Chapter 5
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Abstract

In vitro site-directed mutagenesis (SDM) of protein tyrosine phosphatases (PTPs) is a commonly used
approach to experimentally analyze PTP functions at the molecular and cellular level and to establish func-
tional correlations with PTP alterations found in human disease. Here, using the tumor-suppressor PTEN
and the receptor-type PTPRZ-B (short isoform from PTPRZI gene) phosphatases as examples, we provide
a brief insight into the utility of specific mutations in the experimental analysis of PTP functions. We describe
a standardized, rapid, and simple method of mutagenesis to perform single and multiple amino acid substitu-
tions, as well as deletions of short nucleotide sequences, based on one-step inverse PCR and Dpnl restriction
enzyme treatment. This method of SDM is generally applicable to any other protein of interest.
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1 Introduction

The directed alteration of cDNA sequences to modulate protein
function in in vitro or in vivo experimental settings constitutes one
of the basic approaches to establish, at the molecular and cellular
level, protein structure-activity relationships governing biological
processes. Together with structural and functional studies, SDM
applied to relevant proteins has emerged as an indispensable tech-
nique to test and validate experimental hypothesis and to charac-
terize intrinsic protein biological activities, as well as to define the
mechanism of action of specific drugs. Site-directed mutagenesis is
especially well suited for studying the biological activities of
enzymes, since protocols for the readout of activity are usually
available. In the case of PTDs, different experimental approaches
exist to study in vitro PTP biological properties, including catalytic
activity towards different substrates, sensitivity to inhibitors or
redox regulatory agents, and binding to ligands, substrates, and
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regulatory proteins, among others [ 1-9]. In this regard, mutations
at the PTP active site have been used to engineer binding sites for
specific inhibitors [10], as well as to obtain antibodies that specifi-
cally recognize the oxidized conformation of the PTP and keep the
enzyme in its inactive state [11].

All Cys-based PTPs follow a two-step enzymatic mechanism
that starts with a nucleophilic attack on the phospho-substrate by
the catalytic Cys (located on the CxxxxxR signature motif-
containing catalytic P-loop), which is aided by a general acid
donating-proton residue, generally an Asp (located in the WPD-
loop), to release the dephosphorylated substrate. This generates a
characteristic phospho-enzyme intermediate. In a second step, a
water molecule is deprotonated by the catalytic Asp (which now
acts as a general base) and the remaining hydroxyl group attacks
the P-O thiol-phosphate bond from the phospho-enzyme interme-
diate, releasing the phosphate moiety [12-16]. The conservative
substitution of the catalytic Cys by a Ser (C/S mutation) is the
standard enzyme-inactivating mutation used in PTP studies [17].
Importantly, C/S PTP mutations may act as dominant negative
PTP variants, likely by binding to substrates (without dephosphor-
ylating them) or by competing with effectors [18-22]. The substi-
tution of the catalytic Asp by an Ala (D/A mutation) renders an
enzyme with very low activity, which usually binds to substrates
with higher affinity than the C/S mutation, being referred as a
substrate-trapping mutation [23]. Substrate-trapping D /A muta-
tions have been used successfully to identify bona fide substrates of
different PTPs, alone [24-28] or in combination with the C/S
mutation [29]. A list of residues important for catalysis of PTPs,
using PTPN1/PTPI1B as a model, is provided in reference [30].

Protein-protein interactions constitute a major regulatory
mechanism in the control of PTP biological activity, not only by
conferring substrate specificity but also by regulating the compart-
mentalization and subcellular location of PTPs. This is aided by the
existence of a domain modular organization on many PTPs that
specifically orchestrate their differential binding to effectors and
regulators [31-33]. In addition, linear C-terminal amino acid
motifs that represent canonical binding sites for PDZ protein
domains are present in some PTPs, including PTEN (-Thr-Lys-Val;
-TKV motif) and PTPRZ-B (-Ser-Leu-Val; -SLV motif), as well as
in some myotubularins. PDZ domains exist in many scaffolding and
regulatory proteins, and are considered as major elements in the
compartmentalization of the cell at the molecular level, with impor-
tant implications in human disease [34, 35]. PDZ-domain binding
to protein partners can be experimentally manipulated by PDZ-
domain rearrangements, as well as by mutation of the residues from
the PDZ-binding motif on the protein partners [36, 37].

PTEN is a lipid- and protein-phosphatase that controls cell
homeostasis. PTEN behaves as a major tumor-suppressor protein
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Table 1

in humans by dephosphorylating PIP3, the product of the onco-
genic PI3K, and PTEN functional alterations are strongly associ-
ated with human disease, especially cancer. PTEN gene is a frequent
target of mutations in human tumors, and patients with PTEN
hamartoma tumor syndrome (PHTS) or with autism spectrum dis-
orders (ASD) carry PTEN germ-line mutations [ 38—42]. Thus, the
potential to introduce PTEN mutations for experimental purposes
is required to study PTEN functionality or etfects of PTEN disease-
associated mutations [43, 44]. PTPRZ-B is a receptor-type PTP
that is encoded by gene PTPRZI and that is mainly (but not exclu-
sively) expressed in the nervous system. PTPRZI-encoded protein
isoforms are involved in the regulation of cell-cell and cell-
extracellular matrix interactions, and display both tumor suppres-
sive and oncogenic properties [45-50]. In addition, PTPRZI
isoforms are involved in myelination processes [51-53], and they
have been proposed as a target for Parkinson’s disease and schizo-
phrenia [54, 55]. Both PTEN and PTPRZ-B bind PDZ domains
through their C-terminal PDZ-binding motifs, which impacts on
their stability, subcellular location, and function [36, 56-59].

Mutations useful to study the functions of PTEN and PTPRZ-B
in any cell system or experimental setting are illustrated in Table 1.
These include specific mutations affecting the catalysis or the binding
to PDZ domains of PTEN and PTPRZ-B, and may be extended to
other PTPs. Using PTEN and PTPRZ-B ¢DNAs in different plas-
mid backgrounds, we describe a standardized, rapid, and simple
mutagenesis method to obtain single and multiple amino acid sub-
stitutions, as well as short-length nucleotide deletions. The method
is based on one-step inverse PCR followed by Dpnl restriction
enzyme treatment and direct E. coli transformation, and can poten-
tially be applied to any other cDNA of interest.

