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Abstract We have identified an activator of Rac, P-REX2, that
is structurally related to the exchange factor PtdIns(3,4,5)-
dependent Rac exchanger (P-REX1), but exhibits distinct tissue-
specific expression. P-REX2 is spliced into two RNA species,
�3.5 and �10 kb in size. The cDNA corresponding to the
smaller transcript encodes a protein that exhibits strong simi-
larity with P-REX1 within its N-terminal domains, but differs in
the C-terminal region. P-REX2 promoted increased levels of
GTP-bound Rac that could be further stimulated by enhancing
PI-3K activity. Thus, P-REX2 may serve as a novel link between
Rac activation and the PI-3 kinase pathway.
� 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Guanine nucleotide exchange factors (GEFs) for small GTP-

binding proteins of the Rho family, including Rho, Rac, and

Cdc42, play an essential role in the spatio-temporal specific

accumulation of active, GTP-bound forms of these GTPases.

This coordinated activation of Rho GTPases is a vital com-

ponent of important physiological and pathological processes

as diverse as cell migration, cellular contraction, gene expres-

sion, cell proliferation, and transformation [1]. GEF proteins

achieve this fine-tuning of small G-protein activity in response

to specific signal transduction pathways by virtue of a large

variety of protein–protein and protein–lipid interaction do-

mains such as PDZ (PSD95/DLG/ZO1), PH (Pleckstrin-ho-

mology), SH3 (Src-homology-3), CH (Calponin Homology),

and the FYVE (Fab-1, YGL023, Vps27, and EEA1) domains

(reviewed in [1,2]).

Here, we report the identification of a guanine nucleotide

exchange factor (GEF) for Rac containing strong sequence

identity to PtdIns(3,4,5)-dependent Rac exchanger (P-REX1)

[3]. We have designated this protein PtdIns(3,4,5)-dependent

Rac exchanger-2 (P-REX2), based on this sequence similarity.

The gene for P-REX2 encodes a protein that contains the same

domain architecture as P-REX1, including DH (Dbl-homol-

ogy), PH, Dep (Disheveled, EGL-10, Pleckstrin) and PDZ
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domains, but contains a much shorter C-terminus. P-REX2

overexpression stimulated Rac- and Cdc42-GTP loading, and

serum response element (SRE) dependent transcription.

Moreover, P-REX2 activation of Rac and the SRE was further

stimulated by PI-3 kinase, suggesting that P-REX2 may

function as part of a tissue-specific mechanism by which

polypeptide growth factors and G protein-coupled receptors

(GPCRs) regulate small GTPases.
2. Materials and methods

2.1. Materials
Bovine serum albumin (fatty acid-free), Dulbecco’s modified Eagle’s

medium, trypsin/EDTA solution, and Fetal bovine serum were pur-
chased from Sigma (St. Louis, MO); anti-mouse secondary HRP-
linked antibody was from ICN Pharmaceuticals (Aurora, OH); and
Glutathione–Sepharose beads were purchased from Amersham Bio-
sciences (Piscataway, NJ).
2.2. DNA constructs
Clone FLJ12987, containing base pairs 646-2948 of P-REX2b, was

obtained from the National Institute of Technology and Evaluation
(NITE), Chiba, Japan. PCR using primers derived from chromosomal
sequences aligning to the P-REX1 N-terminus were used to amplify
base pairs 25–646. Alignment of P-REX2b cDNA sequence showed
that an in-frame ATG directly preceded by an ACC translational start
site occurred 24 bp upstream of the 50 oligo. We designated this se-
quence as the putative start site. P-REX1 was obtained by ligating a 50

RACE product to KIAA1415, thus reconstituting a full-length cDNA
corresponding to P-REX1 (NM_020820).
2.3. Northern blotting
A Multiple Tissue Northern blot from pooled fetal human tissue

(Clontech, Palo Alto, CA) was hybridized with [32P]dCTP labeled P-
REX1 and P-REX2-specific probes generated from their DH–PH
domains. Blots were exposed 1–5 days at )70 �C with scintillation
screen.

2.4. Small GTPase pull-down assay
Cytosolic extracts were prepared from HEK 293T cells co-trans-

fected with vector or expression plasmids for tagged Rac, Cdc42, and
RhoA. Pull-down assays using GST-Pak or rhotekin fusion proteins
were performed essentially as previously reported [4].

