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Abstract

Purpose of review—Lipase maturation factor 1 (LMF1) is a membrane-bound protein located
in the endoplasmic reticulum (ER). It is essential to the folding and assembly (i.e., maturation) of
a select group of lipases that include lipoprotein lipase (LPL), hepatic lipase (HL) and endothelial
lipase (EL). The purpose of this review is to examine recent studies that have begun to elucidate
the structure and function of LMF1, and to place it in the context of lipase folding and assembly.

Recent findings—Recent studies identified mutations in LMF1 that cause combined lipase
deficiency and hypertriglyceridemia in humans. These mutations result in the truncation of a large,
evolutionarily conserved domain called DUF1222, which is essential for interaction with lipases
and their attainment of enzymatic activity. The structural complexity of LMF1 has been further
characterized by solving its topology in the ER membrane. Recent studies indicate that in addition
to LPL and HL, the maturation of EL is also dependent on LMF1. Based on its apparent
specificity for dimeric lipases, LMF1 is proposed to play an essential role in the assembly and/or
stabilization of head-to-tail lipase homodimers.

Summary—LMF1 functions in the maturation of a select group of secreted lipases that assemble
into homodimers in the ER. These dimeric lipases include LPL, HL and EL, all of which
contribute significantly to plasma triglyceride and HDL cholesterol levels in human populations.
Future studies involving genetically engineered mouse models will be required to fully elucidate
the role of LMF1 in normal physiology and disease.
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Introduction

Lipoprotein lipase (LPL), hepatic lipase (HL) and endothelial lipase (EL) are lipolytic
enzymes involved in plasma lipid metabolism. They are part of a lipase gene superfamily
[1], and have emerged as important genetic determinants of plasma triglyceride (TG) and
high density lipoprotein (HDL)- cholesterol levels in humans [2]. Given the critical role of
lipases in lipid homeostasis, it is of interest to identify mechanisms and factors that influence
their expression and activity. While transcriptional control is certainly an important
component of lipase regulation, it is becoming increasingly clear that post-translational
factors play an essential role as well [3]. In this review, we will discuss recent studies on
Lipase maturation factor 1 (LMFll), a newly discovered protein involved in the post-
translational maturation of secreted homodimeric lipases (LPL, HL and EL). Moreover, we
will place LMF1 in the context of the folding and assembly of this select group of lipase
proteins in the ER.

LMF1 mutations and disease

In 1983, a mouse mutation called combined lipase deficiency (cld) was described [4].
Whereas heterozygous mice appeared normal, homozygous neonates exhibited massive
hypertriglyceridemia and died several days after birth due to the virtual absence of enzyme
activity for both LPL and HL. Interestingly, lipase mMRNA and protein expression was
normal in cld tissues indicating that the mutation affected a gene critically required for the
post-translational attainment of enzymatic activity. Some 24 years after its initial
description, the cld mutation was found to affect a previously uncharacterized gene, which
was named Lipase maturation factor 1 (Lmf1) [5]. Recently, we have found that the cld
mutation also disrupts maturation of a third member of the lipase protein family, EL (Peterfy
M, unpublished data). Thus, all known homodimeric lipases (LPL, HL, EL), but not a
monomeric lipase, pancreatic lipase (PL) [6], require Lmf1 to mature into active, secreted
enzymes (Fig. 1).

Subsequent to the cloning of Lmf1, a rare nonsense mutation (Y439X) was also documented
in the orthologous human LMF1 gene [5]. Consistent with the mouse phenotype, a patient
homozygous for the Y439X mutation exhibited combined lipase deficiency associated with
severe hypertriglyceridemia. In addition, the patient suffered from repeated episodes of
pancreatitis, developed tuberous xanthomas and acquired partial lipodystrophy in
conjunction with type 2 diabetes. More recently, a second homozygous nonsense mutation
(W464X) has also been described in an individual with hypertriglyceridemia, pancreatitis
and combined lipase deficiency [7]. In addition to LPL and HL, post-heparin plasma EL
activity was also severely diminished in this patient (Peterfy M, unpublished data).
Interestingly, lipase activities appear to be somewhat less affected compared to the Y439X
patient, while tuberous xanthomas and lipodystrophy were not evident. Although both
mutant transcripts may be subject to nonsense-mediated RNA decay, it is intriguing to
speculate that the apparently stronger phenotype of Y439X is due to the larger C-terminal
truncation of the protein (Fig. 2). Indeed, it has been demonstrated that Y439X completely
abolishes LMF1 activity, whereas W464X is a hypomorphic mutant with ~40% of wild-type
activity retained [7].

