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The DENN domain is a common, evolutionarily ancient, and
conserved protein module, yet it has gone largely unstudied;
until recently, little was known regarding its functional roles.
New studies reveal that various DENN domains interact directly
with members of the Rab family of small GTPases and that
DENN domains function enzymatically as Rab-specific guanine
nucleotide exchange factors. Thus, DENN domain proteins
appear to be generalized regulators of Rab function. Study of
these proteins will provide new insights into Rab-mediated
membrane trafficking pathways.

Protein domains are modular cassettes with conserved folds
that are often found in otherwise unrelated proteins. From an
evolutionary point of view, modular domains are readily joined
in new combinations, creating novel connections and cellular
pathways (1). The DENN (differentially expressed in normal
and neoplastic cells) domain is a poorly characterized protein
module conserved throughout evolution, with DENN domain
proteins found in species as diverse as humans, Caenorhabditis
elegans, Arabidopsis thaliana, and Schizosaccharomyces
pombe. There are 18 genes encoding DENN domain-contain-
ing proteins in humans. For some, the DENN domain is the
only recognizable feature; for others, the DENN domain is
found alongside other modular domains. The observation that
several DENN domain proteins interact with Rab GTPases pro-
vided the first insight into the potential function of the domain
(2). Rabs, with ~70 members in humans, are the largest family
of small GTPases. They cycle between an inactive GDP-bound
state and an active GTP-bound state. In the active state, they
recruit effectors that control multiple aspects of membrane
trafficking (3, 4). A breakthrough in our understanding of the
DENN domain came with the observation that the DENN
domain from the connecdenn family of proteins interacts
directly with Rab35 and functions as a guanine nucleotide
exchange factor (GEF)? for this GTPase (5-7). GEFs activate
Rabs by mediating the exchange of GDP for GTP. As Rabs have
diversified throughout evolution (9 Rabs/Ypts in S. pombe, 30
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in C. elegans, and ~70 in humans, for example), so have DENN
domain proteins, with 1 in S. pombe, ~5 in C. elegans, and 18 in
humans. Thus, DENN domains may have evolved as general-
ized GEFs for Rabs, and in fact, all subfamilies of DENN domain
proteins appear to possess Rab-directed GEF activity (8). More-
over, because at least some DENN domains interact with one
Rab while mediating GEF activity toward a second, DENN
domains may be at an interface between different Rab path-
ways. Here, we will provide an overview of all DENN domain
proteins encoded in the human genome and will describe excit-
ing new insights confirming that DENN domain-bearing pro-
teins are an important class of membrane trafficking molecules
and key regulators of Rab GTPases.

Identification of the DENN Domain

Chow and Lee (9) originally cloned an open reading frame
that they named DENN based on its variable mRNA expression
levels in tissues and cell lines. The DENN protein was inde-
pendently identified as a binding partner of the cytoplasmic
death domain of the TNF receptor (10). Here, the protein was
named MADD (MAPK-activating protein containing a death
domain) (10).

Databases such as Pfam and PROSITE were established in
part to identify and annotate protein modules. These initiatives
recognized that a portion of the N-terminal region of DENN/
MADD was similar to regions in several otherwise unrelated
proteins, resulting in the concept of a DENN domain. One such
protein was Rab6IP1 (Rab6-interacting protein 1), identified in
atwo-hybrid screen with Rab6 (11). A subsequent bioinformat-
ics analysis comparing Rab6IP1 and DENN/MADD with other
potential DENN domain proteins led to the seminal observa-
tion that the domain is in fact tripartite, consisting of a central
DENN module flanked by upstream (uDENN) and downstream
(dDENN) modules (Fig. 1) (2). The modules are always found
together but are separated by linkers of various lengths (Fig. 2).
DENN domains are related to a series of conserved regions
found in members of the Avl9 and Avl9-related protein families
(12). Each member of these families is composed of five regions,
called Avl9 homology (AH) 1-5, which are found in consecu-
tive order. Alignment of the combined AH1-AHS5 regions (AH
domain) with DENN domains revealed weak but significant
similarity (12). Interestingly, within the AH domain, in addition
to homology to DENN domains, there is weak homology to
TBC (Tre-2/Bub2/Cdcl6) and RhoGEF domains, which are
found in other regulators of GTPases (12). Thus, like DENN
domains, AH domains may function in the regulation of
GTPases.

