Experimental procedures). Panel B: Western blot analysis of human
tissue samples. Tissue lysates (50 pg total protein) were loaded onto the gel with recombinant Avi-NaalL
(5ng) as a control. Samples were incubated with 1C11 hybridoma supernatant overnight, and the
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antibody-antigen complex was visualized using HRP-conjugated anti-mouse secondary antibody. The
dashed squares indicate false-positive signals, while the solid box marks NAALADase L (as determined
by MS: data not shown).

Figure 5: Determination of Avi-NaalLL DPP IV activity.

DPP IV activity was assayed using the fluorogenic substrate Gly-Pro-AMC (exc./em. 335 nm/450 nm).
Potential DPP TV activity of recombinant Avi-Naall. (1 pug) was assessed. Avi-GCPII (1 pg) and substrate
alone (blank) were used as negative controls, while LNCaP lysate (10 pg total protein) was used as a
positive control. The reactions were incubated for 15 h at 37 °C. Each reaction was performed 1n triplicate
and 1s shown as a mean with standard deviation.

Figure 6: Heat-maps reflecting qualitative determination of carboxypeptidase activity.

Recombinant Avi-Naall. and Avi-GCPII were incubated with 19 different N-acetylated dipeptide libraries
of the general formula Ac-Aaa-X-OH (Aaa — constant amino acid, X — mixture of 19 proteinogenic AAs).
After 15 h incubation at 37 °C, the free amine groups of cleaved C-terminal AAs were modified, and the
AAs were detected by HPLC. Avi-NaalL(E416A) and Avi-GCPII(E424A), catalytically ineffective
mutants of both enzymes, were used for background subtraction. The color-coding corresponds to the
percentage of conversion of the particular AA in the reaction mixture; the overall amount of each AA in
dipeptide libraries was detected by amino acid analysis prior to the experiment.

Figure 7: Heat-maps of proteomic identification of cleavage site (PICS) results.

PICS experiments were performed as described in Experimental procedures with Avi-Naall and its
catalytically ineffective mutant Avi-NaallL(E416A) and with HIV-1 protease and its catalytically
ineffective mutant HIV-1(D25N) protease (positive control). Briefly, the proteins were incubated
overnight with a peptide library derived from the HEK293T proteome. Cleaved peptides were
subsequently isolated from the reaction mixture via biotin modification of newly formed primary amino
groups. The peptides were 1dentified by LC-MS/MS analysis, and their corresponding prime parts were
determined by sequence alignment with a human proteome database. The MEROPS substrate profile of
HIV-1 protease 1s presented for comparison (http://merops.sanger.ac.uk/cgi-bin/pepsum?1id=A02.001).
Panel A: Heat-maps illustrate in grayscale the percentage of individual AAs at a particular position
relative to the scissile peptide bond. Four positions (P4'—P4) are shown. Panel B: Heat-maps illustrate
ratios of individual AA occurrence at a given position compared to the overall occurrence of that AA in
the human genome. Ratios above 1 (i.e., preferred by the protease analyzed) are shown 1n shades of green,
while ratios below 1 (i.e., rejected by the protease analyzed) are shown in shades of red.

Figure 8: Avi-Naall.-catalyzed hydrolysis of two peptide substrates identified by PICS.

Recombinant Avi-Naall. was mixed with peptide (peptide 52 or peptide 71) in final concentrations of
I uM and 100 uM, respectively. The specificity of cleavage was investigated using the catalytically
ineffective mutant Avi-NaallL(E416A). Reaction mixtures were incubated for 15 h at 37 °C and analyzed
using LC/MS. Peptide sequences or individual AA were identified based on their molecular mass and are
shown in the legend. The amounts of peptide or AA were determined using absorption at 210 nm. Each
reaction was done in duplicate and the result 1s shown as a mean with standard error.

Figure 9: Quantitative analysis of Avi-Naall. aminopeptidase activity.

Panel A: Time-dependent analysis of the peptide 52 cleavage by Avi-NaallL. Recombinant Avi-NaalL
was mixed with peptide 52 in final concentrations of 0.1 pM and 100 uM, respectively. Reactions were
performed at 37 °C and were stopped at times ranging from 5 min to 90 min and analyzed by LC/MS. The
relative amount of individual peptides or AA is plotted against reaction time in panels AI-AS. Panel B:
Determination of kinetic parameters of model peptide substrate (/IDPNG) cleavage by Avi-Naall.. The
enzyme was incubated with various concentrations of substrate, ranging from 6.3 to 1600 pM, for 15 min
at 37 °C. The reactions mixtures were subsequently analyzed using HPLC. Each reaction was done in
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duplicate and the result 1s shown as a mean with standard error. The kinetic parameters were obtained by
non-linear fit of the data using GraFit v.5.0.11 (Erithacus Software Ltd.). The reciprocal linear plot is also
tllustrated for comparison. Panel C: Determination of inhibition constant of aminopeptidase specific
inhibitor bestatin towards Avi-NaalL.. Various concentration of bestatin, ranging from 0.1 to 500 uM, was
incubated with Avi-Naall and a model substrate (/IDPNG) for 15 min at 37 °C. The reactions mixtures
were subsequently analyzed using HPLC. Each reaction was done in duplicate and the result is shown as a
mean with standard error. The ICs, value was obtained by non-linear fit of the data using GraFit v.5.0.11
(Erithacus Software Ltd.) and the K; value was then calculated using Cheng-Prussof equation for
competitive mode of inhibition (31).

