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Enolase-1 as a plasminogen receptor
----------------------------------------------------------------------------------------------------------------

Edward F. Plow and Riku Das CLEVELAND CLINIC

In this issue of Blood, Wygrecka and colleagues assign a major role to cell-surface
enolase-1 as a plasminogen receptor, mediating LPS-induced invasion of mono-
cytes into lungs in mice and humans.

Over the past decade, studies conducted in
plasminogen-deficient mice have created a

compelling case for involvement of plasminogen
and plasmin in inflammatory cell recruitment.1

This role of plasmin(ogen) appears distinct from
its function, as the primary fibrinolytic enzyme
and depends on its ability to facilitate leukocyte
migration across extracellular matrices, through
either its direct degradation of matrix proteins or
its activation of matrix metalloproteinases,
which degrade collagens.2 Such plasmin-
dependent pericellular proteolysis is opti-
mized when plasmin(ogen) is tethered to the
cell surface, an interaction mediated by a het-
erogeneous group of plasminogen receptors
(Plg-Rs). Many, but not all, Plg-Rs have a ly-
sine at their C-terminus, which interacts with
the certain kringles of plasmin(ogen). When
engaged in this fashion, plasminogen is more
readily activated to plasmin, and plasmin is
protected from inactivation by its natural in-
hibitors. When monocytoid cells are stimu-
lated by various agonists or differentiated into
macrophages, their plasminogen binding ca-

pacity increases,3 presumably a reflection
of changes in the number or repertoire of
Plg-Rs. A model depicting how plasminogen
and Plg-Rs might contribute to and be regu-
lated on the surface of monocytes is shown in
the figure.

At least 6 different Plg-Rs have been iden-
tified on cells of the monocytoid lineage.
Enolase-1 was the first described Plg-R and
has lysine as its C-terminal amino acid.4 Al-
though primarily an intracellular glycolytic
enzyme, its expression on the cell surface was
clearly detected on monocytoid cells and sub-
sequently on many other cell types. Indeed,
the enhanced binding and activation of plas-
minogen by neoplastic cells was attributed to
enhanced enolase-1 expression.5 However,
evidence from monocytoid cells suggested that
enolase-1 was only one of several Plg-Rs and
its contribution to plasminogen binding was
modest in the models tested.6,7 More recent
studies have emphasized the importance of the
annexin 2 heterotetramer (both the annexin 2
and p11 subunits are capable of binding plas-

minogen) and histone H2B as Plg-Rs. With
both in vitro and in vivo studies supporting the
significance of annexin-2 and H2B in plasmin-
ogen binding, the role of enolase-1 as a func-
tional Plg-R fell into obscurity.

In their article, Wygrecka et al resurrect
the role of enolase-1 as a Plg-R and make sev-
eral notable observations that attest to its im-
portance in monocyte recruitment into injured
lungs.8 First, using a monocytoid cell line and
isolated blood monocytes, cell-surface expres-
sion of enolase-1 was shown to increase dra-
matically in as little as 6 hours after lipopoly-
saccharide (LPS) stimulation. Interestingly,
new protein synthesis was not required for
LPS-induced exteriorization of intracellular
enolase-1. As enolase-1 as well as the afore-
mentioned Plg-Rs all lack signal sequences
and transmembrane domains, as yet undeter-
mined nonconventional pathway(s) must
regulate their surface expression. Second,
plasmin generation and plasminogen depen-
dent migration of LPS-stimulated monocy-
toid cells through membranes, monolayers of
epithelial cells or matrigel toward MCP-1 was
abrogated by an antibody to enolase-1 that
blocked its ability to bind plasminogen. These
observations were corroborated with cells
over-expressing enolase-1 or a mutant form
(ENO-1�PLG) that lacked the C-terminal
lysine and could not bind plasminogen; wild-
type enolase-1 expression enhanced plasmino-
gen related functions whereas ENO-1�PLG
did not. Third, in an LPS-induced lung in-
flammation model in mice, monocytes overex-
pressing wild-type enolase-1 accumulated in
the bronchoalveolar lavage while monocytes
overexpressing ENO-1�PLG did not.
Fourth, blood and alveolar monocytes from
pneumonia patients showed intense expres-
sion of enolase-1, whereas monocytes from
healthy individuals did not. Collectively, these
results establish a central role of enolase-1 as a
Plg-R in monocyte recruitment in inflamma-
tory lung disease.