DENN Domain Protein Families in Humans

Based on homology and domain organization, the 18
DENND (DENN domain) proteins in the human genome are
grouped into eight families (Fig. 1 and Table 1). These are
1) DENNDI1A-1C, 2) DENND2A-2D, 3) DENNDS3, 4)
DENND4A-4C, 5) DENND5A/5B, 6) DENND6A/6B, 7)
MTMR5/13, and 8) DENN/MADD. In all cases, the DENN
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FIGURE 1. Domain models of the 18 DENN domain-bearing proteins encoded in the human genome. The gene name is listed on the /eft, with the protein
name in parentheses when appropriate. u, uDENN module; d, dDENN module; CB, clathrin-binding motif; PRD, proline-rich domain; AP-2IM, AP-2 interaction
motif; MABP, MVB12-associated 3-prism; PPR, pentatricopeptide repeat; CalB, calmodulin-binding domain; NLS, nuclear localization sequence; poly-E, poly-
glutamicacid domain; ISRE, interferon-stimulated response element; poly-Q, polyglutamine domain; SRD, serine-rich domain; poly-D, polyaspartic acid domain;
PLAT, polycystin-1/lipoxygenase/a-toxin domain; GRAM, glucosyltransferase/Rab-like GTPase activator/myotubularin domain; pseudo-phosph, pseudo-phos-

phatase domain; DD, death domain.

domain is located toward the N terminus, except for the
DENND?2 family, where it is located toward the C terminus.
Outside the DENN domain, the protein families have no
homology with other families (Fig. 1). The DENN domain fam-
ilies will be discussed in turn.

DENNDI1A-1C (Connecdenns 1-3)—One of the best charac-
terized DENND families is DENND1A-1C, also known as con-
necdenns 1-3. The first family member, connecdenn 1, was
detected in a proteomic analysis of clathrin-coated vesicles (13).
In addition to the DENN domain, the protein contains consen-
sus-binding motifs for clathrin, the clathrin adaptor AP-2, and
Src homology 3 (SH3) domains (Fig. 1) (14). Connecdenn 1
binds directly to clathrin, AP-2, and the endocytic SH3 domain-
bearing proteins endophilin and intersectin (5, 6, 14).

The first link between the connecdenns and Rab35 was
demonstrated in an elegant mutagenesis screen in C. elegans
aimed at identifying proteins involved in receptor-mediated
endocytosis of yolk proteins. Two of the proteins identified
were RME-4 (receptor-mediated endocytosis 4) and RME-5
(7). RME-4 is the C. elegans ortholog of the connecdenns, and
RME-5 is Rab35 (7). Mutations in either protein disrupt endo-
somal recycling of the yolk receptor, leading to an indirect
defect in yolk protein endocytosis. RME-4 binds Rab35 and
directs it to clathrin-coated vesicles for transport to early endo-
somes. From there, Rab35 functions in a recycling route that
traffics the yolk receptor back to the plasma membrane (7).

GEFs interact with the GDP-bound form of their substrate
GTPases and catalyze the removal of GDP. This allows GTP,
present at much higher levels in cells than GDP, to diffuse onto
the GTPase. The GEF has low affinity for GTP-bound GTPase
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and dissociates. Thus, the observation that RME-4/con-
necdenn binds specifically to GDP-bound Rab35 suggested that
it may function as a Rab35 GEF (7). This was investigated in
mammalian systems, where it was discovered that all three con-
necdenns, via their DENN domains, serve as Rab35 GEFs (5, 6).
These experiments were performed with highly purified DENN
domains and Rab35. The best known Rab GEF module is the
Vps9 domain (15). In direct comparison with the active GEF
region from the well established Rab5 GEF Rabex-5 (residues
1-399), which contains a Vps9 domain, the connecdenn 1
DENN domain is dramatically more robust (5). Within 90 s at
room temperature, >90% of the GDP on 19 pmol of preloaded
Rab35 is exchanged for GTP by 1.5 pmol of connecdenn 1
DENN domain (5). In contrast, even after 3 min under identical
conditions, Rabex-5 exchanges 5-fold less GDP preloaded on
Rab5 (5). Interestingly, each of the connecdenn DENN domains
has a distinct rate of GEF activity, with connecdenn 1 being the
fastest and connecdenn 3 the slowest (6). However, even con-
necdenn 3 is more robust for Rab35 than is Rabex-5 for Rab5.
Thus, unlike for Rabex-5, where the protein Rabaptin-5 is
needed for maximum enzymatic activity (16), a cofactor is not
strictly required for the connecdenn DENN domains.

