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The crystal structure of MICU2 provides insight into
Ca2+ binding and MICU1-MICU2 heterodimer
formation
Wenping Wu1,† , Qingya Shen1,† , Zhen Lei1, Zhiyu Qiu1, Dan Li1, Hairun Pei1, Jimin Zheng1,* &

Zongchao Jia2,**

Abstract

The mitochondrial calcium uniporter (MCU) complex mediates the
uptake of Ca2+ into mitochondria. Its activity is regulated by a
heterodimer of MICU1 and MICU2, two EF-hand-containing
proteins that act as the main gatekeeper of the uniporter. Herein
we report the crystal structure of human MICU2 at 1.96 Å resolu-
tion. Our structure reveals a dimeric architecture of MICU2, in
which each monomer adopts the canonical two-lobe structure
with a pair of EF-hands in each lobe. Both Ca2+-bound and Ca2+-
free EF-hands are observed in our structure. Moreover, we charac-
terize the interaction sites within the MICU2 homodimer, as well
as the MICU1–MICU2 heterodimer in both Ca2+-free and Ca2+-
bound conditions. Glu242 in MICU1 and Arg352 in MICU2 are
crucial for apo heterodimer formation, while Phe383 in MICU1 and
Glu196 in MICU2 significantly contribute to the interaction in the
Ca2+-bound state. Based on our structural and biochemical analy-
ses, we propose a model for MICU1–MICU2 heterodimer formation
and its conformational transition from apo to a more compact
Ca2+-bound state, which expands our understanding of this co-
regulatory mechanism critical for MCU’s mitochondrial calcium
uptake function.
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Introduction

Mitochondrial calcium uniporter (MCU) located in the inner mito-

chondrial membrane (IMM) is an ion channel with high Ca2+ selec-

tivity and affinity (Kd ≤ 2 nM) [1], which regulates and maintains

mitochondrial calcium homeostasis. The uniporter calcium uptake

is driven by electrochemical potential (Dwm) of IMM [2,3], which

can be inhibited by ruthenium red [4,5]. Various components of

uniporter holocomplex (uniplex) have been identified by compara-

tive proteomics and genomics studies, including pore-forming MCU

[4–6], metazoan-specific essential MCU regulator (EMRE) [7], EF-

hand calcium-binding proteins mitochondrial calcium uptake 1 and

2 (MICU1 and MICU2) [8,9], and MCU regulatory subunit b (MCUb)

[10]. Although the architectures of MCU from Caenorhabditis

elegans and fungi have been unequivocally established [11–15], the

fundamental Ca2+ uptake and Ca2+-dependent gating mechanisms

of the metazoan uniporter are still ambiguous.

Regarded as MCU’s gatekeepers to modulate Ca2+ uptake [16–

18], MICU1 and MICU2 are regulatory subunits located in the inter-

membrane space (IMS) [17,19–21] and present in most eukaryotic

organisms except in fungi [22]. It was demonstrated that EMRE

mediates the interaction between MCU and MICU1–MICU2 [7]. The

interaction between MICU1–MICU2 and MCU inhibited Ca2+ uptake

in resting condition; the interaction was abolished in the presence of

high cytosolic Ca2+ concentrations ([Ca2+]c) level to result in the

loss of MCU inhibition [23]. Recently, two articles reported that

MICU1 can directly interact with the conserved D-ring of MCU to

regulate the Ca2+ uptake [24,25]. MICU1–MICU2 complex has been

shown to exert regulatory function for MCU’s activity [7,17,23,26–

29], although how MICU1 interacts with MICU2 to regulate Ca2+

uptake is not clear.