2.5. Luciferase assays
HEK 293T cells were transfected with different expression vectors in

combination with 50 ng of the pSRF luciferase reporter (Stratagene).
Luciferase activity was detected using a Luciferase Assay Kit (Pro-
mega) and a Microliter plate luminometer (DINEX Tech).
ation of European Biochemical Societies.

mail to: sg39v@nih.gov


168 H. Rosenfeldt et al. / FEBS Letters 572 (2004) 167–171
3. Results

3.1. Identification of a P-REX1 related gene

NCBI blast analysis of the P-REX1 cDNA against human

chromosomal sequence generated two sets of homologous se-

quences, one derived from chromosome 20, corresponding to

P-REX1, and another from chromosome 8. Further blast

analysis of these aligning sequences against EST databases

indicated the presence of a P-REX1-related gene on chromo-

some 8. Based on sequence similarity to P-REX1, we desig-

nated this gene as P-REX2.

Since all aligning EST sequences contained 30 portions of P-
REX2 (based on the P-REX1 sequence), we used the MIT

Scan gene prediction program [5,15] to generate a putative

transcript from chromosome 8 sequence. The transcript pre-

dicted by this program contained about 1000 bp of sequence

that did not align with P-REX1, and all attempts to amplify

PCR products from a variety of cDNA sources failed. As an

alternative strategy, we used the tn-blast program [6,7] to align
Fig. 1. Bioinformatics Analysis. (A) Alignment of the P-REX1 amino acid seq
8q13.1 using the tnBlast program (NCBI). Chromosome 8 regions aligning to
structure of a P-REX1-related gene. Sequences from these studies identified F
an in-frame stop codon, suggesting the possibility that this P-REX1-related
REX2b amino acid sequences. Both proteins contain the same N-terminal do
acid identity between the shared N-terminal domains is depicted in the alig
homology (DH) domain amino acid sequences from a range of known Rac,
the P-REX1 protein sequence to chromosome 8 DNA. The

resulting alignment identified a total of 30 regions on chro-

mosome 8 that contained >30% identity to P-REX1 protein

when translated (Fig. 1). These stretches of alignment spanned

over 265 kb in the 8q13.1 region of this chromosome. The

identity between the P-REX1 search sequence and the chro-

mosome 8 genomic DNA ranged from 30% to 80%, indicating

that the search had identified exons from a putative gene

similar to but not identical to P-REX1. We generated a series

of PCR products derived from primers targeting the P-REX2

chromosomal sequence containing identity to P-REX1, start-

ing from the most 50 available EST FLJ12987 [8], obtained

from NIST, Chiba, Japan, and proceeding to a fragment that

terminates 25 bp short of the putative start site (Fig. 1A). The

eight amino acids encoded by the predicted initial 25 base pairs

align to the PREX1 N-terminus, and there is a strong trans-

lational initiation sequence immediately upstream of the first

ATG, indicating that this methionine codon likely represents

the beginning of the P-REX2 open reading frame.
uence to the translated sequences from a 250 kb region in chromosome
P-REX1 are depicted according to sequence identity, revealing the exon
LJ12987, an EST containing a non-PREX1-related exon that encodes
gene is alternatively transcribed. (B) Comparison of P-REX1 and P-
mains in the same order, but differ in their C-terminus. Percent amino
nment. (C) Dendogram derived from ClustalW [16] analysis of Dbl-
Cdc42, and Rho-exchange factors.



Fig. 2. Multiple tissue Northern blot analysis of P-REX1 and P-REX2
expression pattern. P-REX1 expression is focused primarily in pe-
ripheral blood leukocytes, but can also be detected in varying amounts
in brain, heart, skeletal muscle, spleen, kidney, small intestine, and
placenta. By contrast, there are two detectable P-REX2 transcripts. P-
REX2b (�3.5 Kb) is mainly expressed in heart, while P-REX2a (�10
Kb) is expressed in skeletal muscle, small intestine, and placenta. B:
brain, H: heart, SM: skeletal muscle, C: colon, T: thymus, S: spleen, K:
kidney, L: lung, SI: small intestine, P: placenta.
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Further, alignment of the predicted FLJ12987 protein se-

quence to 8q13.1 revealed two additional exons corresponding

to bp 69059206–69059367 and bp 69067332–69067558 of

chromosome 8 (gi 37626424). Both these exons exhibited <30%

identity with P-REX1 and the second area of alignment con-

tained an in-frame TGA stop codon (Fig. 1A). This stop co-

don-containing exon was present in both FLJ12987 and
Fig. 3. P-REX1 and P-REX2 activate Rac and Cdc42 but not RhoA. His-tagg
cells with (A) His-tagged Rac, AU5-tagged Cdc42, or (B) AU5-RhoA. Cells
GST-Rhotekin pull down approach. WB: Western blot. As a control, AU1-
chromosome 8 sequences, but did not align to P-REX1. Se-

quencing of the 30 end of the FLJ12987 EST indicated the

presence of a poly-A tail, suggesting that this clone derived

from a mature mRNA. Interestingly, additional P-REX1-

aligning sequences downstream of this exon indicated the

strong possibility that P-REX2 was alternatively transcribed.