A subsequent study confirmed the activity of connecdenns 1
and 2 toward Rab35 but failed to detect the GEF activity of
connecdenn 3 toward Rab35, instead indicating activity toward
Rab13 (8). This is surprising in that for every other DENND
family, each member of the family shows GEF activity towards a
common Rab (Table 1). Perhaps the GEF assays employed in
this study (8), which utilized immunoprecipitated full-length
proteins, lacked sufficient sensitivity to detect the activity of
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FIGURE 2. Amino acid sequence alignment of the 18 human DENN domain proteins. The amino acid sequences of the DENN domains correspond to the
sequences of the UniProtlong isoforms listed in Table 1. Alignment was performed with ClustalW and manually modified using Jalview. Shaded boxes represent
conserved residues, with darker shadings based on increasing percent identity. The dashed border for the N terminus of the DENN module is used to highlight
the varying lengths of the linker regions between the uDENN and DENN modules, where some DENN modules begin at the start of the dashed line and others
begin at the start of the solid line. Secondary structure predictions are also indicated along the gray dashed line below the alignment. B-Strands and a-helices

are represented as black arrows and red rectangles, respectively.

connecdenn 3 on Rab35. Also, given the broad scope of the
study, in which the authors tested multiple DENN proteins
against large panels of Rabs, kinetic studies were not per-
formed, and instead, GEF activity was measured only as a func-
tion of GDP release or GTP binding after 20 min (8). It will be
important to perform detailed kinetic analysis of each DENN
domain family using purified DENN domains.

In addition to its role as a Rab35 GEF, the DENN domain of
connecdenn 1 binds a broad spectrum of lipids with a slight
preference for phosphatidylinositol 3-phosphate (PI(3)P) (5).
The DENN domains of connecdenns 2 and 3 share this lipid-
binding profile.* However, the functional relevance of this
property and the relationship to the GEF activity remain
uncertain.

It is interesting that each member of each DENND family
targets a common Rab (Table 1) (5, 6, 8). Perhaps different
proteins within a family activate the Rab toward different cel-
lular activities. For example, Rab35 has been found on the
plasma membrane, clathrin-coated pits and vesicles, and endo-
somes, and it controls a cargo-specific fast recycling route from
early endosomes (5, 7, 17-25). In addition, Rab35 co-localizes

4 A.L.Marat and P. S. McPherson, unpublished data.
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with actin at the leading edge of the cell and on stress fibers and
has been implicated in regulation of actin-based cellular events
(19-21, 26). Different connecdenns may therefore activate
Rab35 at different cellular locations to control the diverse func-
tions of this Rab.

Recently, a genome-wide association study linked DENND1B/
connecdenn 2 to childhood asthma (Table 1) (27). However, this
study must be interpreted with caution given that DENND1B/
connecdenn 2 has not been linked to pro-inflammatory signal-
ing (28) as implied by Sleiman et al. (27) and that two other
studies have failed to replicate this linkage (29, 30). A more
recent genome-wide association study suggests a link of
DENNDIB to Crohn disease (31).

DENND2A—-2D—The DENND?2 family is the only example
wherein the DENN domain is found in the C-terminal region
(Fig. 1). Each DENND2 protein acts as a GEF toward Rab9a/b,
and as DENND2D is composed of a DENN domain alone, for
this protein, GEF activity is via the DENN domain (8). Rab9
functions in retrograde trafficking of the mannose phosphate
receptor from late endosomes to the trans-Golgi network (32),
and consistently, depletion of DENND2A disrupts this traffick-
ing process (8). However, depletion of other DENND2 family
members did not influence mannose phosphate receptor traf-
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related organelles (33).