lBy convention, LMF1 and Lmf1 refers to the human and mouse protein, respectively. However, in this review, LMF1 is also used as
a general term without regard to species; Lmf1 will only be used when referring to the mouse protein.
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The structure and function of LMF1

LMF1 is a polytopic membrane-spanning protein of the ER membrane (Fig. 2). It has five
transmembrane segments, which separate the protein into six domains, half of which face
either the ER lumen or cytoplasm [8]. Nearly 70% of the LMF1 sequence is comprised of an
evolutionarily conserved Domain of Unknown Function (referred to as DUF1222 in the
Pfam database). Importantly, all known LMF1 mutations associated with combined lipase
deficiency in mouse and humans truncate the large C-terminal domain of DUF1222 (Fig. 2),
which indicates an essential role of this region in lipase maturation. Notably, while cld and
Y439X cause a complete loss of function [5], the downstream W464X mutation is less
severe, resulting in the loss of ~60% function [7]; thus, the proximal region of the C-
terminal domain upstream of W464X may be particularly important in lipase maturation.
Indeed, this region exhibits a remarkable degree of amino acid conservation across different
species (Doolittle M, unpublished data). In addition to decreasing LMF1 specific activity,
these mutations also diminish LMF1 protein expression levels [5, 7, 9]. This is a potential
consequence of improper membrane integration and non-native topologies resulting in rapid
degradation of mutant LMF1 proteins.

Besides the large C-terminal domain, another DUF1222 domain facing the ER lumen is loop
C (Fig. 2), which also appears to play a central role in lipase folding and assembly. Notably,
its ER lumenal localization places it in proximity to newly synthesized lipase polypeptides.
Using a series of truncated mouse Lmf1 constructs, loop C was identified as a lipase-binding
site [8]. Among the lipase family members examined in this study, LPL and HL, but not
pancreatic lipase (PL), were found to bind to loop C. Recently, EL has also been shown to
interact with this domain (Peterfy M, unpublished data). Importantly, whereas LPL, HL and
EL are homodimers [10-12], PL is a monomer and does not require LMF1 for its maturation
[6]. Thus, loop C binding appears to be specific for dimeric lipases, consistent with the
specificity of the lipase maturation function of LMF1 (Fig. 1). Loop C also represents the
most highly conserved domain within LMF1, suggesting that its lipase-binding function
tolerates very little sequence divergence. Moreover, the involvement of loop C and the C-
terminal domain in the related functions of lipase binding and maturation suggests that these
two adjacent regions may physically interact during the course of LMF1 function.

The role of LMF1 in lipase folding and assembly

Maturation of LPL, HL and EL requires the lipase polypeptides to first attain a proper
tertiary fold, followed by their assembly into homodimers arranged in a head-to-tail
orientation [10-12]. In vitro refolding experiments have indicated that properly folded LPL
monomers do not exist free of the homodimer [13], although monomer subunits can readily
exchange between homodimers [14]. When LPL dimers disassemble, which occurs readily
because they represent a high free energy state, the monomers misfold and lose their ability
to re-assemble. Thus, it is likely that a fully folded monomer is thermodynamically unstable
in solution, perhaps due to the presence of exposed hydrophobic regions that in the dimer
form contact points holding the subunits in place. Indeed, the major LPL intermediate form
that is detected during refolding in vitro is a monomer exhibiting a partially folded N-
terminal domain in a “molten globule” state with a fully folded C-terminal domain [13].