Amino acid substitution mutations of utility to study PTEN and PTPRZ-B function

Mutation Location Functional consequence References
PTEN®

C124S8 PTP domain (P-loop) Catalytically inactive (full) [61-63]
GI129E PTP domain (P-loop) Loss of lipid phosphatase activity [64]
Y138L PTP domain Loss of protein phosphatase activity [65]
D90A PTP domain (WPD-loop) Catalytically inactive; substrate trapping [66]
V403A C-terminal tail Loss of PDZ-domain binding [59]
PTPRZ-B®

C1073S PTP D1 domain (P-loop) Catalytically inactive (full) [57,67]
D1041A  PTP D1 domain (WPD-loop)  Catalytically inactive; substrate trapping [68]
S1453A C-terminal tail Loss of PDZ-domain binding [58]
V1455A C-terminal tail Loss of PDZ-domain binding Predicted

*Amino acid numbering corresponds to the major human PTEN isoform (NP_000305)
®Amino acid numbering corresponds to the short human PTPRZ-B isoform (NP_001193767)
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2 Materials

2.1 Site-Directed

All solutions are prepared in double-distilled, RNase-free water.
Plasticware is autoclaved or sterilized by ethylene oxide.

1. Plasmid containing the PTP ¢DNA to be mutagenized (see

Mutagenesis of PTPs Note 1).
2. Mutagenic oligonucleotide primers (se¢ Note 2).
3. High-fidelity DNA polymerase and dNTDPs (see Note 3).
4. Dpnl restriction enzyme (target sequence 5-GmC®ATC-3)
(see Note 4).
5. E. coli competent cells (see Note 5).
6. TNE buffer: 50 mM Tris-HCI pH 7.5, 100 mM NaCl, 5 mM
EDTA.
7. 10x TCM buftfer: 100 mM Tris-HCI pH 7.5, 100 mM CaCl,,
100 mM MgClL,.
8. LB medium: 1% Tryptone, 0.5 % yeast extract, and 1% NaCl.
9. LB-Ampicillin (LB-Amp) plates: 1% Tryptone, 0.5% yeast
extract, 1% NaCl, 0.01% NaOH, 1.5% agar, and 100 pg/ml
ampicillin.
10. Plasmid DNA purification Kkit.
11. Agarose gel electrophoresis and DNA visualization reagents.
12. Thermocycler.
13. Shaking incubator.
14. Ultraviolet light detection system.
3 Methods

This mutagenesis method is based on the QuikChange™ Site-
Directed Mutagenesis procedure, which consists of one-step
inverse PCR from a methylated double-stranded DNA (dsDNA)
plasmid followed by Dpnl restriction enzyme treatment, eliminat-
ing the need for subcloning and single-stranded DNA (ssDNA)
rescue. Our procedure utilizes a supercoiled dsDNA vector with
the insert of interest, and synthetic oligonucleotide mutagenic
primers with a standardized predesigned length (see below).
The oligonucleotide primers are extended during temperature
cycling by a high-fidelity DNA polymerase, which generates a non-
methylated mutated nicked plasmid. The PCR product is directly
treated with Dpnl endonuclease to digest the parental methylated
DNA template, followed by transformation into competent bacteria.
Examples are provided for single-amino acid substitutions and
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deletions on human PTEN (1.2 kb c¢DNA; NM_000314,
NP_000305) (Figs. 1 and 2, Table 2) and for single and multiple-
amino acid substitutions on human PTPRZ-B (4.3 kb cDNA;
NM_001206838, NP_001193767) (Fig. 3). Note that for both
single and multiple mutations we run a single PCR.

a
PTEN D24G: GAC - GGC

(+) 5’ -TGGATTCGACTTAGGCTTGACCTATATTT-3"
(=) 5’ -AAATATAGGTCAAGCCTAAGTCGAATCCA-3’

b PTEN D24G c PTEN D24G
v v g RK5 YES2 RK5 YES2
g i:? é) A‘?’, o%o i?’, P P P P
T @ Q@ Q Q + + 4+ + 4+ + 4+ + + + + + Pwo
+ + + + - - Pwo + + + 4+ o+ 4+ - - - - . Dpnl
+ + - -+ + Dpnl
[ ' & 5.9kb
e7.1kb ) ) ) 10 ) ) ) g e ) &
Wevwe € - | :
L e — - — - <1.2kb
12 3 4 5 6 7 1 2 3 4 5 6 7 8 9 10 11 12 13
d Mutagenesis Template Number of Mutagenesis
conditions plasmid colonies efficiency
pRK5-PTEN 198 3/3
+ Pwo + Dpnl
pYES2-PTEN 115 3/3
pRK5-PTEN 231 0/3
+ Pwo - Dpnl
pYES2-PTEN 172 0/3
pRK5-PTEN 0
-Pwo + Dpnl
PYES2-PTEN 0

Fig. 1 Monitoring of standardized site-directed mutagenesis using a PTEN amino acid substitution as an exam-
ple. (@) Mutagenic primers of 29-mer predefined length (13 + 3 + 13, codon substituted underlined). The amino
acid substitution (D24G) is indicated using the amino acid one-letter code. +, forward primer; —, reverse primer.
(b) Linear DNA obtained on the mutagenic PCR, as resolved by 1% agarose gel electrophoresis. pRK5 PTEN is
6 kb size, whereas pYES2 PTEN is 7.1 kb size. The parental circular DNA is in low amount and not visualized.
Note the lack of PCR product in the absence of DNA polymerase (/anes 6 and 7). (¢) Control restriction enzyme
digestions (Xbal + Sall, cutting out the 1.2 kb PTEN insert) of plasmid DNA obtained from bacteria transformed
with the mutagenic PCR product. Three colonies were analyzed from each condition. In /anes 7 from (b) and (c),
molecular markers (BstEll digestion of A phage) are shown. (d) Efficiency of bacteria transformation with the
mutagenic PCR product (number of bacteria colonies after transformation with the Dpnl-treated PCR product)
and mutagenesis efficiency (number of mutated samples with respect to the number of samples sequenced)
achieved from each condition are indicated. Note that in the absence of Dpnl, the parental template plasmid
gives a background of non-mutated samples. In the absence of DNA polymerase (but presence of Dpnl) no
colonies should be obtained, as an indication of the efficiency of Dpnl digestion
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\ v
PTEN AI33: ATTATTGCT -> ATTGCT PTEN M198I1-T202: GATGATGTTTGAAAAC -> GATAAC
(+) 5’ -TTATCCAAACATTGCTATGGGATTTC-3’ (26) (+) 5" -TGTTTCACAAGATAACTATTCCAATG-3' (26)
(=) 57 —GZ—\AZ—\TCCCZ—\TAG(;T\AATGTTTGGATAA—3 ’ (-) 5’ -CATTGGAATAGTTATCTTGTGAAACA-3'
(+) 5" -GTTGTTTCACAAGATAACTATTCCAATGTT-3' (30)
(-) 5’ -AACATTGGAATAGTTATCTTGTGAAACAAC-3'
b PTEN
> &
& &
&
&,\9 /O’Q (o] PTEN
& & & E307K Al33 M198I-T202 M1981-T202
S (26) (30)
@ 9
o Bavwoobebeliede -
' - - Ly
-n‘““!ih“-“*h €1.2kb
1 2 3 4 5 1 2 3 4 5 6 7 8 9 10 11 12 13
d
. Length of Numberof | Mutagenesis
Mutation mutagenic . . .
. colonies efficiency
primers
E307K 29 252 3/3
Al33 26 296 3/3
M198I-T202 26 3 2/3
M198I-T202 30 64 2/3