The best studied DENND2 family member is DENND2B,
originally named ST5 (suppressor of tumorigenicity 5) (Table
1) (34). ST5 exists in three splice variants that all contain the
C-terminal DENN domain (35). Interestingly, expression levels
of the shortest isoform, p70, correlate positively with reduced
tumorigenicity, and overexpression of p70 restores contact-
regulated cell growth to tumor cells (36). Loss of the C terminus
of p70 converts it from an inhibitor to an activator of trans-
forming activity, demonstrating the importance of an intact
DENN domain for tumor suppressor function (37). Disruption
of ST5 is also associated with mental retardation, seizures, and
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FIGURE 2—continued

congenital anomalies (38). The link of any of these activities of
ST5 to its activation of Rab9 remains unclear.

DENND3—Full-length DENND3 (Fig. 1) has GEF activity

toward Rab12 (8). Although it is likely that this activity is via the
DENN domain, this has not been tested directly (8). This is an
important consideration in that the GEF activity could be
located outside the DENN domain, as is the case for the GEF
activity of DENN/MADD toward Rab3 (39, 40). Rab12 localizes
to small vesicles that accumulate on or near the Golgi, and the
protein has been suggested to function in retrograde trafficking
from the periphery to the perinuclear region (41, 42). The func-
tion of DENND3 has yet to be studied.

DENND4A-4C—The only studied member of the DENND4
family is DENND4A, originally named IrlB (43). IrlB contains a
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TABLE 1

Human DENN domain proteins
All information regarding apparent molecular mass, tissue distribution, binding partners, and related pathologies has been determined experimentally. The predicted
molecular weight is of the longest potential isoform of the protein. Some DENN domain proteins have defined or predicted splice variants accounting for the range in their
apparent molecular masses. ND, not determined.

MINIREVIEW: DENN Domain Proteins

NE NAME PROTEIN genelD UniProt Mw Molecular Tissue Associated proteins GEF Related pathologies (associated
(chromosome NAME (NCBI) Accession | (predicted) Mass distribution substrate misregulation)
location) Number (apparent)
DENNDIA connecdenn1 | 57706 | Q8TEH3 110,577 | 116-120>** |  ebrain™ eAP-2" Rab35>° ND
(9933.3) etestis™ eclathrin® >
eendophilin A1
eintersectin®®
*NECAP®’
-phosphoinositidess
DENND1B connecdenn2 | 163486 | D3PFD5 86,580 97° ubiquitous® °AP-2° Rab3s® easthma (SNP)”
(1931.3) 43° eclathrin® *Crohn disease (SNP)31
ephosphoinositides®
DENNDIC connecdenn3 | 79958 Qs8Iv53 87,065 97° eubiquitous® *AP-2° *Rab3s’ ND
(19p13.3) epoor eclathrin® eRab13®
expression -phosphoinositidess
in skeletal
muscle®
DENND2A 27147 Q9ULE3 113,853 ND ND ND Raan/b8 ND
(7934)
DENND2B ST5 6764 P78524 126,499 70-126” | ubiquitous ec-Abl”’ eRab9a/b® emental retardation
(11p15) HTS1 except for «Grb2*¥’ eRab34® (chromosomal translocation)38
peripheral oSrc¥’ eseizures (chromosomal
blood translocation)38
lymphocytes etumorigenesis (differential
36 expression of splice variants)3‘1
DENND2C 163259 Q68D51 106,865 ND ND ND Raan/b8 ND
(1p13.2)
DENND2D 79961 | Q9H6AOD 53,672 ND ND ND Rab9a/b® melanoma (intron insertion)*
(1p13.3)
DENND3 22898 A2RU52 135,890 ND ND ND *Rab12 ND
(8924.3) *Rab18®
DENND4A eIrlB 10260 | Q7z401 209,244 ND ubiquitous™ ND Rab10°® linked to several cancers
(15922.31) *MycPBP (chromosomal rearrangement)"4
DENND4B 9909 075064 163,847 ND ND ND Rab10® ND
(1921)
DENND4C 55667 Q5Vvz89 216,458 ND ND Rab10° Rab10° ND
(9p22.1) 119579050
DENNDS5A Rab6IP1 23258 Q61026 147,020 ND ND *Rab6™ Rab39® ND
(11p15.4) *Rab11A%
DENND5B Rab6IP1-like 160518 Q6ZUT9 145,020 ND ND ND Rab39° ND
(12p11.21)
FAM116A DENND6A 201627 Q8IWF6 69,575 ND ND ND ND ND
(3p14.3)
FAM116B DENND6B 414918 Q8NEG7 66,464 ND ND ND ND ND
(22913.33)
Set Binding MTMRS 6305 095248 208,215 200% ND MTMR2% eRab28° ND
Factor 1 *Rab5a®
SBF-1
(12q13.33)
Set Binding MTMR13 81846 | Q86WGS5 208,464 200°° ecerebellum MTMR2*® Rab28® «Charcot-Marie Tooth 48 (in-
Factor 2 eplacenta frame dDENN deletion A352-
SBF-2 stestis 432, and nonsense mutations at
(11p15.4) efetal brain 482, 959, and 1196)°%°>%°
esciatic ehearing loss
nerve® eearly onset glaucoma
(nonsense mutations at 482,
_ 959, and 1196)°*%*
MADD *DENN/MADD | 8567 | Q8WXG6 183,303 | 138-200""° | ubiquitous™ *Rab3™® *Rab3" ethyroid cancer (increased
(11p11.2) *Rab3GEP «KIF1BB®’ eRab27a/b® expression)®
*DENN-SV oKIF1A® eneuroblastoma (differential
*1G20 «DR4™ expression of splice variants)®®
*1G20-SV2 «DR5™ stumorigenesis (differential
*TNFR1" expression of splice variants)90
Jnk3* eAlzheimer’s disease (decreased
«LRDD* expression)”
o|A-2%
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DENNDS5A (Rab61P1)
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-

