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Mechanistic Analysis of a
Dynamin Effector
Laura L. Lackner, Jennifer S. Horner, Jodi Nunnari*
Dynamin-related proteins (DRPs) can generate forces to remodel membranes. In cells, DRPs require
additional proteins [DRP-associated proteins (DAPs)] to conduct their functions. To dissect the
mechanistic role of a DAP, we used the yeast mitochondrial division machine as a model, which requires
the DRP Dnm1, and two other proteins, Mdv1 and Fis1. Mdv1 played a postmitochondrial targeting role
in division by specifically interacting and coassembling with the guanosine triphosphate–bound form
of Dnm1. This regulated interaction nucleated and promoted the self-assembly of Dnm1 into helical
structures, which drive membrane scission. The nucleation of DRP assembly probably represents a
general regulatory strategy for this family of filament-forming proteins, similar to F-actin regulation.

Dynamin-related proteins (DRPs) comprise
a family of large guanosine triphosphatases
(GTPases) that self-assemble into struc-

tures that associate with and remodel intracellular
membranes (1–3). In vitro, DRPs are sufficient to
mediate membrane constriction and scission (4–8).
In vivo, however, DRP-associated proteins (DAPs)
are required for DRP-dependent membrane remod-
eling (1, 9–15). Although many DAPs have been
identified, their mechanistic roles are unknown. We
examined the role of Mdv1, a DAP required for
mitochondrial division, which is driven by the ac-
tion of the DRP Dnm1 (3). Guanosine triphosphate
(GTP) drives the self-assembly ofDnm1 into helical
structures, which can constrict lipid membranes (5).
Self-assembly stimulates Dnm1 GTP hydrolysis,
which is required to complete mitochondrial scis-
sion (5, 16). Dnm1 self-assembly proceeds via a
rate-limiting, Dnm1 concentration–dependent nu-
cleation event, which may be exploited as a means
to regulate the assembly and thus the function of
Dnm1 in vivo (5).

Dnm1-driven mitochondrial division also re-
quires Fis1 and Mdv1 (10, 17–19). Mdv1 functions
as a molecular bridge between mitochondrial-
anchored Fis1 and soluble Dnm1, and together
Fis1 andMdv1 function to target Dnm1 to the mito-
chondrial surface (10, 20–22). Mdv1 also functions
after targeting to facilitate division (16, 20) [support-
ing online material (SOM) text and fig. S1]. To ex-
amine the post-targeting roles of Mdv1, we purified
it fromyeast cells.Co-overexpression ofFis1 lacking
the transmembrane domain Fis1DTM was required
to produce a soluble form of full-length Mdv1, and
Fis1DTM co-purified with Mdv1 at stoichiometric
levels (fig. S2A). However, after purification, the
Mdv1/Fis1DTM complex dissociated (fig. S2B).

We asked whether the interaction of Mdv1
and/or Fis1 with Dnm1was regulated and whether
they affected Dnm1’s kinetic and structural prop-
erties. Using a nonphysiological liposome com-
position, we targeted Dnm1 directly to liposomes.
Dnm1 bound efficiently to liposomes in a manner
that was independent of guanine nucleotides (Fig.
1A). Consistently, the Dnm1 mutants Dnm1S42N
and Dnm1K41A, which are deficient in nucleotide
binding or nucleotide hydrolysis, respectively, also
efficiently bound to liposomes (5, 16). Only the
assembly-defective mutant Dnm1G385D, which

exists as a dimer under assay conditions, exhibited a
decreased association with liposomes (5, 23). Thus,
unassembledDnm1has a relativelyweak affinity for
liposomes, and the interaction between oligomeric
Dnm1 and liposomes is strengthened via avidity.

In contrast toDnm1, the recruitment of Mdv1 to
liposomes required Dnm1 and either GTP or the
nonhydrolyzable GTP analog GMPPCP (Fig. 1B).
In contrast to Mdv1, only a small fraction (10 to
20%) of Fis1DTMwas recruited toDnm1-liposome
complexes, and the addition of a 10-fold molar
excess of Fis1DTM did not alter the amount of
Dnm1 associated with liposomes nor the amount of
Mdv1 recruited to Dnm1-liposome complexes (fig.
S2C). Thus, Fis1 had no measurable effect on the
Dnm1-lipid or Dnm1-Mdv1 interaction.