Fig. 2 Monitoring of standardized site-directed mutagenesis using PTEN amino acid substitution and nucleo-
tide deletions as examples. (@) Mutagenic primers of 26-mer or 30-mer predefined length (13+0+13 or
15+ 0+ 15, respectively, where 0 indicates the underlined deleted nucleotides). The arrows indicate the nucle-
otide junction after the deletion. The amino acid changes after the nucleotide deletion are indicated as follows:
Al33, deletion of 133; M198I-T202, M198I substitution plus deletion of residues 199-201. +, forward primer; —,
reverse primer. (b) Linear DNA obtained on the mutagenic PCR (pRK5 PTEN as template plasmid), as resolved
by 1% agarose gel electrophoresis. The E307K amino acid substitution (29-mer mutagenic primers) was
included for comparison. (¢) Control restriction enzyme digestions (Xbal + Sall, cutting out the 1.2 kb PTEN
insert) of plasmid DNA obtained from bacteria transformed with the mutagenic PCR product. Three colonies
were analyzed from each condition. In /anes 1 from (b) and (c), molecular markers (BstEll digestion of A phage)
are shown. (d) Efficiency of bacteria transformation with the Dpnl-treated PCR product, and mutagenesis
efficiency are indicated. Note that two different set of primers (26-mer or 30-mer) were used for the M198I-T202
mutagenesis. Note that sometimes the amplified PCR product is barely detected [see /anes 4 and 5 from panel
(b)], but it is enough to obtain colonies with the desired mutation

3.1 Site-Directed
Mutagenesis of PTPs

1. Design the mutagenic oligonucleotide primers. In our protocol
for amino acid substitutions, the mutagenic primers are two
fully complementary primers of standardized predefined length
(usually 29-mer), with the mutated codon in the center
(Fig. 1a) (see Note 2) (Mingo et al., submitted). For deletions
of short sequences of nucleotides, the design of mutagenic
primers follows similar rules, with the junction of the deleted
sequence in the center (Fig. 2a).
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Table 2

Efficiency of amino acid substitution-standardized mutagenesis of PTEN?

Mutation®

GC content (%) Tm*

Number of colonies

Mutagenesis efficiency

MII (ATG — ATA)
KGE¢ (AAA — GAA)
K6I¢ (AAA — ATA)
NI2T* (AAC—ACC)
R14G! (AGG — GGG)
D24G (GAC— GGC)
E43G (GAA - GGA)
I150T (ATT —ACT)
Y65C¢ (TAC - TGC)
Y68N¢ (TAC —AAC)
Y68H¢ (TAC — CAC)
Y68C¢ (TAC - TGC)
L70P¢ (CTT — CCT)
KSOE! (AAA > GAA)
1101T¢ (ATC - ACC)
D107G (GAT - GGT)
L112P (CTA— CCA)
H123R (CAC— CGC)
R130L (CGA— CTA)
G132D¢ (GGT — GAT)
R142P (CGG— CCG)
R159G¢ (AGG — GGG)
QI71E (CAG— GAG)
M205V (ATG - GTG)
D252V (GAT - GTT)
K254T° (AAA —ACA)
V255A (GTA— GCA)

48
48
45
41
41
38
48
31
34
34
38
38
38
41
41
48
45
45
45
38
24
48
48
45
41
45
41

75
75
74
72
72
71
75
68
69.5
69.5
71
71
71
72
72
75
74
74
74
71
65
75
75
74
72
74
72

22
12
8
12
20
58
11
19
8
9
15
32
14
5
20
10
10
25
38
32
44
39
15
19
55
26
100

1/1
1/1
1/1
1/1
1/2
1/1
1/1
1/1
1/1
2/3
1/1
1/1
1/1
1/1
1/1
1/1
1/1
1/1
1/1
1/2
1/1
1/1
1/2
1/1
1/1
1/1
1/1

*Mutagenesis was performed using the plasmid pYES2 PTEN as the template, and 29-mer-length mutagenic primers,

as shown in Fig. la

*The nucleotide substitutions and the resulting amino acid changes (one-letter amino acid code) are indicated
“Tm was calculated according to the QuikChange™ manual (Agilent Technologies)
4One of the primers from the mutagenic primer pair has G or C in 3’ position
“Both primers from the mutagenic primer pair have G or C in 3’ position

Data are shown as in Fig. 1d
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a PTPRZ-B
o » Q& Y
> X P W o N
0,5\ SIS 4\,"?’0"?’ b PTPRZ-B
P o DN R ¥ o
SIS P N Oy
' < 10kb IR R R MR
- i._.._ —— T g < 6.5 kb
et — S—— — & 3.5 kb

. Number of Mutagenesis Mutagenesis efficiency
Mutation . e Number of
colonies efficiency Mutation > D978A/
colonies | pg7ga | c1073s
C1073S 13 2/2 C1073S
D978A 50 1/2 D978A/
10735 10 4/6 0/6 2/6

R1112I 37 2/2

F992Vv 8 2/2

Q911P 15 2/2

V1455A 16 1/2

L1454A 37 2/2

Fig. 3 Monitoring of standardized site-directed mutagenesis using PTPRZ-B amino acid substitutions as exam-
ples. (a) Linear DNA obtained on the mutagenic PCR (pCDNA3 PTPRZ-B as template plasmid, 10 kb size), as
resolved by 1% agarose gel electrophoresis. The amino acid substitutions are indicated using the amino acid
one-letter code. (b) Control restriction enzyme digestions (Xbal, cutting out a 3.5 kb fragment of PTPRZ-B
insert) of plasmid DNA obtained from bacteria transformed with the mutagenic PCR product. Two colonies
were analyzed from each condition (see /eft panel c; digestion is only shown for one colony each). In /anes 1
from (a) and (b), molecular markers (BstEll digestion of A phage) are shown. (¢) In the /eft panel, the efficiency
of bacteria transformation with the Dpnl-treated PCR product and mutagenesis efficiency are indicated, cor-
responding to the mutagenesis shown in (a). Note that sometimes the amplified PCR product is barely detected
[see lane 5from panel (a)], but it is enough to obtain colonies with the desired mutation. In the right panel, data
are shown for the simultaneous obtaining of two mutations at two distinct target sites, running a single PCR
reaction with a mix of two pairs of mutagenic primers