FIGURE 3. Coordination between endosome-derived carriers (Rab11) and Golgi acceptor compartments (Rab6 and Rab39) via Rab6IP1. Rab6IP1 binds
GTP-bound Rab11, likely through its uDENN module (u), and binds Rab6 through its first RUN domain while functioning as a GEF toward Rab39. Rab6IP1 is
targeted to the Golgi by Rab6 and to recycling endosomes by Rab11, providing a molecular link between Rab6, Rab11, and Rab39. d, dDENN domain; poly-D,

polyaspartic acid domain; PLAT, polycystin-1/lipoxygenase/a-toxin domain.

nuclear localization signal and binds the interferon-stimulated
response element in the promoter of human Myc (43, 44). How-
ever, the functional role of DENND4A and other DENND4
family members in mammals is unknown, and it is unclear if
they localize to the nucleus. In contrast, the Drosophila
DENND#4 ortholog Crag (calmodulin-binding protein related
to a Rab3 GDP-GTP exchange protein) clearly regulates the
polarized secretion of basement membrane components (45).
Normally, these proteins are found on the basal side of the
epithelium only, but in Crag mutants, they accumulate on both
sides of the epithelium, resulting in a loss of epithelial integrity
(45). Consistent with this function, DENND4A-4C proteins
have GEF activity toward Rab10, a Rab involved in the regula-
tion of basolateral trafficking in polarized cells as well as Glut4
recycling in adipocytes (8, 46 —49). These data appear inconsis-
tent with any role for DENND4 proteins in the nucleus.

DENNDSA/5B (Rab6IP1/Rab6IP1-like Protein)—Rab6IP1
was identified as a Rab6-binding partner (11), and Rab6IP1-like
protein is known only as its homolog. In addition to the DENN
domain, both proteins contain two RUN (RPIP8/UNC-14/
NESCA) domains (Fig. 1) (2, 11). RUN domains are found in
numerous proteins associated with Rab GTPases, and Rab6IP1
binds Rab6 in a nucleotide-independent manner through the
first RUN domain (Fig. 3) (50, 51).

Following from observations that Rab6 and Rab11 regulate
sequential steps in retrograde transport from endosomes to the
Golgi, Miserey-Lenkei et al. (50) set out to identify proteins that
coordinate the function of these two GTPases and demon-
strated that Rab6IP1 binds to GTP-bound Rabll (Fig. 3).
Rab6IP1 exists as two splice variants, A and B, due to a 24-
amino acid insert within the uDENN module of isoform B. Only
the A variant binds Rab11, suggesting that the uDENN module
mediates the interaction (50). Rab6IP1 is targeted to the Golgi
in a Rab6-dependent manner and also associates with Rab11 at
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recycling endosomes (50). Thus, Rab6IP1 provides a molecular
link between Rab6 and Rab11 (Fig. 3), although the functional
role of this process remains uncertain.