Consistent with a GTP-regulated Dnm1-Mdv1
interaction, Dnm1K41A also was able to effi-
ciently recruit Mdv1 to liposomes in the presence
of both GTP andGMPPCP, whereas Dnm1S42N
was not able to recruit Mdv1 to liposomes (fig.
S3A and B). The increased recruitment of Mdv1
to liposomes by Dnm1K41Awith GTP as com-
pared to wild-type Dnm1 suggests that upon nucle-
otide hydrolysis, the Dnm1-Mdv1 interaction was
destabilized (Fig. 1B and fig. S3A). Assembly-
defective Dnm1G385D was not able to efficiently
recruit Mdv1 to liposomes in the presence of GTP
or GMPPCP, a finding that is consistent with pre-
vious studies (fig. S3C) (16).

Thus, the Dnm1-Mdv1 interaction is depen-
dent on a combination of avidity and the GTP-
specific conformational state of Dnm1. Liposomes
facilitated the assembly of Dnm1 helical structures
in a nucleotide-independent manner, in contrast to
the strict GTP requirement for the assembly of
Dnm1 helices in the absence of liposomes (fig.
S4A) (5). Thus, although avidity is probably im-
portant, the GTP-specific conformational state of
Dnm1 is the critical determinant for the Dnm1-
Mdv1 interaction. Indeed, qualitative differences
in the helical structures formed in the presence of
GMPPCPwere observed (fig. S4A). Thus,Mdv1
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Fig. 1. Mdv1 preferen-
tially interacts with the
GTP-bound formofDnm1.
(A) Dnm1 and the indi-
cated Dnm1 mutants at
0.4 mM were incubated
with liposomes in the ab-
sence and presence of
various nucleotides. The
association of the protein
with liposomes was as-
sessed by its ability to
float with liposomes af-
ter equilibrium sucrose
gradient centrifugation.
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fractions of the gradients were subjected to SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot analysis. The percentage of protein found in the top fraction is shown as the mean and
SEM; n = 3 independent experiments. (B) Dnm1 and Mdv1, each at 0.4 mM, were incubated with
liposomes in the absence and presence of various nucleotides and subjected to liposome floatation and analysis as described in (A). Data are shown as the
mean and SEM; n = 3 independent experiments. *P ≤ 0.05.
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preferentially interacts with the GTP-bound, as-
sembled form of Dnm1, and this interaction is
regulated by GTP hydrolysis, which probably re-
flects the importance of a dynamic Dnm1-Mdv1
interaction in division in vivo (16).

A GTP-regulated Dnm1-Mdv1 interaction is
consistent with a role for Mdv1 in regulating Dnm1
self-assembly and activity. To test this idea, we
examined whether purified Mdv1 altered the ki-
netic properties of Dnm1 (5). As previously ob-
served, Dnm1 exhibited a concentration-dependent
kinetic lag in assembly-driven GTP hydrolysis be-
fore reaching a steady state, indicating that a nu-
cleation event is required for self-assembly (5)
(Fig. 2, A and B). The addition of Mdv1 dramat-
ically decreased this kinetic lag in a concentration-
dependent manner (Fig. 2, A and B). Thus, Mdv1
acts as a nucleator for Dnm1 self-assembly. The
nucleation of Dnm1 self-assembly was also stim-
ulated by liposomes with a mitochondrial outer
membrane composition (OMC) (Fig. 2A) (24).
Under the conditions tested, OMC liposomes were
less effective thanMdv1 in decreasing the kinetic

lag and, in combination withMdv1, did not further
reduce the kinetic lag.