2. Prepare the mutagenic PCR mix (25 pl): 14.25 pl H,O, 5 pl
template plasmid (at 5 ng/pl) (see Note 1), 1.25 pl ANTP mix
(at 4x2.5 mM), 2.5 pl buffer Pwo 10x (Roche), 0.1 ul DNA
polymerase Pwo (at 5 U/pl; Roche), and, in the case of a sin-
gle mutation (one primer pair), 1 pl of each mutagenic primer
(at 10 pM). In the case of multiple mutations (one primer
pair/mutation), we keep constant the final concentration of
primers preparing a mix of primer pairs from the 10 pM primer
stocks (same volume each primer) and adding 2 pl of the mix
to the mutagenic PCR mix.
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3.

Run the mutagenic PCR, using the following cycling conditions
(see Note 6):

e For PTEN mutagenesis: 1 min at 95 °C, followed by 18
cycles of 50 s at 95 °C (denaturation), 50 s at 60 °C (anneal-
ing), and 5 min at 68 °C (extension), and followed by a
final 7-min extension at 68 °C and cooling at 4 °C.

e For PTPRZ-B mutagenesis: 1 min at 95 °C, followed by
18 cycles of 50 s at 95 °C (denaturation), 50 s at 60 °C
(annealing), and 7 min at 68 °C (extension), and followed
by a final 7-min extension at 68 °C and cooling at 4 °C.

. Transfer 10 pl of the PCR product to a new Eppendorf tube

and add 0.15 pl of the Dpnl restriction enzyme (20 U/ul)
(see Note 4). Mix carefully the solution and incubate at 37 °C
for 2-3 h (se¢ Note 7). For long-term storage, keep the
undigested PCR product at 4 °C, and the Dpnl-digested PCR
product at =20 °C (see Note 8).

. Optional: Run 5-10 pl of the undigested PCR product on 1%

agarose gel to monitor the efficiency of the PCR amplification.
A linear DNA migrating as the size of the template should be
detected (see Note 9).

. Transform bacteria: Mix, in a 14 ml polypropylene round-

bottom tube, 10 pl of TCM 10x, 10 pl of TNE, and 2 pl of the
Dpnl-treated PCR product (see Note 10). Keep on ice for
5 min; then, add 20 pl E. coli competent cells (see Note 5) and
incubate on ice for 15-30 min. Heat-shock the mix by incu-
bating the tube in a 42 °C water bath for 90 s, followed by
incubation at 20 °C for 10 min. Add 300 pl of LB medium,
and incubate under shaking at 37 °C for 80 min.

. Plate the transformation mix on LB-ampicillin agar plates, air-dry,

and incubate inverted at 37 °C for 16 h (see Note 11).

. Pick individual colonies to inoculate 3 ml of LB-ampicillin and

grow for 16 h at 37 °C under constant shaking.

. Purify the plasmid DNA according to standard procedures and

check the resulting plasmid for the presence of the desired
mutation by restriction enzyme and DNA sequencing analysis
(see Notes 12 and 13).

An example of an amino acid substitution mutagenesis on

PTEN, using different template plasmids and a pair of 29-mer pre-
defined length mutagenic primers, is provided in Fig. 1. These
experiments illustrate the monitoring of the mutagenesis by ana-
lyzing the efficiency of the PCR (amount of amplicon and number
of bacteria colonies after transformation) and of the mutagenesis
(number of sequencing-confirmed mutated samples per number of
samples sequenced). Examples of mutagenesis results obtained
using different template plasmids (different vectors with PTEN
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and PTPRZ-B cDNA inserts) and mutagenic primers are shown in
Figs. 2 and 3. In all cases, the PCR product resolved by agarose gel
electrophoresis is shown. Note that the amount of this amplified
linear DNA correlates with the number of bacteria colonies
obtained after transformation with the Dpnl-digested PCR product.
Data on the mutagenesis efficiency are also provided. In addition,
an example of the simultaneous incorporation of two separate
mutations in the PTPRZ-B cDNA (resulting in two different
amino acid substitutions) is provided in Fig. 3c. Finally, examples
from an extensive mutagenesis of PTEN are also given in Table 2.

4 Notes

1. Mutagenesis protocols coupled to digestion with Dpnl

restriction enzyme (target sequence 5 -Gm°ATC-3’) require a
Dam-methylated DNA plasmid template, which is produced
by most of laboratory cloning E. coli strains (dam+).

. In our standardized protocol, we use mutagenic primers of

predefined length, irrespective of their Tm, GC content, and
GC localization (Table 2) (Mingo et al., submitted). As a gen-
eral rule, for single-amino acid substitutions, we use 29-mer
mutagenic primers (13+3+13; 13 nucleotides flanking each
side of the codon to be changed [underlined]). For deletion of
one amino acid, we use 26-mer primers (13+0+13; where 0
indicates the deleted nucleotides). For larger nucleotide dele-
tions we increase the length of the mutagenic primers
(15+0+15) (see an example in Fig. 2). It is possible that for
templates difficult to amplify, the design of the mutagenic
primers needs further optimization. For simultaneous muta-
genesis of several target sequences (multiple mutagenesis), we
prepare a mix of all the mutagenic primer pairs and use the
same final amount of total primers than for a single mutagen-
esis. In our experience, double and triple mutations are easily
obtained by this procedure in a single PCR reaction.

. High-fidelity thermostable DNA polymerases are required to

avoid incorporation of undesired mutations. In addition, some
thermostable DNA polymerases, such as Taq polymerase, add
undesired “A-tails” in the PCR product. The examples shown
here have been performed using Pwo DNA polymerase
(Roche), but many other high-fidelity thermostable DNA
polymerases are suitable.

. The efficiency of the digestion of the PCR product with the

Dpnl restriction enzyme determines the amount of undesired
parental plasmid that is transformed into bacteria, which pro-
duces wild-type (parental plasmid) colonies. This constitutes
one of the key parameters of the mutagenesis efficiency.
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10.