Figure 10: Processing of a random peptide by Avi-NaalL

Recombinant Avi-NaalL. was mixed with the peptide RIKLNWEFS in final concentrations of 1 pM and
100 uM, respectively. The specificity of cleavage was investigated using the catalytically ineffective
mutant Avi-NaalL(E416A). Reaction mixtures were incubated for 15h at 37 °C and analyzed using
LC/MS. The peptide sequences or individual AAs were identified based on their molecular mass and are
shown in the legend. The amounts of peptide or AAs were determined by absorption at 210 nm. Each
reaction was done in duplicate and the result is shown as a mean with standard error.
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PDB code

R value (%)°
Riree value (%)°
RMSD bond length (A)
RMSD angle (°)
No. of atoms in AU
No. of protein atoms in AU
No. of ion atoms in AU
No. of solvent molecules in AU
Mean B value (A%
Mean B value of protein atoms (AZ)
Mean B of solvent molecules (A2)

4ATWE
Data collection statistics:
Space group 1222
Temperature (K) 100
Cell parameters: a; b; ¢ (A) 98.5; 174 .8; 208.0
No. of molecules in AU 2
Wavelength (A) 1.000
Resolution limits (A) 30.0-1.75
Highest resolution shell (A) 1.78-1.75
No. of unigque refl. 177979 (8822)*
Multiplicity 7.6 (7.5)
Completeness (%) 99.7 (99.4)
Rpim (%)° 2.9 (20.0)
Average l/a(l) 221 (4.2)
Wilson B (A% 31.7
Refinement statistics:
Resolution range (A) 29.14-1.75
Highest resolution shell (A) 1.80-1.75
No. of refl. in working set 172688 (12359)
No. of refl. in test set 1757 (112)

0.167 (0.202)
0.187 (0.231)
0.020
1.74
13236
11535
6
1695
26.64
25.0

38.1

Ramachandran plot statistics®:

Res. in favored regions (%)
Res. in allowed regions (%)

Outliers

97.2
99.8
Val373A/B, Ala450A

22
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Characterization of a novel human aminopeptidase

Table 2

# Peptide sequence # Peptide sequence
1 —RFIPR 37 KISKG-ANPVEIR
2 —EDTNLCAIHAK 38 QEARK—AITEQKQK
3 KA-FYPEEISSMVLTK 39 SMKKA—AEVLNK
4 —EAPLNPK 40 NEEDA-AELVALAQAVNAR
5 —MDLEK 41 KEMVR—ADLINKK
6 GVVD—-SEDLPLNISR 42 TRARF—-EELCSDLFR
7 —RFLER 43 RGVVD-SEDIPLNLSR
8 QN—-TIPASTGAAK 44 MNTFS—VVPSPK
9 GV—VDSEDLPLNISR 45 VCDGK—~VSVHVIEGDHR
10 L—VDLEPGTMDSVR 46 AHSSM—VGVNLPQK
11 —ALERLLR 47 QAFYM—VGPIEEAVAK
12 A-VFPSIVGR 48 RGNPT-VEVDLFTSK
13 —MDIER 49 ATRAA—VEEGIVLGGGCALLR
14 D—PPDVLDR 50 FIRGV-VDSEDIPLNLSR
15 EKSY-ELPDGQVITIGNER 51 NPTVE-VDLFTSK
16 —IEPIDEYCVQQLK 52 PRAVF-VDLEPTVIDEVR
17 EKS—YELPDGQVITIGNER 53 QYRAL-TVPELTQQMFDAK
18 FRA-AVPSGASTGIYEALELR 54 ITSDP-TEATAVGAVEASFK
19 DDEEF—ELPEFVEPFLK 55 PPEDP—-SVPVALNIGK
20 GDEGG-FAPNILENK 56 DPSRY-ISPDQLADLYK
21 DIYNF—FSPLNPVR 57 VLKRG-LKPSCTIIPL
22 YDAMA—GDFVNMVEK 58 HLYRG—-IFPVLCK
23 RKQSL—GELIGTLNAAK 59 KSGVK-IHVSDQELQSANASVDDSR
24 LLDPM—GGIVMTNDGNAILR 60 GCELK—ADKDYHFK
25 RDNIQ—GITKPAIR 61 KACQS—IYPLHDVFVR
26 PGAGR—GYNSIGR 62 INKKC-YEMASHLR
27 PSATL-HLSNIPPSVSEEDLK 63 LYDER—-SVHKVEPITK
28 GETKS—-FYPEEVSSMVLTK 64 VASRG-LDVEDVK
29 TRARF—EELNADLFR 65 MDMDM—SPLRPONYLFGCELK
30 QRTVE—HPTLLQDPDLR 66 DVYKG-LLPEELTPLILATQK
31 TRAAV-EEGIVLGGGCALLR 67 KNQVA-LNPONTVFDAK
32 GVVDS—EDLPLNISR 68 LLPEE-LTPLILATQK
33 GVVDS—EDIPLNLSR 69 TSWPR—PIFGSLHHVPDLSCR
34 QHPPK—-DSSGQHVDVSPTSQR 70 SMGRG—RDWNVDLIPK
35 DPFDQ-DDWGAWQK 71 RGLFI-IDPNGVIK
36 QRIKA—AVPSIK 72 PHAKK—KSKISASRK
23
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Characterization of a novel human aminopeptidase