Mdv1 also increased the steady-state level of
GTP hydrolysis by Dnm1, which also indicates
that Mdv1 stimulated Dnm1 self-assembly (Fig. 2,
C and D). The addition of Mdv1 also reduced the
apparent Hill coefficient for GTP binding (Fig.
2D), which suggests that Mdv1 is inducing and/or
stabilizing a GTP-dependent conformation of
Dnm1 to promote self-assembly. The addition
of Mdv1 resulted in a 1.4 T 0.1–fold increase (n =
3 independent experiments) in the amount of
GTP that could be cross-linked to Dnm1 by
ultraviolet light (fig. S5), consistent with Mdv1
increasing the affinity of Dnm1 for GTP and
preferentially binding to the GTP-bound form of
Dnm1 (Fig. 1B). No significant effect on Dnm1
activity with or without Mdv1was observed with
a 15-fold molar excess of Fis1DTM, suggesting
that Fis1 does not act directly on Dnm1 during
mitochondrial division (fig. S2, D and E).

Mdv1modulatedDnm1 activity only within the
range of Dnm1 concentrations observed in vivo

(Fig. 2E and table S1).OMC liposomes also had the
greatest stimulatory effect on Dnm1 activity within
this range, albeit to a lesser extent than Mdv1 (Fig.
2E).When added in combinationwithMdv1,OMC
liposomes did not further stimulate the activity of
Dnm1. At relatively high nonphysiological concen-
trations, Dnm1 was able to effectively nucleate its
own self-assembly, and the addition of Mdv1 and
OMC liposomes had no further effect on the rate of
GTP hydrolysis. Thus, because maximal GTP
hydrolysis by Dnm1 is unaltered by Mdv1, Mdv1
does not stimulate the intrinsic ability of Dnm1 to
hydrolyzeGTP and thus acts as a positive effector to
nucleate and drive Dnm1 assembly at the mito-
chondrial outer membrane, and consequently the
GTP hydrolysis activity of Dnm1 is stimulated.

Kinetic data indicate that Mdv1 acts as a nu-
cleator to drive Dnm1 self-assembly. Velocity sed-
imentation analysis consistently revealed that a
greater fraction of Dnm1 was recovered in the as-
sembled pellet fraction in the presence ofMdv1 and
either GTP or GMPPCP, as compared to that re-
covered under identical assay conditions with
Dnm1 alone (Fig. 3A). Moreover, a greater fraction
ofMdv1 was recovered in the pellet in the presence
ofDnm1 and either GTP orGMPPCP. Thus,Mdv1
acts to facilitate Dnm1 assembly by preferentially
interacting with the GTP-bound form of Dnm1 and
nucleating its assembly. In agreement with this idea,
Mdv1 counteracts the effects of the Dnm1 small-
molecule inhibitor mdivi-1, which attenuates the
GTP-dependent assembly of Dnm1 (25) (SOM text
and fig. S6).

To determine the structural basis for Mdv1-
dependent Dnm1 nucleation, we analyzedGMPPCP
Dnm1 structures by negative-stain electron micros-
copy (EM) (Fig. 3, B and C). At physiological
Dnm1 concentrations, in the absence of Mdv1,
we observed both simple rings and helices (Fig. 3B).
In contrast, in the presence ofMdv1, we exclusively
observed helices (Fig. 3B), which were uniformly
decoratedwith additional electron density (Fig. 3,
B and C). Consistently, Dnm1 structures assembled
in the presence of liposomes and Mdv1 displayed
an increase in electron density, quantified as an in-
crease in the distance from the lipid membrane to
the outer edge of the assembled protein, as well as a
qualitative difference in structural features (Fig. 3, D
and E). Thus, Mdv1 coassembled with Dnm1 heli-
cal structures, probably at a stoichiometric ratio as
suggested by our binding data (Fig. 1B and fig. S3).