Examples of control experiments to test Dpnl efficiency are
shown in Fig. 1. Note that in the absence of DNA polymerase
no colonies should be obtained if the Dpnl enzyme is fully
efficient. The examples shown have been performed using
Dpnl from New England Biolabs, but many other Dpnl
enzymes are suitable.

. We routinely use CaCl,-competent DH5a E. coli cells [60] for

direct transformation of the Dpnl-digested PCR product. To
make a stock of competent bacteria from 50 ml culture, we
resuspend the final bacteria pellet in a volume of 2 ml CaCl,
0.1 M, and keep frozen at -80 °C in aliquots of 50 pl.
Commercial ultra-competent bacteria, available from different
vendors, are also suitable.

. Optimization of PCR cycling conditions may be necessary if

the template plasmid is of large size or difficult to amplify. As a
general rule, 1 min of extension is recommended per kb of
template size. Number of cycles can be increased, although
this may raise the frequency of undesired mutations. In addi-
tion, the amount of parental template plasmid can be increased,
although this may result (depending on the Dpnl efficiency) in
higher background from the parental plasmid (the transforma-
tion efficiency of the circular parental plasmid exceeds that of
the linear PCR product) (see also Note 7).

. It is advisable to test the efficiency of the Dpnl digestion with

different incubation times, taking into consideration the
amount of template plasmid used (see Fig. 1). For convenience
with time distribution, overnight digestion with Dpnl can be
performed, although nonspecific digestion will decrease the
mutagenesis efficiency.

. If required, the PCR product can be stored at 4 or -20 °C for

some time before being treated with Dpnl. Similarly, the
Dpnl-digested PCR product may be stored for longer periods
at =20 °C before the transformation of bacteria is taken up.

. In general, the number of colonies obtained from the muta-

genesis is proportional to the amount of amplified DNA from
the mutagenic PCR (monitored by agarose gel electrophoresis
in step 5; the parental template plasmid is not detectable at
these amounts). It is recommended to transform bacteria with
the Dpnl-digested PCR product even when the amplicon is
not detectable on gel, since a small number of colonies is
enough to obtain the desired mutation (see Figs. 2 and 3).

The amount of Dpnl-digested PCR product to transform bac-
teria can be increased, although this may increase background
due to the parental plasmid (depending on the DpnlI efficiency;
see also Note 7).



Our routine mutagenesis experiments yield 20-200 colonies
after transformation with 2 pl of Dpnl-digested PCR product.
If no colonies are obtained, se¢ Notes 2, 6, and 10.

Before sequencing, we routinely check by restriction analysis
that the amplified DNA corresponds to the template plasmid.

The mutation efficiency under our standardized mutagenesis
conditions is about 85 %. Sequencing of one to three colonies
should be enough to obtain the desired mutation from a single
mutagenesis experiment. In the case of multiple mutagenesis,
take into consideration that a mix of individual and multiple
mutations is likely to be obtained, necessitating the analysis of

a larger number of colonies (see Fig. 3¢, right panel).

This work was supported in part by grants SAF2013-48812-R from
Ministerio de Economia y Competitividad (Spain), 2013111011
from Gobierno Vasco, Departamento de Salud (Basque Country,
Spain), and BIO13/CI1/001/BC from BIOEF/EITB maratoia

90 Sandra Luna et al.
11.
12.
13.
Acknowledgements
(Basque Country, Spain) (to RP).
References
1. Blanchetot C, Chagnon M, Dube N, Halle M, 7

Tremblay ML (2005) Substrate-trapping tech-
niques in the identification of cellular PTP tar-
gets. Methods 35(1):44-53. doi:10.1016/j.
ymeth.2004.07.007

. Boivin B, Yang M, Tonks NK (2010) Targeting

the reversibly oxidized protein tyrosine phos-
phatase superfamily. Sci Signal 3(137):pl2.
doi:10.1126/scisignal.3137pl2

. Gao L, Sun H, Yao SQ (2010) Activity-based

high-throughput determination of PTDs
substrate specificity using a phosphopeptide
microarray.  Biopolymers  94(6):810-819.
doi:10.1002/bip.21533

. Karisch R, Neel BG (2013) Methods to moni-

tor classical protein-tyrosine phosphatase oxi-
dation. FEBS J 280(2):459-475.
doi:10.1111/5.1742-4658.2012.08626.x

. Montalibet J, Skorey KI, Kennedy BP (2005)

Protein tyrosine phosphatase: enzymatic
assays. Methods 35(1):2-8. doi:10.1016/j.
ymeth.2004.07.002

. Persson C, Kappert K, Engstrom U, Ostman A,

Sjoblom T (2005) An antibody-based method
for monitoring in vivo oxidation of protein
tyrosine phosphatases. Methods 35(1):37—43.
doi:10.1016/j.ymeth.2004.07.006

10.

11.

12.

. Gil A, Rodriguez-Escudero I, Stumpf M,

Molina M, Cid VJ (2015) A functional dis-
section of PTEN N-terminus: implications
in PTEN subcellular targeting and tumor
suppressor activity. PLoS One 10(4):
c0119287

. Stoker A (2005) Methods for identifying extra-

cellular ligands of RPTPs. Methods 35(1):80—
89. d0i:10.1016/j.ymeth.2004.07.011

. Tautz L, Mustelin T (2007) Strategies for

developing protein tyrosine phosphatase inhib-
itors. Methods 42(3):250-260. doi:10.1016/j.
ymeth.2007.02.014

Bishop AC, Zhang XY, Lone AM (2007)
Generation of inhibitor-sensitive protein tyro-
sine phosphatases via active-site mutations.
Methods  42(3):278-288.  doi:10.1016/j.
ymeth.2007.02.005

Haque A, Andersen JN, Salmeen A, Barford
D, Tonks NK (2011) Conformation-sensing
antibodies stabilize the oxidized form of
PTP1B and inhibit its phosphatase activity.
Cell 147(1):185-198. doi:10.1016/j.
cell.2011.08.036

Barford D, Flint AJ, Tonks NK (1994) Crystal
structure of human protein tyrosine phosphatase
1B. Science 263(5152):1397-1404


http://dx.doi.org/10.1016/j.ymeth.2004.07.007
http://dx.doi.org/10.1016/j.ymeth.2004.07.007
http://dx.doi.org/10.1126/scisignal.3137pl2
http://dx.doi.org/10.1002/bip.21533
http://dx.doi.org/10.1111/j.1742-4658.2012.08626.x
http://dx.doi.org/10.1016/j.ymeth.2004.07.002
http://dx.doi.org/10.1016/j.ymeth.2004.07.002
http://dx.doi.org/10.1016/j.ymeth.2004.07.006
http://dx.doi.org/10.1016/j.ymeth.2004.07.011
http://dx.doi.org/10.1016/j.ymeth.2007.02.014
http://dx.doi.org/10.1016/j.ymeth.2007.02.014
http://dx.doi.org/10.1016/j.ymeth.2007.02.005
http://dx.doi.org/10.1016/j.ymeth.2007.02.005
http://dx.doi.org/10.1016/j.cell.2011.08.036
http://dx.doi.org/10.1016/j.cell.2011.08.036

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Tailor-Made Protein Tyrosine Phosphatases: In Vitro Site-Directed Mutagenesis...