The larger transcript predicted from the homology of chro-

mosome 8 to P-REX1 was designated P-REX2a (GenBank

Accession No. BK005161) and the smaller transcript identified

was designated P-REX2b (GenBank Accession No.

BK005160).

Sequence comparison of P-REX2b to P-REX1 at the pre-

dicted protein level showed that there is an overall 69% iden-

tity between the two molecules (Fig. 1B). The predicted protein

sequence of the P-REX2 clone that we identified is substan-

tially smaller than P-REX1, with a molecular weight of 112

kDa. This form of P-REX2, however, did contain all but one

of the identifiable protein motifs in P-REX1, such as the DH,

PDZ, and DEP domains, with a missing InsPx4 phosphatase

domain (Fig. 1B) as the sole exception. This difference is likely

to be a result of differential splicing, since P-REX1 aligning

sequences on chromosome 8 that occur after the TGA stop

codon in the last exon of the P-REX2b clone contain this

domain (Fig. 1A). Indeed, the predicted P-REX2a transcript

also encodes an InsPx4 phosphatase domain (not shown).

Sequence analysis of the DH domains from a variety of Rho,

Rac and Cdc42-specific guanidine exchange factors indicated

that the DH domains of P-REX2 and P-REX1 were closely

related to the DH domains present in ASEF, a Rac-specific

GEF [9], and hPEM-2, a Cdc42-specific GEF [10] (Fig. 1C). P-

REX1 and P-REX2 related transcripts were also found in fish,

chickens, rats, and mice but not in fruit flies or worms (not
ed P-REX1 and GFP-tagged P-REX2 were co-expressed in HEK 293T
were assayed for Rac, Cdc42, and RhoA-GTP levels by a GST-Pak or
tagged p115RhoGEF elevated levels of Rho-GTP.
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shown). Interestingly, only one locus (ESTs BW059256 and

BW061514) could be found in the sea squirt (Ciona intesti-

nalis), a primitive chordate.

3.2. Tissue distribution of P-REX2 transcripts

In order to determine the expression pattern of P-REX2, we

used a fragment corresponding to base pairs 141–877 of P-

REX2, as a probe for multiple tissue Northern blot (Clontech).

This analysis revealed the presence of two distinct P-REX2

transcripts expressed in different tissues (Fig. 2). P-REX2b

was expressed in heart, was �3.5 kb in size and matched the

size of the P-REX2 clone that we generated from RT-PCR and

the FLJ12987 EST clone. By contrast, P-REX2a was �10 kb

in size and was expressed in skeletal muscle, small intestine,

and placenta, highlighting the possibility that a much larger

version of P-REX2 was present in these tissues. Further, these

data suggested that the P-REX2 transcript that is specifically

expressed in heart corresponded to the cDNA clone presented

herein. P-REX1 is most highly expressed in peripheral blood

leukocytes, but both P-REX2 transcripts were not present in

this tissue (data not shown).
Fig. 4. P-REX1 and P-REX2 are sensitive to PI-3K stimulation. (A) A
dominant active catalytic subunit of PI-3Kc stimulates AKT phos-
phorylation. HEK 293T cells were transfected with varying concen-
trations of pcDNA-PI3KcCAAX. Elevated PI-3K activity was
assessed using phospho-specific antibodies to detect AKT phosphor-
ylation. (B) SRE stimulation by P-REX1 and P-REX2 is PI-3K-sen-
sitive. HEK 293T cells were co-transfected with or without P-REX1 or
P-REX2 and with or without PI-3KcCAAX (0.5 lg/sample) and a
luciferase reporter plasmid. Luciferase activity reported as Relative
Light Units (RLU). (C) Quantitation of Rac activation. Rac activation
mediated by P-REX1 and P-REX2 was assayed in the presence or
absence of PI-3K-CAAX co-transfection (0.5 lg/sample) and X-ray
films scanned into image files. NIH Image was used to quantitate each
band to calculate an ‘‘Active Rac Index’’. The ‘‘Active Rac Index’’ is
the Rac signal from the pull-down assay divided by the signal of Rac in
the total lysate multiplied by 100. (D) SRE stimulation by the Gi-
coupled receptor M2 is potentiated by P-REX2 co-expression. Cells
were treated for 6 h in the presence or absence of 100 lM carbachol.
3.3. P-REX2 stimulates Rac and Cdc42 but not RhoA

We next tested whether P-REX1 and P-REX2 could activate

tagged forms of Rac, Cdc42, or RhoA. As shown in Fig. 3A,

His-tagged P-REX1 and GFP-tagged P-REX2b were readily

detected, each present at the expected molecular weight (186

and 136 kD, respectively), and both P-REX1 and P-REX2

promoted the accumulation of GTP-bound Rac. Both P-

REX1 and P-REX2 could also stimulate Cdc42, albeit to a

lesser extent. By contrast, there was no detectable RhoA

stimulation by either P-REX1 or P-REX2, although RhoA

was activated upon co-transfection with p115RhoGEF.