LPL refolding to a fully assembled state takes hours in vitro [13], but only minutes in vivo
with a relatively high efficiency [15]. Thus, it is clear that lipase maturation in vivo proceeds
with the aid of chaperones, increasing not only the kinetics of folding and assembly, but
protecting nascent chains from inappropriate intra- and inter-chain interactions; this latter
function increases productive folding while discouraging protein aggregation. Indeed,
chaperones and associated folding factors generally assist most nascent polypeptide chains

Curr Opin Lipidol. Author manuscript; available in PMC 2014 February 14.
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as soon as they emerge from the Sec61 translocon into the ER lumen. They provide
surveillance of maturation, a process called ER quality control [16], ensuring that all nascent
chains remain in the ER until their folding is complete. Moreover, they direct terminally
misfolded proteins to pathways of ER-associated degradation (ERAD), and provide
safeguards against massive protein misfolding by regulating the ER stress response [17]. As
many chaperones assist a wide array of proteins, they are considered “general” maturation
factors. However, some nascent proteins engage with specialized chaperones when folding
and/or assembly requires the attainment of unique structural characteristics; these are often
called “client-specific” factors. Indeed, lipase maturation requires both: the ER chaperone
calnexin (CNX) is a general factor that is required for efficient lipase maturation [15, 18,
19], as is the client-specific factor LMF1 (Fig. 3).

While LMF1 likely promotes later stages of lipase folding and assembly (Fig. 3, D-F), CNX
plays an equally important role early on, stabilizing the emerging lipase N-terminal portion
by delaying premature folding until translation is complete (Fig. 3A). Association with CNX
occurs through a glycan chain that is attached to a conserved asparagine site within the
lipase N-terminal domain; the attached glycan chain acts as a ligand that binds CNX through
its lectin domain [16]. After CNX release, the lipase polypeptide begins to fold, possibly
aided by the BiP chaperone complex that includes a peptidyl-prolyl cis-trans isomerase
(PPlase); both BiP and PPlase were recently shown to associate with HL during its
maturation in the ER [20]. The PPlase converts cis peptidyl-prolyl bonds into the favored
trans configuration that has been shown to increase the kinetics of LPL refolding in vitro
[13]. While the lipase C-terminal domain likely folds efficiently and quickly, the N-terminal
domain remains in a molten-globule state, with a native-like secondary structure but a less-
ordered tertiary structure [13]. We consider such an intermediate as a “partially folded”
monomer (Fig. 3, B and D) with the potential to form either a fully folded monomer (Fig.
3E) or to undergo misfolding (Fig. 3C). Since fully folded lipase monomers are likely
thermodynamically unstable in solution, LMF1 may bind and stabilizes this form (Fig. 3E);
in contrast, lipase misfolding would prevent LMF1 association and result in ERAD (Fig.
3C). In fact, in combined lipase deficiency, LPL homodimers decline severely while LPL
misfolded aggregates accumulate [21]. Thus, without functional LMF1, maturation steps D—
F (Fig. 3) appear to occur very inefficiently. In contrast, early lipase maturation steps
occurring through CNX seem to be independent of LMF1. For example, LPL in cld cells is
properly glycosylated and processed [21], indicating that these early maturation steps remain
unaffected. Thus, LMF1 most likely functions in later stages of lipase maturation (Fig. 3, D—
F), when lipase monomers and homodimers may need to be shielded from an ER
environment conducive to their misfolding. LMF1 may also stabilize the homodimer from
undergoing disassembly in the ER prior to its secretion (Fig. 3F).

Open questions and future perspectives

The elucidation of LMF1 function remains a challenging undertaking, particularly in
defining its role as a maturation factor and as a candidate in lipase regulation. As a
maturation factor, a number of questions remain unanswered. What is the precise role of
LMF1 in the mechanism of lipase folding; does it stabilize the partially folded monomer and
homodimer as proposed in Fig. 3? What are the functions of the various LMF1 domains in
this process? The polytopic nature of LMF1 suggests a complexity of functions involving
associations with both cytoplasmic and ER lumenal proteins; what is the identity of these
binding partners and how do they assist in lipase maturation? Is LMF1 also involved in the
effective exit of homodimers from the ER, possibly by associating with the cytosolic coat
protein 1 vesicles budding from the ER?