Barford D, Jia Z, Tonks NK (1995) Protein
tyrosine phosphatases take off. Nat Struct Biol
2(12):1043-1053

Denu JM, Dixon JE (1998) Protein tyrosine
phosphatases: mechanisms of catalysis and reg-
ulation. Curr Opin Chem Biol 2(5):633-641
Stuckey JA, Schubert HL, Fauman EB, Zhang
7Y, Dixon JE, Saper MA (1994) Crystal struc-
ture of Yersinia protein tyrosine phosphatase at

2.5 A and the complex with tungstate. Nature
370(6490):571-575. doi:10.1038 /370571a0

Zhang ZY (1998) Protein-tyrosine phospha-
tases: biological function, structural character-
istics, and mechanism of catalysis. Crit Rev
Biochem Mol Biol 33(1):1-52.
doi:10.1080,/10409239891204161

Guan KL, Dixon JE (1990) Protein tyrosine
phosphatase activity of an essential virulence
determinant in Yersinia. Science
249(4968):553-556

Dustin LB, Plas DR, Wong ], Hu YT, Soto C,
Chan AC, Thomas ML (1999) Expression of
dominant-negative  src-homology  domain
2-containing protein tyrosine phosphatase-1
results in increased Syk tyrosine kinase activity
and B cell activation. J Immunol
162(5):2717-2724

Furukawa T, Itoh M, Krueger NX, Streuli M,
Saito H (1994) Specific interaction of the
CD45 protein-tyrosine phosphatase  with
tyrosine-phosphorylated CD3 zeta chain. Proc
Natl Acad Sci U S A 91(23):10928-10932
Liu F, Chernoff J (1997) Protein tyrosine
phosphatase 1B interacts with and is tyrosine
phosphorylated by the epidermal growth factor
receptor. Biochem J 327(Pt 1):139-145
Milarski KL, Zhu G, Pearl CG, McNamara DJ,
Dobrusin EM, MacLean D, Thieme-Sefler A,
Zhang 7Y, Sawyer T, Decker SJ et al (1993)
Sequence specificity in recognition of the epi-
dermal growth factor receptor by protein tyro-
sine  phosphatase 1B. ] Biol Chem
268(31):23634-23639

Sun H, Charles CH, Lau LF, Tonks NK (1993)
MKP-1 (3CH134), an immediate early gene
product, is a dual specificity phosphatase that
dephosphorylates MAP kinase in vivo. Cell
75(3):487-493

Flint AJ, Tiganis T, Barford D, Tonks NK
(1997) Development of “substrate-trapping”
mutants to identify physiological substrates of
protein tyrosine phosphatases. Proc Natl Acad
Sci U S A 94(5):1680-1685

Cote JF, Charest A, Wagner J, Tremblay ML
(1998) Combination of gene targeting and
substrate trapping to identify substrates of pro-
tein tyrosine phosphatases using PTP-PEST as

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

91

a model. Biochemistry 37(38):13128-13137.
doi:10.1021/bi9812591

Fukada M, Kawachi H, Fujikawa A, Noda M
(2005) Yeast substrate-trapping system for iso-
lating substrates of protein tyrosine phospha-
tases: isolation of substrates for protein tyrosine
phosphatase receptor type z. Methods 35(1):
54-63. doi:10.1016/j.ymeth.2004.07.008

Garton A]J, Flint AJ, Tonks NK (1996)
Identification of p130(cas) as a substrate for
the cytosolic protein tyrosine phosphatase
PTP-PEST. Mol Cell Biol 16(11):6408-6418
Timms JF, Carlberg K, Gu H, Chen H, Kamatkar
S, Nadler MJ, Rohrschneider LR, Neel BG
(1998) Identification of major binding proteins
and substrates for the SH2-containing protein
tyrosine phosphatase SHP-1 in macrophages.
Mol Cell Biol 18(7):3838-3850

Zhang SH, Liu J, Kobayashi R, Tonks NK
(1999) Identification of the cell cycle regulator
VCP (p97/CDC48) as a substrate of the band
4.1-related  protein-tyrosine  phosphatase
PTPHI. J Biol Chem 274(25):17806-17812
Wu J, Katrekar A, Honigberg LA, Smith AM,
Conn MT, Tang ], Jeffery D, Mortara K,
Sampang J, Williams SR, Buggy J, Clark JM
(2006) Identification of substrates of human
protein-tyrosine phosphatase PTPN22. J Biol
Chem 281(16):11002-11010. doi:10.1074/
jbc.M600498200

Zhang ZY (2002) Protein tyrosine phospha-
tases: structure and function, substrate specific-
ity, and inhibitor development. Annu Rev
Pharmacol Toxicol 42:209-234. doi:10.1146/
annurev.pharmtox.42.083001.144616

Sacco F, Perfetto L, Castagnoli L, Cesareni G
(2012) The human phosphatase interactome:
an intricate family portrait. FEBS Lett
586(17):2732-2739. doi:10.1016/j.
febslet.2012.05.008

Tautz L, Critton DA, Grotegut S (2013)
Protein tyrosine phosphatases: structure, func-
tion, and implication in human disease.
Methods Mol  Biol 1053:179-221.
doi:10.1007 /978-1-62703-562-0_13

Tonks NK (2006) Protein tyrosine phospha-
tases: from genes, to function, to disease. Nat
Rev. Mol Cell Biol 7(11):833-846.
do0i:10.1038 /nrm2039

Facciuto F, Cavatorta AL, Valdano MB,
Marziali F, Gardiol D (2012) Differential
expression of PDZ domain-containing proteins
in human diseases—challenging topics and
novel issues. FEBS J 279(19):3538-3548.
doi:10.1111/j.1742-4658.2012.08699 x