Figure 1
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Figure 2

Characterization of a novel human aminopeptidase
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Characterization of a novel human aminopeptidase

Figure 3
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Characterization of a novel human aminopeptidase

Figure 4
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Characterization of a novel human aminopeptidase

Figure 5§
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Characterization of a novel human aminopeptidase

Figure 6
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Characterization of a novel human aminopeptidase

Figure 7
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Characterization of a novel human aminopeptidase

Figure 8
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Characterization of a novel human aminopeptidase

Figure 9
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Characterization of a novel human aminopeptidase

Figure 10
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Chapter 3: Discussion and conclusion

As reviewed in the Introductory section, GCPIl esg@nts a promising target for
diagnostic and therapy of prostate cancer as vgetither solid tumors. Additionally, the
inhibition of GCPIl enzymatic activity seems to foeuroprotective suggesting the key role
of the enzyme in the neuropathological conditiomsgst probably through its role in
glutamate-mediated neurotoxicity. Lastly, due taee tbonvenient protein topology,
inducible internalization upon ligand binding aravdrable expression profile, GCPII is
frequently used as a model molecule for variousifipdargeting delivery studies.

To enable effective use of GCPII in all these redeareas, a reliable and efficient
technique for its preparation is essential. We gmeshere a new Avi-tag™-based
purification protocol for preparation of recombiha@CPIl in eukaryotic expression
system. The system provides high-yields of homogemwotein in one-step purification
set-up and does not demand extensive instrumentatibich makes it highly cost-
effective. Moreover, we demonstrate the high véigabf our system by its application to
several other proteins topologically identical t&€®I, such as GCPIIl or NAALADase L.
Additional advantage of this purification systenthat the purified protein is specifically
modified by biotin at the side chain amino groupysine residue within the Avi-tag. Such
specific protein modification enables facile pratevisualization, immobilization or
isolation by various commercially available stredan or neutravidin conjugates. We

have extensively utilized this feature in bothdaling studies presented in the thesis.

Monoclonal antibodies against GCPII represent noly dndispensable tool for
common laboratory work in GCPIl-related researcut also one of the key clinical
molecular agents to specifically target GCPII. Efiere, it is not surprising that there are
various mAbs commercially available in the marketd aseveral mAb-conjugates are
currently in the late stages of clinical trials. founately, even though mAbs against
GCPIl clearly play an important role in GCPIl-radtresearch, they are mostly very
poorly characterized which may lead to their imgnopse or misinterpretation of obtained
data. The presented study aims to address this Isgicollecting and characterizing the
most commonly used mAbs against GCPII.

This study targets two main knowledge-gaps whichhaee identified in this field.
Firstly, mAbs have been mostly described basecenmrtethods for which they should be

used instead of the nature of antigen (native oratiged) they recognize. The current
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description often lead to the confusion since tla@eeseveral basic mAb-based techniques,
such as IHC or fluorescent microscopy, which canpkeformed in both native and
denature set-ups. Therefore, we decided to prignaokt out the mAbs based on their
ability to bind either denature or native form oEBIl. This distinction based on the nature
of the recognized antigen should provide the rebess with sufficient information for
effective use of the corresponding mAbs in any giresthod.

Secondly, even though several close GCPIl paralogsch as GCPI or
NAALADase L, have been identified in the past dexdthe potential cross-reactivity of
available GCPII-specific mAbs against these pratdias not been investigated at all.
Similarly, the issue of mAbs cross-reactivity wiBCPII orthologs, such as mouse or rat
GCPIl, has also been largely ignored. Since pakninknown cross-reactivity may
significantly influence the obtained results, faample in targeting GCPII-specific tissues
in humans or in analyzing mouse xenograft modeks,decided to probe all collected
mADbs against closest and most relevant GCPIl hogsplmmouse GCPII, mouse GCPIII
and human GCPIII.