Both Rab6IP1 and Rab6IP1-like protein have GEF activity
toward Rab39 (8), a poorly characterized Rab with two isoforms
(52, 53). Rab39a regulates interleukin secretion (54). Rab39b is
involved in trafficking of Golgi-derived vesicles required for
normal growth cone function and synapse formation during
neuronal development (55). Loss-of-function mutations in
Rab39b result in X-linked mental retardation (55). Additional
studies will be needed to determine the relationship between
Rab39, Rab6, and Rab11.

DENND6A/B—The DENNDG6 family, including DENND6A
and DENNDG6B, is composed of DENN domains exclusively
(Fig. 1). This family remains completely uncharacterized.

MTMR5/13—Myotubular myopathy is a severe congenital
skeletal muscle disease resulting from mutations in the lipid
phosphatase myotubularin 1. Following the characterization of
this protein, Blondeau et al. (56, 57) identified a large family of
MTMR (myotubularin 1-related) proteins, including the
DENN domain-bearing MTMR5 and MTMRI13. Although
MTMR5 and MTMR13 are homologous to other MTMR pro-
teins, they are pseudo-phosphatases; however, they interact
with MTMR2, an active lipid phosphatase (58 -60). These
interactions enhance the activity of MTMR2 toward its targets,
PI(3)P and phosphatidylinositol 3,5-bisphosphate (PI(3,5)P,)
(58-60). PI(3)P and PI(3,5)P, are found on endosomes, and
thus, the MTMR2-MTMR5 and MTMR2-MTMR13 com-
plexes are thought to regulate endosomal function (58, 60).

MTMR5 and MTMR13 have GEF activity toward Rab28 (8).
Rab28 is a poorly characterized and distant member of the Rab
superfamily (8, 61). The association of MTMR5 and MTMR13
with endosomal function (62) now suggests that Rab28 could be
involved in endosomal trafficking. In fact, Rab28 co-localizes
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with the ESCRT complex in the endosomal pathway, where it
plays a role in late endocytic traffic (63).

Inactivating mutations in MTMR?2 result in Charcot-Marie-
Tooth type 4B1 neuropathy (64), and loss of the dDENN
domain of MTMR13 also results in a form of Charcot-Marie-
Tooth, type 4B2 (65). Although the mechanisms by which alter-
ations in endosomal trafficking lead to Charcot-Marie-Tooth
disease remain undefined, these results provide a direct link
between a DENN domain mutation and human disease.

DENN/MADD/Rab3GEP—DENN/MADD was independ-
ently purified from brain extracts as a GEF for Rab3 and named
Rab3GEP (Rab3 guanine nucleotide exchange protein) (40).
In fact, DENN/MADD/Rab3GEP was the first protein con-
taining a DENN domain shown to have GEF activity (40).
However, the GEF activity maps to a region outside the
DENN domain (39).

Rab3 is present on synaptic vesicles, and Rab3GEP knock-out
mice have decreased numbers of synaptic vesicles and severely
impaired neurotransmitter release (66). This could result from
the inability of Rab3 to become activated in nerve terminals of
these mice, which may disrupt synaptic vesicle docking. As an
alternative mechanism, DENN/MADD/Rab3GEP was recently
found to bind via its DENN domain to GTP-bound Rab3, a
typical characteristic of a Rab effector (67). Through the death
domain of the protein, located in the C-terminal region (Fig. 1),
DENN/MADD binds KIF1BS and KIF1A, anterograde-di-
rected microtubule motors (67). Therefore, DENN/MADD/
Rab3GEP may function as an adaptor for motor-dependent
transport of Rab3-positive vesicles to the presynaptic nerve ter-
minal. Consistently, knockdown of the protein leads to
decreased Rab3 in distal axons, which is rescued with full-
length protein but not with a mutant lacking the death domain
(67). Thus, Rab3 acts as a switch to regulate trafficking of Rab3-
positive vesicles to nerve terminals. It will be important to
resolve whether DENN/MADD/Rab3GEP is predominantly a
Rab3 effector, a Rab3 GEF, or both.