Based on our analyses, we propose two models
for Mdv1-dependent Dnm1 nucleation, which are
not mutually exclusive (fig. S7). Our finding that
Mdv1 binds preferentially toDnm1-GTP supports a
model in which it acts as a conformational nucleator
to induce or stabilize a GTP-like conformation of
Dnm1 that is more favorable for self-assembly.
Alternatively, Mdv1 may function as a structural
nucleator by acting as a physical scaffold to facilitate
the formation or stabilization of oligomeric Dnm1
assemblies. To test this possibility, we examined
whether Mdv1 itself could oligomerize. In yeast
two-hybrid studies, the central coiled-coil domain of
Mdv1 can mediate self-interaction (20). Examina-
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Fig. 2. Mdv1 acts to nucleate Dnm1 self-assembly.
(A) A plot of Dnm1 GTPase activity in the absence
and presence of Mdv1 and OMC liposomes versus
time after the initiation of self-assembly. The lag
time as determined by linear regression analysis
is shown in red and the steady-state region of the
curve is shown in blue. Dnm1 and Mdv1 were
present at 0.5 and 0.4 mM, respectively. OMC
liposomes were present at 0.05 mg/ml, and GTP
was present at 500 mM. (B) Quantification of lag
time in the presence of various concentrations of
Mdv1. Dnm1 was present at 1.5, 0.8, or 0.5 mM,
as indicated, and GTP was present at 500 mM.
Data are shown as the mean and SEM; n = 3
independent experiments. (C and D) Steady-state
kinetics of Dnm1 in the absence and presence of
Mdv1. Dnm1 and Mdv1 were present at 0.5 and
0.4 mM, respectively. A representative kinetic

experiment is shown in (C). The table in (D) shows kinetic parameters determined as described in methods
(32). kcat, turnover number; K0.5, substrate concentration where velocity is one-half maximal. Data are shown as
themean and SEM; n=3 independent experiments. (E) Steady-state GTP hydrolysis activity of Dnm1 at various
Dnm1 concentrations in the absence and presence of 0.4 mM Mdv1 and 0.05 mg/ml OMC liposomes, as
indicated. GTP was present at 500 mM. Data are shown as the mean and SEM; n= 3 independent experiments.
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tion of the subunit composition of purifiedMdv1 by
hydrodynamic analysis indicated that it exists as a
dimer (Fig. 4A). At higher concentrations, we also
detected Mdv1 tetramers and hexamers after treat-
ment with a chemical cross-linker (Fig. 4B). Thus,
like Dnm1, dimeric Mdv1 is probably the building
block for larger Mdv1 oligomers, which is consist-
ent with Dnm1 andMdv1 acting in a stoichiometric
manner (5). In addition, these results support the
idea that through self-assembly,Mdv1 can also act
as a structural nucleator for Dnm1 self-assembly.

It is likely that the nucleation of DRP assembly
will emerge as a general strategy for the regulation
of DRP function in vivo by DAPs. Indeed, the
assembly of dynamin can be promoted by DAPs,
such as amphiphysin and Snx9 (9, 13–15). Mdv1 is
tethered to the mitochondrial surface by Fis1 (10).
Thus, Mdv1-dependent nucleation serves to spatial-
ly activate Dnm1’s membrane remodeling function
within the cell. The temporal and contextual regu-
lation of DRPs byDAPs is probably also important.
This is apparent in mammalian cells, where the
mammalian Dnm1 ortholog, Drp1, is less assem-
bled thanDnm1 at a steady state, andmitochondrial
division is stimulated by a variety of signaling
pathways, which serve to integrate mitochondrial
divisionwith cellular physiology or to performother
functions, such as the regulation of mitochondrial
outer membrane permeabilization during apoptosis
(25–28). Although no Mdv1 ortholog has been
identified in mammalian cells, multiple DAP
candidates have been identified for Drp1, raising

the possibility that each may function as an effector
that responds to a different cellular input (29–31).
Finally, it is also possible that mechanistically
distinct DAPs exist that serve as partial, negative,
or neutral effectors. Thus, DAPsmight also function
in cells to expand the repertoire of DRP functions.
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ER Stress Controls Iron Metabolism
Through Induction of Hepcidin
Chiara Vecchi,1 Giuliana Montosi,1 Kezhong Zhang,2 Igor Lamberti,1 Stephen A. Duncan,3
Randal J. Kaufman,4 Antonello Pietrangelo1*