Curr Opin Lipidol. Author manuscript; available in PMC 2014 February 14.
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The essential role of LMF1 in the maturation of all three dimeric lipases suggests that LMF1
deficiency may have complex and unique consequences on plasma and tissue lipid
metabolism. An interesting observation in this regard is the diminished adiposity in the

Y 439X patient [5]. Is lipodystrophy a consequence of combined lipase deficiency and, if so,
what is the underlying etiology? Unfortunately, the cld mouse model has limited utility to
answer these questions, because of the lethal nature of LPL deficiency occurring shortly
after birth. Clearly, inducible and tissue-specific models of LMF1 deficiency are needed to
overcome the lethality and investigate the role of individual tissues.

The involvement of LMF1 in the post-translational activation of lipases raises the possibility
of a regulatory role in lipase activity and lipoprotein metabolism. Is LMF1 rate-limiting in
the expression of active lipases? Is LMF1 expression and/or activity regulated by
physiological states affecting lipase activities (e.g., feeding and fasting)? In this regard, a
recent study found that metformin, an activator of the 5’-adenosine monophosphate-
activated kinase, caused a substantial increase in LMF1 mRNA levels in heart tissue from
Zucker rats, although its impact on lipase activity levels was not explored [22].

Conclusion

The functional loss of LMFL1 results in combined lipase deficiency with a profound impact
on plasma lipid metabolism and related pathophysiological phenotypes, such as
hypertriglyceridemia. LMF1 is required for the post-translational maturation of LPL, HL
and EL, a select group of lipases that are known to form homodimers. Lipase maturation
occurs in the ER and involves the folding and assembly of newly synthesized (nascent)
lipase polypeptides into fully functional enzymes. The structural similarities of LPL, HL and
EL, particularly in their requirement for a homodimer configuration, suggest that LMF1
plays a role in the assembly of partially folded monomers and/or stabilization of the lipase
homodimers. While questions abound concerning LMF1 function, expression and
regulation, it is abundantly clear that it plays a pivotal role in lipase maturation.
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Figure 1. The LMF1-dependent dimeric lipases are a select group within the larger lipase gene
family

Phylogenetic tree of the lipase gene family. Members of the family are secreted enzymes,
and thus all mature within the ER. The members include: PLAL1A, Phospholipase Al
member A (Q53H76); LIPH, Lipase member H (Q8WWY8); PL, Pancreatic triacylglycerol
lipase (P16233) and the three PL-related lipases PLR1 (P54315), PLR2 (P54317) and PLR3
(Q17RR3); HL, Hepatic triacylglycerol lipase (P11150); LPL, Lipoprotein lipase (P06858);
and EL, Endothelial lipase (Q9Y5X9). The monomeric state of the PL-related lipases 1, 2
and 3 are inferred based on the parental PL enzyme. The homodimeric state of HL, LPL and
EL has been experimentally determined. The subunit structure and requirement for LMFL1 is
not known for either PLALA or LIPH. Protein sequence alignments and phylogenetic tree
construction was conducted using COBALT [23].
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Figure 2. The membrane topology of LMF1

Five alpha-helical transmembrane (TM) segments divide the protein into six separate
domains. The approximate size of each domain in mouse Lmf1 is 49 aa, N-terminal domain;
56 aa, loops A, B; 71 aa, loop C; 46 aa, loop D; and 188 aa, C-terminal domain (aa = amino
acids). The evolutionarily conserved domain of unknown function (DUF1222) is depicted as
a thick line. The domains involved in lipase binding and maturation are indicated. Y439X
and W464X are nonsense mutations that cause combined lipase deficiency in human
subjects.
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Figure 3. The proposed roleof LMF1in lipase folding and assembly

The inset illustrates the N- and C-folding domains comprising the lipase monomer; wavy
lines indicate an N-terminal domain that is partially folded. Only the homodimer exhibits
enzyme activity and exits the ER; all other lipase forms are inactive and are retained in the
ER. Terminally misfolded forms are destined for ER-associated degradation (ERAD). CNX,
calnexin; ERp57, 57 kDa endoplasmic reticulum protein; LMF1, Lipase maturation factor 1.
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