In a previous study from our laboratory, anti-
bodies to histone H2B were shown to block mac-
rophage recruitment in thioglycollate-induced
peritonitis by approximately 50%.9 In these ex-
periments, anti–enolase-1 served as a control
and reduced recruitment by only approximately
20%. The basis for these differences is uncertain
but raises some interesting prospects. One possi-
bility is that the contribution of specific Plg-Rs to
monocyte recruitment may be organ specific
(lung vs peritoneum) or may be stimulus specific

Role of plasminogen receptors (Plg-Rs) during monocyte/macrophage recruitment. Monocyte activation leads
to expression of cytosolic pools of Plg-Rs at the cell surface. Plasminogen (Plg) binds to the Plg-R and is
converted to plasmin (Plm) by Plg activators (uPA/tPA). The bound Plm facilitates transmigration and
basement membrane degradation. As monocytes differentiate into macrophages, additional Plg-Rs support
additional Plg binding, which aids in ECM degradation and macrophage recruitment. Enolase-1 functions as a
Plg-R for monocyte recruitment into lung tissue.
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(LPS vs thioglycollate). Also, the contribution of
individual Plg-Rs to monocyte recruitment may
change over time (enolase-1 early vs H2B later).
These suggestions imply that different popula-
tions of Plg-Rs could be targeted to regulate in-
flammatory cell recruitment in a temporal or
site-specific manner. The resurrection of
enolase-1 as a Plg-R by the Wygrecka et al pro-
vides impetus for such comparative studies.
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Comment on Ipsaro et al, page 5385, and Stabach et al, page 5377

Where spectrin snuggles with ankyrin
----------------------------------------------------------------------------------------------------------------

Philip S. Low PURDUE UNIVERSITY

Using the crystal structure of �-spectrin repeats 14 and 15 that bind ankyrin, to-
gether with a crystal structure of a fragment of ankyrin that binds spectrin, and
detailed site-directed mutagenesis, Stabach and Ipsaro and their respective col-
leagues analyze for the first time the structure of the ankyrin-�-spectrin bridge that
connects band 3 (AE1) and other proteins to the membrane skeleton.

Ankyrin forms bridges that
connect membrane-spanning

proteins to an underlying spectrin-
based membrane skeleton. These
bridges not only contribute criti-
cally to membrane stability, but
also ensure the proper lateral dis-
tribution of membrane-spanning
proteins, the assembly of signaling
and structural components at the
inner membrane surface, the
guided trafficking of endosomes
and organelles in nucleated cells,
and the regulation of membrane
functions by mechanical stresses.1

In erythrocytes, the spectrin-
based skeleton is composed of
100-nm-long �, �-spectrin het-
erodimers that associate head-to-
head into tetramers, which, in
turn, assemble into a hexagonal
lattice on the cytoplasmic surface
of the membrane. This spectrin

skeleton is attached to the membrane both at a
junctional complex, where it associates with
actin and other proteins, and near the center of
each spectrin tetramer, where ankyrin forms a
bridge to the anion exchanger, band 3. Al-
though noncanonical domains exist within
each spectrin tetramer, most of the tetramer
is composed of 74 triple helical repeats of
106 amino acids each of which are connected
to one another by an ordered continuous helix.
Proteins such as ankyrin, the Lutheran blood
group antigen, N-CAM, EAAT4, and
NMDA-R2 bind to these spectrin repeats,1

but unfortunately, the conformational re-
quirements for these interactions have not
been elucidated.

In this issue of Blood, both Stabach et al2

and Ipsaro et al3 independently perform
mapping of the ankyrin-spectrin interaction
using largely nonoverlapping approaches.
While both groups solve the crystal struc-
ture of repeats 14 and 15 of �-spectrin,
Ipsaro et al attempted to identify the ankyrin
binding site on �-spectrin by separately
solving the crystal structure of a spectrin-
binding fragment of ankyrin (residues 911-
1068) and then examining the 2 crystal
structures for charge and shape complemen-
tarity. While no obvious shape complemen-
tarity emerged, Ipsaro et al noted a patch of
anionic amino acids within and adjacent to
helix C of spectrin repeat 14 that matched
up well with cationic amino acids in the
crystallized fragment of ankyrin.

In contrast, Stabach et al elected to locate
the ankyrin binding site on their crystal struc-
ture of the �-spectrin repeats by performing
site-directed mutagenesis. Upon mutation of
42 carefully selected residues, they identified
14 amino acids whose mutagenesis either abro-
gated or compromised ankyrin binding. Im-
portantly, several of the identified residues
coincided with the anionic residues hypoth-
esized by Ipsaro et al to comprise the ankyrin
binding site. Other critical residues resided
either in the linker connecting the spectrin
repeats or within a loop spanning helices B and
C of repeat 15.

It is the function of this latter loop that
gives rise to an important distinction be-
tween the 2 papers. Stabach et al hypoth-
esize that these loop-spanning residues con-
trol the tilt angle between �-spectrin repeats
14 and 15. Thus, unlike any other spectrin
repeat structure published to date,4 the authors

A schematic representation of the red cell membrane. The mem-
brane is a composite structure in which a plasma membrane
envelope composed of amphiphilic lipid molecules is anchored to
a 2-dimensional elastic network of skeletal proteins through tether-
ing sites (transmembrane proteins) embedded in the lipid bilayer.
Professional illustration by Paulette Dennis.
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