The described lack of proper mAbs description maythe reason for several major
inconsistencies identified in GCPII research whitplve methods utilizing mAbs, such
as GCPIlI protein expression determined by westdottilig, ELISA or IHC (see
section 1.6). We hope that our study will help tegearchers to use available anti-GCPII
mADbs more appropriately and efficiently in the fwuwhich might ultimately lead to
diminishing of such inconsistencies in publishesltts.

Since we performed quantitative characterizationcolfected mAbs, the obtained
dissociation constants for respective antigen-adifbcomplexes can be easily applied to
optimize the appropriate protocol for highest plolessignal output while keeping the mAb
consumption to a minimum. Moreover, if the mAb witescribed cross-reactivity is used,
the working mAb concentration can be adjusted deoto minimize the cross-reactivity or
visualize both potential antigens; depending onviddal researcher’s need.

Finally, we would like to stress out that the matien for performing this study was
not to advertise one mAb over the other, but pripaprovide a comprehensive
characterization of given mAbs and point out theleading information which can be
found in some of the analyzed mAbs datasheets.ekample, the mAb YPSMA-1 has
been used in some studies for recognition of nai@®11, while it clearly recognizes only
the denature form of the protein [118, 203]. Thsairrect use of YPSMA-1 may be

explained by the fact that its datasheet stategpipdication of this mAb on the methods
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such as IHC on frozen tissue slides, immunocytoasteynor flow-cytometry; the methods
which are generally recognized as the techniqueking with a native antigen. We hope
that our presented data will help to prevent theetieon of such unfortunate use of anti-
GCPIl mAbDs in the future.

Even though GCPII has been investigated for moes ttwo decades as specific
marker of prostate cancer, the physiological conoeof increased expression level of
GCPIlI with development of this pathological conaliti has not been conclusively
identified yet. Based on the close structural hagyplto transferrin receptor, the putative
role of GCPII in prostate cancer as a receptoreratian an enzyme has been proposed by
several research groups (see section 1.7.2). Hoywdneeputative partner of GCPII has not
yet been identified. To reveal potential non-enzymafunction of GCPIl, a
characterization and determination of physiologfaakttions of its close homologs may be
useful. Therefore, we decided to characterize NABiB&e L and determine its
physiological function.

By determination of its X-ray structure, we demoatgtd that NAALADase L has very
similar secondary and tertiary structure as GCHils fact together with the conservation
of essential amino acids (zinc coordinating amicidsand catalytic acid/base glutamate)
suggested that it might embody similar enzymatitveg to that of GCPII. Surprisingly,
we identified that NAALADase L acts as an aminopdgse rather than carboxypeptidase.
This fact together with restricted protein expressiof NAALADase L in the small
intestine indicated that its physiological role lwgrobably be associated with the
protein/peptide degradation and led us to propasaianame for this enzyme: human ileal
aminopeptidase (HILAP).

The presented data suggest that even though HIsARghly homologous to GCPII
on the structural level, its specialized physiotagifunction does not make this protein a
good candidate from which GCPII non-enzymatic rol@athological conditions could be
derived.

On the other hand, HILAP may represent an intargstnolecule for study of
molecular evolution of M28 family of metallopeptsts. This family of metallopeptidases
comprises both amino- and carboxypeptidases. Thasenopeptidases, such as
aminopeptidase S from3reptomyces griseus, are single-domain enzymes, while
carboxypeptidases, such as GCPII, are structunmadise complex molecules, consisting of

three domains and forming dimeric quaternary stmect This may make the HILAP
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a potential evolutionary “intermediate” of theseot@nzyme sub-families having similar
enzymatic activity as the first and the structusdhe second. Even though this pilot study
described HILAP from both structural and enzymatagipoint of view, additional studies

will be necessary to address these issues in nedad.d

To conclude, we presented here optimization andiatabn of an efficient purification
set-up which is generally applicable for secretamtgins, such as the extracellular portion
of GCPII. Moreover, we performed thorough charaz&tion, in both quantitative and
qualitative manner, of the most commonly used madmminst GCPII. The results of these
studies will hopefully contribute to more conciselafficient GCPII-related research thus
facilitating the preparation of clinically applidabagents for targeting pathological
conditions such as prostate carcinoma. Finally, @escribe here a biochemical
characterization of a close GCPIlI homolog, HILAPhieh suggested that this protein
probably represents an important element in theeoutdr evolution of M28 family of
metallopeptidases and its physiological role ilitkconnected to the peptide/protein

degradation.
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