Subbaiah VK, Kranjec C, Thomas M, Banks L
(2011) PDZ domains: the building blocks reg-


http://dx.doi.org/10.1038/370571a0
http://dx.doi.org/10.1080/10409239891204161
http://dx.doi.org/10.1021/bi981259l
http://dx.doi.org/10.1016/j.ymeth.2004.07.008
http://dx.doi.org/10.1074/jbc.M600498200
http://dx.doi.org/10.1074/jbc.M600498200
http://dx.doi.org/10.1146/annurev.pharmtox.42.083001.144616
http://dx.doi.org/10.1146/annurev.pharmtox.42.083001.144616
http://dx.doi.org/10.1016/j.febslet.2012.05.008
http://dx.doi.org/10.1016/j.febslet.2012.05.008
http://dx.doi.org/10.1007/978-1-62703-562-0_13
http://dx.doi.org/10.1038/nrm2039
http://dx.doi.org/10.1111/j.1742-4658.2012.08699.x

92

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sandra Luna et al.

ulating tumorigenesis. Biochem J 439(2):195-
205. doi:10.1042/BJ20110903

Sotelo NS, Schepens JT, Valiente M, Hendriks
WJ, Pulido R (2015) PTEN-PDZ domain
interactions: binding of PTEN to PDZ domains
of PTPNI13. Methods 77-78:147-156.
doi:10.1016/j.ymeth.2014.10.017

Sotelo NS, Valiente M, Gil A, Pulido R (2012)
A functional network of the tumor suppressors
APC, hDlg, and PTEN, that relies on recogni-
tion of specific PDZ-domains. J Cell Biochem
113(8):2661-2670. doi:10.1002 /jcb.24141

Ngeow J, Eng C (2015) PTEN hamartoma
tumor syndrome: clinical risk assessment and
management protocol. Methods 77-78:11-19.
doi:10.1016/j.ymeth.2014.10.011

Pulido R (2015) PTEN: a yin-yang master
regulator protein in health and disease.
Methods 77-78:3-10. doi:10.1016/j.
ymeth.2015.02.009

Song MS, Salmena L, Pandolfi PP (2012) The
functions and regulation of the PTEN tumour
suppressor. Nat Rev Mol Cell Biol 13(5):283-
296. doi:10.1038 /nrm3330

Worby CA, Dixon JE (2014) Pten. Annu Rev
Biochem 83:641-669. doi:10.1146/
annurev-biochem-082411-113907

Zhou ], Parada LF (2012) PTEN signaling in
autism spectrum  disorders. Curr Opin
Neurobiol 22(5):873-879. doi:10.1016/j.
conb.2012.05.004

Rodriguez-Escudero 1, Fernandez-Acero T,
Bravo I, Leslie NR, Pulido R, Molina M, Cid
V] (2015) Yeast-based methods to assess
PTEN phosphoinositide phosphatase activity
in vivo. Methods 77-78:172-179.
doi:10.1016/j.ymeth.2014.10.020

Rodriguez-Escudero I, Oliver MD, Andrés-Pons
A, Molina M, Cid V], Pulido R (2011) A com-
prehensive functional analysis of PTEN muta-
tions: implications in tumor- and autism-related
syndromes. Hum Mol Genet 20(21):4132-
4142. doi:10.1093 /hmg,/ddr337

Deuel TF (2013) Anaplastic lymphoma kinase:
“Ligand Independent Activation” mediated by
the PTN/RPTPbeta/zeta signaling pathway.
Biochim Biophys Acta 1834(10):2219-2223.
doi:10.1016,/j.bbapap.2013.06.004
Diamantopoulou Z, Kitsou P, Menashi S,
Courty J, Katsoris P (2012) Loss of receptor
protein  tyrosine  phosphatase  beta/zeta
(RPTPbeta/zeta) promotes prostate cancer
metastasis. ] Biol Chem 287(48):40339-
40349. doi:10.1074 /jbc.M112.405852
Makinoshima H, Ishii G, Kojima M, Fujii S,
Higuchi Y, Kuwata T, Ochiai A (2012)
PTPRZ1 regulates calmodulin phosphoryla-

48.

49.

50.

51.

52.

53.

54.

55.

56.

tion and tumor progression in small-cell lung
carcinoma. BMC Cancer 12:537.
doi:10.1186,/1471-2407-12-537

Mohebiany AN, Nikolaienko RM, Bouyain S,
Harroch § (2013) Receptor-type tyrosine
phosphatase ligands: looking for the needle in
the haystack. FEBS J 280(2):388—400.
doi:10.1111/j.1742-4658.2012.08653.x

Muller S, Kunkel P, Lamszus K, Ulbricht U,
Lorente GA, Nelson AM, von Schack D, Chin
DJ, Lohr SC, Westphal M, Melcher T (2003) A
role for receptor tyrosine phosphatase zeta in
glioma cell migration. Oncogene 22(43):6661—
6668. doi:10.1038 /sj.onc.1206763

Ulbricht U, Eckerich C, Fillbrandt R, Westphal
M, Lamszus K (2006) RNA interference tar-
geting protein tyrosine phosphatase zeta/
receptor-type protein tyrosine phosphatase
beta suppresses glioblastoma growth in vitro
and in vivo. J Neurochem 98(5):1497-1506.
doi:10.1111/5.1471-4159.2006.04022 .x
Harroch S, Furtado GC, Brueck W, Rosenbluth
J, Latfaille J, Chao M, Buxbaum JD, Schlessinger
J (2002) A critical role for the protein tyrosine
phosphatase receptor type Z in functional
recovery from demyelinating lesions. Nat
Genet 32(3):411-414. doi:10.1038 /ng1004
Huang JK, Ferrari CC, Monteiro de Castro G,
Lafont D, Zhao C, Zaratin P, Pouly S, Greco
B, Franklin RJ (2012) Accelerated axonal loss
following acute CNS demyelination in mice
lacking protein tyrosine phosphatase receptor
type Z. Am J DPathol 181(5):1518-1523.
doi:10.1016/j.ajpath.2012.07.011

Kuboyama K, Fujikawa A, Masumura M,
Suzuki R, Matsumoto M, Noda M (2012)
Protein tyrosine phosphatase receptor type z
negatively regulates oligodendrocyte differenti-
ationand myelination. PLoS One 7(11):¢48797.
doi:10.1371 /journal.pone.0048797

Herradon G, Ezquerra L (2009) Blocking
receptor protein tyrosine phosphatase beta/
zeta: a potential therapeutic strategy for
Parkinson’s  disease. Curr Med Chem
16(25):3322-3329

Takahashi N, Sakurai T, Bozdagi-Gunal O,
Dorr NP, Moy J, Krug L, Gama-Sosa M, Elder
GA, Koch RJ, Walker RH, Hof PR, Davis KL,
Buxbaum JD (2011) Increased expression of
receptor phosphotyrosine phosphatase-beta/
zeta is associated with molecular, cellular,
behavioral and cognitive schizophrenia pheno-
types. Transl Psychiatry 1:e8. doi:10.1038/
tp.2011.8