3.4. P-REX2 is activated by PI-3K

In order to test whether the sequence similarity between P-

REX1 and P-REX2 is sufficient to make P-REX2 sensitive to

PI-3K activity, we tested the ability of P-REX2 to stimulate

Rac activation and SRE-dependent transcription in the pres-

ence of a dominant active p110 PI-3Kc subunit (PI-

3KcCAAX) [11]. As a control, PI-3KcCAAX increased AKT

phosphorylation in a dose-dependent fashion (Fig. 4A). Ex-

pression of both P-REX1 and P-REX2 stimulated SRE-de-

pendent transcription (Fig. 4B). This effect was enhanced by

PI-3KcCAAX, although the P-REX2-mediated increase in

luciferase activity in the presence of PI-3KcCAAX was only

about half as much as that as P-REX1. Moreover, both P-

REX1 and P-REX2 stimulated basal levels of active Rac when

expressed in suboptimal amounts, but co-expression of low

levels of PI-3KcCAAX dramatically increased this activation

(Fig. 4C). Finally, since PI-3K is an integral part of the sig-

naling pathway emanating from GPCRs, we tested whether

co-expression of P-REX2 might potentiate the signaling ca-

pacity of a Gi-coupled receptor such as M2. Indeed, expression

of P-REX2 increased M2 signaling to the SRE upon carbachol

stimulation (Fig. 4D).
4. Discussion

4.1. A novel P-REX1-related gene

The amino acid sequence of P-REX1 [3] aligns to a stretch of

sequences along chromosome 8q13.1, indicating the presence

of closely related gene. We designate this P-REX1-related gene

PtdIns(3,4,5)-dependent Rac exchanger 2 (P-REX2) based on

this alignment. Sequences similar to those reported in this

study have been recently deposited (GenBank Accession Nos.

AJ437636, AY508996, and AY508997).

4.2. Sequence relationship to P-REX1

While P-REX2 contains the same N-terminal domains as P-

REX1 (such as the DH and PH domains), the P-REX2b

transcript reported herein differs most from P-REX1 in the C-

terminal region. In fact, the C-terminal region of P-REX1

contains 890 aa after the second PDZ domain, while the P-

REX2b protein only has 243 aa. This difference may reflect

different functions. For example, P-REX1 contains a C-ter-

minal InsPx4-phosphatase domain [3] that is not present in

PREX2b. While there is no available data on whether P-REX1

possesses InsP phosphatase activity, it is possible that this

domain is not used as a catalytic center, but as a sequence

targeting the P-REX1 protein to InsP patches in the plasma

membrane. Examples where a protein motif related to a cat-

alytic domain can be used in this fashion include the GAP-
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related domain (GRD) of IQGAP, which targets this protein

to GTP-bound Cdc42 [12] and Rac [13], and the RGS domain

present in some Rho GEFs such as PDZ RhoGEF [14].

4.3. Two transcripts

The presence of at least two transcripts suggests that there

are at least two proteins generated from the P-REX2 gene,

both containing the Rho-GTPase nucleotide exchange do-

main. Interestingly, these two transcripts are expressed in

different tissues. The 3.5 kb P-REX2b transcript is expressed

only in heart, while the larger P-REX2a transcript is present in

skeletal muscle, kidney, small intestine, and placenta. Al-

though the present study focuses only on P-REX2b, it is likely

that the difference between these two transcripts lies in whether

or not they include a C-terminal InsPx4-phosphatase domain.

4.4. PI-3K sensitivity

Both P-REX1 and P-REX2 stimulate Cdc42 and Rac-GTP

accumulation, the latter being enhanced potently by an acti-

vated form of PI-3K. These data suggest that P-REX2 func-

tions as a Rho-family GTP exchange factor that responds to

the PI-3K pathway in a manner similar to P-REX1 [3]. As the

PI-3K pathway is a downstream target of Gi-coupled GPCRs

and receptor tyrosine kinases (RTKs), it is likely that P-REX2,

like P-REX1, may serve as a link between GPCRs and RTKs

and Rac and Cdc42 activation. This may, in turn, participate

in increasing cell migration, ROS formation, and other bio-

logical effects that are dependent on these small GTPases.
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