Hepcidin is a peptide hormone that is secreted by the liver and controls body iron homeostasis.
Hepcidin overproduction causes anemia of inflammation, whereas its deficiency leads to
hemochromatosis. Inflammation and iron are known extracellular stimuli for hepcidin expression.
We found that endoplasmic reticulum (ER) stress also induces hepcidin expression and causes
hypoferremia and spleen iron sequestration in mice. CREBH (cyclic AMP response element–binding
protein H), an ER stress–activated transcription factor, binds to and transactivates the hepcidin
promoter. Hepcidin induction in response to exogenously administered toxins or accumulation of
unfolded protein in the ER is defective in CREBH knockout mice, indicating a role for CREBH in ER
stress–regulated hepcidin expression. The regulation of hepcidin by ER stress links the intracellular
response involved in protein quality control to innate immunity and iron homeostasis.

The iron-regulatory hormone hepcidin, a
defensin-like peptide produced by the
hepatocytes in response to iron and inflam-

mation, is a central humoral mediator of innate
immunity and host defense (1). The primary anti-
microbial strategy of this circulating peptide may
be that of limiting vital iron that is needed by in-
vading microorganisms, thus contributing to host
defense. Hepcidin accomplishes this task by trig-
gering degradation of the iron exporter ferroportin,
thereby limiting iron egress from enterocytes and
macrophages (2). If perpetuated, hepcidin stimu-
lation may lead to the anemia of chronic diseases
that is seen during infection,malignancy, and chronic
inflammation (3). Thus, hepcidin qualifies as an
acute-phase protein and an important component
of the innate immune response.

Recently, the acute inflammatory response has
been linked to endoplasmic reticulum (ER) stress,
a state that is associated with disruption of ER ho-
meostasis and accumulation of unfoldedormisfolded
proteins in theER.CREBH, anER stress–associated
liver-specific transcription factor, responds to the
immune response–inducing factors lipopolysac-
charide (LPS) and interleukin-6 (IL-6) and directly

activates the transcription of acute-phase response
genes, such as serum amyloid P component (SAP)
and C-reactive protein (CRP) in the liver (4). Both

LPS and IL-6 are also potent inducers of hepcidin
in the liver (5, 6). Based on these premises, we
wondered whether hepcidin, the iron hormone, is
controlled by ER stress and investigated the
contribution of CREBH to this activity.

We first tested three known ER stressors in
the HepG2 hepatoma cell line: brefeldin A, the
A23187 ionophore, and tunicamycin (Tm) (7).
As expected, all tested compounds induced ER
stress, as shown by the appearance of the spliced
form of XBP1, an indicator of ER stress (8) (Fig.
1). Under such circumstances, the expression of
hepcidinmRNAwasmarkedly induced, particularly
byTmandA23187 (Fig. 1,A toC).ActinomycinD
completely prevented Tm-induced hepcidinmRNA
stimulation, indicating that hepcidin response to ER
stress is due to transcriptional activation (Fig. 1D).

To confirm the in vitro data, we performed fur-
ther experiments inmice treatedwithTmand found
that ER stress readily induces hepatic hepcidin gene
expression in vivo (Fig. 2A). In agreement with the
hepcidin model of iron regulation, Tm-treated mice
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Fig. 1. ER stress induces hepcidin gene expression in vitro. (A to C) HepG2 cells were treated with different
ER stressors, as indicated. RNA was extracted and subjected to semiquantitative reverse transcription–
polymerase chain reaction (RT-PCR) for unspliced (U, 442 bp) or spliced (S, 416 bp) XBP1 mRNA forms
(shown in the upper panel by ethidium bromide stain) or to quantitative RT-PCR (qRT-PCR) for hepcidin
mRNA (HAMP) (shown in the lower graph). Data are the mean T SD of three independent triplicate
experiments with mean control values set to 1.0 (*P < 0.01; **P < 0.001). (D) HepG2 cells were cultured in
the absence or presence of actinomycin D (Act D, 1 mg/ml) and tunicamycin (Tm, 10 mg/ml). RNA was
extracted and processed as above. Data are presented and analyzed as above (*P < 0.03; **P < 0.005).
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