Adamsky K, Arnold K, Sabanay H, Peles E
(2003) Junctional protein MAGI-3 interacts
with receptor tyrosine phosphatase beta (RPTP


http://dx.doi.org/10.1042/BJ20110903
http://dx.doi.org/10.1016/j.ymeth.2014.10.017
http://dx.doi.org/10.1002/jcb.24141
http://dx.doi.org/10.1016/j.ymeth.2014.10.011
http://dx.doi.org/10.1016/j.ymeth.2015.02.009
http://dx.doi.org/10.1016/j.ymeth.2015.02.009
http://dx.doi.org/10.1038/nrm3330
http://dx.doi.org/10.1146/annurev-biochem-082411-113907
http://dx.doi.org/10.1146/annurev-biochem-082411-113907
http://dx.doi.org/10.1016/j.conb.2012.05.004
http://dx.doi.org/10.1016/j.conb.2012.05.004
http://dx.doi.org/10.1016/j.ymeth.2014.10.020
http://dx.doi.org/10.1093/hmg/ddr337
http://dx.doi.org/10.1016/j.bbapap.2013.06.004
http://dx.doi.org/10.1074/jbc.M112.405852
http://dx.doi.org/10.1186/1471-2407-12-537
http://dx.doi.org/10.1111/j.1742-4658.2012.08653.x
http://dx.doi.org/10.1038/sj.onc.1206763
http://dx.doi.org/10.1111/j.1471-4159.2006.04022.x
http://dx.doi.org/10.1038/ng1004
http://dx.doi.org/10.1016/j.ajpath.2012.07.011
http://dx.doi.org/10.1371/journal.pone.0048797
http://dx.doi.org/10.1038/tp.2011.8
http://dx.doi.org/10.1038/tp.2011.8

57.

58.

59.

60.

61

62.

63.

Tailor-Made Protein Tyrosine Phosphatases: In Vitro Site-Directed Mutagenesis...

beta) and tyrosine-phosphorylated proteins.
J Cell Sci 116(Pt 7):1279-1289

Bourgonje AM, Navis AC, Schepens JT, Verrijp
K, Hovestad L, Hilhorst R, Harroch S,
Wesseling P, Leenders WP, Hendriks WJ
(2014) Intracellular and extracellular domains
of protein tyrosine phosphatase PTPRZ-B dif-
ferentially regulate glioma cell growth and
motility. Oncotarget 5(18):8690-8702

Kawachi H, Tamura H, Watakabe I, Shintani
T, Maeda N, Noda M (1999) Protein tyrosine
phosphatase zeta/RPTPbeta interacts with
PSD-95/SAP90 family. Brain Res Mol Brain
Res 72(1):47-54

Valiente M, Andrés-Pons A, Gomar B, Torres
J, Gil A, Tapparel C, Antonarakis SE, Pulido R
(2005) Binding of PTEN to specific PDZ
domains contributes to PTEN protein stability
and phosphorylation by microtubule-associated
serine/threonine  kinases. ] Biol Chem
280(32):28936-28943. doi:10.1074 /jbc.
M504761200

Sambrook ] (1989) Molecular cloning: a labo-
ratory manual. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY

. Li DM, Sun H (1997) TEP1, encoded by a

candidate tumor suppressor locus, is a novel
protein tyrosine phosphatase regulated by
transforming growth factor beta. Cancer Res
57(11):2124-2129

Macehama T, Dixon JE (1998) The tumor sup-
pressor, PTEN/MMACI, dephosphorylates
the lipid second messenger, phosphatidylinosi-
tol  3,4,5-trisphosphate. ] Biol Chem
273(22):13375-13378

Myers MP, Stolarov JP, Eng C, Li J, Wang SI,
Wigler MH, Parsons R, Tonks NK (1997)

64.

65.

66.

67.

68.

93

P-TEN, the tumor suppressor from human
chromosome 1023, is a dual-specificity phos-
phatase. Proc Natl Acad Sci U S A
94(17):9052-9057

Myers MP, Pass I, Batty IH, Van der Kaay J,
Stolarov JP, Hemmings BA, Wigler MH,
Downes CP, Tonks NK (1998) The lipid phos-
phatase activity of PTEN is critical for its tumor
suppressor function. Proc Natl Acad Sci U S A
95(23):13513-13518

Davidson L, Maccario H, Perera NM, Yang X,
Spinelli L, Tibarewal P, Glancy B, Gray A,
Weijer CJ, Downes CP, Leslie NR (2010)
Suppression of cellular proliferation and inva-
sion by the concerted lipid and protein phos-
phatase activities of PTEN. Oncogene
29(5):687-697. doi:10.1038 /onc.2009.384

Gu J, Tamura M, Pankov R, Danen EH,
Takino T, Matsumoto K, Yamada KM (1999)
Shc and FAK differentially regulate cell motil-
ity and directionality modulated by PTEN. J
Cell Biol 146(2):389-403

Meng K, Rodriguez-Pena A, Dimitrov T, Chen
W, Yamin M, Noda M, Deuel TF (2000)
Pleiotrophin signals increased tyrosine phos-
phorylation of beta beta-catenin through inac-
tivation of the intrinsic catalytic activity of the
receptor-type protein tyrosine phosphatase
beta/zeta. Proc Natl Acad Sci U S A
97(6):2603-2608. doi:10.1073/
pnas.020487997

Kawachi H, Fujikawa A, Maeda N, Noda M
(2001) Identification of GIT1/Cat-1 as a sub-
strate molecule of protein tyrosine phosphatase
zeta/beta by the yeast substrate-trapping sys-
tem. Proc Natl Acad Sci U S A 98(12):6593—
6598. doi:10.1073 /pnas.041608698


http://dx.doi.org/10.1074/jbc.M504761200
http://dx.doi.org/10.1074/jbc.M504761200
http://dx.doi.org/10.1038/onc.2009.384
http://dx.doi.org/10.1073/pnas.020487997
http://dx.doi.org/10.1073/pnas.020487997
http://dx.doi.org/10.1073/pnas.041608698

	Chapter 5: Tailor-Made Protein Tyrosine Phosphatases: In Vitro Site-­Directed Mutagenesis of PTEN and PTPRZ-B
	1 Introduction
	2 Materials
	2.1 Site-Directed Mutagenesis of PTPs

	3 Methods
	3.1 Site-Directed Mutagenesis of PTPs

	4 Notes
	References