DENN/MADD also has GEF activity toward Rab27a/b (8), an
exocytic Rab closely related to Rab3 (68 —70). This activity has
not yet been mapped to any particular region of the DENN/
MADD protein. Consistent with this dual GEF activity,
Rab3a and Rab27b display overlapping roles in synaptic ves-
icle exocytosis (71). Moreover, the C. elegans ortholog of
DENN/MADD, AEX-3, has GEF activity toward C. elegans
Rab3 and Rab27 (72). AEX-3 is important for proper local-
ization of Rab3 in nerve terminals to regulate synaptic vesicle
release (73). Together, these data indicate that DENN/
MADD/Rab3GEP is an important regulator of GTPase func-
tion. In addition, there is extensive literature on the role of
DENN/MADD and its splice variant IG20 in TNF receptor
signaling. The death domain of DENN/MADD binds to the
death domain of the TNF receptor, inhibiting TNF signaling
(10, 74). Knockdown of DENN/MADD makes cells overly
susceptible to TNFa-induced apoptosis (75). It will be nec-
essary to determine whether the membrane trafficking and
signaling activities of DENN/MADD/Rab3GEP represent
related or entirely distinct activities.
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DENN Domains and DENN Domain Proteins as
Integrators of Rab Pathways

An emerging concept in the field of GTPases is that of GEF
cascades, whereby an upstream GTPase or its effectors or acti-
vators recruit a GEF, which activates a downstream GTPase.
This process can couple distinct Rab pathways and provide
directionality in trafficking. An example of a GEF cascade
occurs during the maturation of Rab5-positive early endosomes
into Rab7-positive late endosomes (76). Recruitment of Rab5 to
endosomes by its GEF, Rabex-5, leads to the recruitment of
Rab5 effectors such as PI3K that generates PI(3)P, characteris-
tic of early endosome membranes. Accumulating levels of
PI(3)P lead to the recruitment of SAND-1 (Monl in verte-
brates), which binds to both PI(3)P and Rabex-5 (77). SAND-1/
Monl plays multiple roles in endosome maturation. First, it
displaces Rabex-5 from early endosomes, disrupting the posi-
tive feedback loop of Rab5 activation (77). Second, it simulta-
neously recruits Rab7 to endosomes (77). Finally, Monl1 in a
complex with Ccz1 functions as a GEF for Rab7 (78). Activated
Rab7 recruits a range of effectors that lead to maturation of late
endosomes (76). Another example of a GEF cascade occurs
between Rab11 and Rab8, whereby GTP-bound Rab11 interacts
with Rabin8, a Rab8 GEF (79). This may allow for the recruit-
ment of Rabin8 to recycling endosome-derived carriers that are
targeted for fusion at the plasma membrane, a process that
requires activated Rab8 (79). There are also countercurrent
GAP (GTPase-activating protein) cascades, whereby a down-
stream Rab recruits a GAP that inactivates the upstream Rab
(80).

It is intriguing to speculate that DENN domain proteins and
perhaps DENN domains themselves function in certain forms
of Rab integration such as GEF cascades. For example, Rab6IP1
binds to GTP-bound Rabll on recycling endosomes, likely
through its uDENN domain, and through its RUN domain, it
binds Rabé on the Golgi (Fig. 3) (11, 50, 51). Rab6IP1 also func-
tions as a GEF for Rab39 (8), which is found on vesicles in the
vicinity of the Golgi (Fig. 3). Thus, Rab6IP1 may function in a
GEF cascade that coordinates the transition between endo-
some-derived carriers (Rab11l) and Golgi acceptor compart-
ments (Rab6 and Rab39) (Fig. 3). Another example is DENN/
MADD, which binds GTP-bound Rab3 via its uDENN module
(67) and functions as a GEF for Rab27. This would integrate
these two Rabs, which are known to have an overlapping role in
synaptic vesicle exocytosis (71).

Structure of the DENN Domain

There is currently no experimental structural information on
DENN domains, although secondary structure predictions
indicate all B, mixed o/, and all « folds for the uDENN, DENN,
and dDENN modules, respectively (Fig. 2). The DENN module
is the largest at ~180 residues, whereas the uDENN and
dDENN modules are ~70 residues. In the 18 DENN domain
proteins from humans, the spacing between uDENN and
DENN ranges from 0 to ~70 amino acids, whereas DENN and
dDENN are between ~30 and ~130 amino acids apart (Fig. 2).
However, there is even greater variability in DENN domains
from other species. For example, in the S. pombe DENN
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domain protein, there are 184 and 240 residues between
uDENN/DENN and DENN/dADENN, respectively. Thus, the
DENN domain appears to be a complex tripartite domain
formed from three non-dissociable modules, each with a dis-
tinct fold. This hypothesis is supported by the observation that
most protein domains are between 50 and 150 amino acids in
length (1). The DENN modules have remained associated
throughout evolution due to functional or structural con-
straints or both. Such an organization is most reminiscent of
the FERM domain, which is composed of three modules that
have intermodule contacts (81). There is considerable diver-
gence in sequence among different FERM domains, which
translates into structural differences between the individual
modules as well as their relative orientation toward one another
(82). This may also be the case with the DENN domain. This
type of “clustering” of independent modules/domains is also
observed with the Dbl homology (DH) domain, an extensively
studied GEF that is almost always found N-terminal of a pleck-
strin homology (PH) domain.

Given that DENN domains have multiple functions, includ-
ing interactions with PIs, binding to Rabs in the GTP-bound
and nucleotide-free/GDP-bound forms, and enzymatic GEF
activity, it is likely that these different activities can be assigned
to different modules. For example, the dDENN module has
some sequence similarity to DH domains, and hydrophobic
positions that participate in DH domain folds are conserved (2).
Structure prediction programs weakly predict that the dDENN
module of connecdenn 1 possesses a structure most similar to
the DH domain of the Ras GEF Sos (son of sevenless). Alterna-
tively, the various activities may require the direct cooperation
of the modules. For example, in the Cdc42 GEF Dbs, the PH
domain interacts directly with the Cdc42 switch 2 region,
which is one of the regions that undergo a major conforma-
tional change upon GTP hydrolysis, indicating that both the
DH and PH domains are required for GEF activity (83).

The DENN domain of the connecdenns bind lipids (5). Lipid
binding to GEFs can be part of a mechanism that sequesters the
enzyme to the membrane, thereby increasing the local concen-
tration, or it can be used as a mechanism to regulate GEF activ-
ity by eliciting conformational changes that enhance activity
(84). This type of modulation is seen with some DH-PH
domains, where PH-lipid interaction leads to allosteric regula-
tion of nucleotide exchange (83).

Although emphasizing the comparison of the dDENN mod-
ule with DH domains, DH domains are not known Rab GEFs.
The best known Rab GEF is the Vps9 domain, a 100-amino acid
catalytic core composed of a helical bundle (15). It is important
to note that several other Rab GEF complexes have been solved,
and structural information has revealed that the catalytic cores
of these GEFs use different structural mechanisms to perform
nucleotide exchange (85). The DENN domains may in fact use
a completely novel mechanism of nucleotide exchange. This
underscores the biological importance of initiating structure-
function studies to resolve these issues.

Conclusion and Perspectives

It is now clear that DENN domain proteins regulate Rab
GTPases and represent a new class of membrane trafficking
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proteins. Moreover, for at least a subset of DENN domains, the
domain itself interacts directly with Rabs and functions as a
GEF to activate this important class of small GTPases. We now
need to clarify that, for the many DENN domain proteins
shown to have GEF activity, the activity is indeed mediated by
the DENN domain. Another important issue pertains to how
the GEF activity is regulated. Are there intramolecular interac-
tions that control the GEF activity such as what is seen in the
regulation of the GEF activity of intersectin-1 (86)? Other
potential modes of regulation could involve binding of PI or
other GTPases to the DENN domain itself or phosphorylation
of the module. Given the evidence that certain DENN domains
and DENN domain proteins function as a GEF for one Rab
while binding to another, it seems likely that DENN domain
proteins mediate GEF cascades. The study of DENN domain
proteins is thus highly likely to reveal new links between Rab
pathways and provide invaluable new information with regard
to vesicle trafficking. Fewer than half of the DENN domain
proteins have been examined in terms of their cell biological
properties, and this will be a priority moving forward. Finally,
we need to understand the structure of the DENN domain to
determine its mechanism of action and modes of regulation.
With such studies, our knowledge of this intriguing protein
domain and its regulation of membrane trafficking pathways
will increase greatly and provide better understanding of sev-
eral important human diseases.
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