Crystal structures of human MICU1 revealed that MICU1 forms a

hexamer (trimer of dimer) in the apo state to inhibit MCU and rear-

ranges to form multiple oligomers upon Ca2+ binding to EF-hands,

resulting in MCU activation [30]. Analogous to the dependence of

EMRE expression on MCU [7,31], MICU2 requires MICU1 to become

stable [9,17,23,26]. Furthermore, it has been suggested that disul-

fide formation between MICU2 and MICU1 which is facilitated by

oxidoreductase Mia40 stabilizes the heterodimer in physiological

condition [23]. Distinct from MICU1, only MICU1–MICU2 hetero-

dimer but not MICU2 alone was detected in cells [18,23,26,28].
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Recent studies revealed that MICU2 spatially limited crosstalk

between inositol 1,4,5-trisphosphate receptor and the uniporter [18]

and mediated the cardiovascular homeostasis [32], along with

implications in neurodevelopmental disorder [33]. Additionally, in

most EF-hand-containing proteins, EF-hands typically pack in pairs

with four amphipathic helixes bundled together to make a

hydrophobic core [34,35]. When Ca2+ ions are bound, the

hydrophobic core which is buried in the apo state exposes to the

solvent and creates a target protein interaction site [34–36].

Three main models of MICU1–MICU2 complex were proposed

to regulate the MCU activities [17,18,26,37,38]. In one model,

MICU1 and MICU2 were suggested to play the distinct roles in

modulating MCU activities [26]. MICU2 inhibited MCU activity in

low [Ca2+]c preventing matrix overload, and MICU1 exerted stim-

ulatory function to facilitate accumulation of mitochondrial Ca2+

rapidly in high [Ca2+]c [26]. The second model demonstrated that

MICU1 and MICU2 would play nonredundant roles and set the

[Ca2+]c threshold collectively to regulate Ca2+ uptake [17,27,38].

The authors pointed out that MICU1–MICU2 complex inhibited

MCU when [Ca2+]c was lower than the threshold (600–800 nM)

and eliminated the inhibition of the channel when [Ca2+]c was

high [17,27]. In this model, Ca2+-induced MICU1–MICU2 hetero-

dimer conformational change was the key point of the close-to-

open functional transition [27,30,39]. Recently, it was shown that

Mn2+ ions were transported in MICU1 KO cells but failed in WT

since Mn2+ would not be able to induce conformational change

in MICU1–MICU2 complex [39]. The third model is the combina-

tion of the first two models which suggests that MICU1 and

MICU2 inhibit MCU activity at low Ca2+ level and MICU1 acti-

vates MCU at high Ca2+ level [37].

Although there have been various studies focusing on MICU1 or

MICU2 individually, many results obtained under different experi-

mental conditions are nonconclusive or even controversial. This is

not surprising since it is not easy to isolate one’s function from

another to “untangle” the two proteins because MICU1 and MICU2

form a tight functional complex. As such, experiments aiming to

understand the complex and its role are timely and important.

Indeed, increasing evidences have shown that although MICU1 and

MICU2 can form homodimers respectively in vitro [27,40], MICU1

and MICU2 mainly work together as a heterodimer to function as

MCU’s gatekeeper [17,18,26,37,38]. Previous studies have demon-

strated that MICU1 and MICU2 formed stable complex not only in

the absence of disulfide bond but also independent of Ca2+, imply-

ing a robust MICU1–MICU2 interaction [27,40]. However, since

there has been no detailed investigation of MICU1–MICU2 interac-

tion and there is no complex structure available, the interaction

modes of MICU1–MICU2 for both states (Ca2+-free and Ca2+-

bound) and its functional implication remain poorly understood.

Additionally, Ca2+-induced conformational change of MICU1–

MICU2 complex has not been evaluated.

Herein we report the MICU2 structure which reveals both Ca2+-

bound and Ca2+-free EF-hands in one structure at the resolution

of 1.96 Å by X-ray crystallography. The overall MICU2 structure is

similar to MICU1, although some local structural differences are

observed. These findings have provided the structural basis for

probing the interactions between MICU1 and MICU2 and for estab-

lishing a heterodimer model. Using glutathione S-transferase (GST)

pull-down experiments and various truncation derivatives and

point mutants, we investigated MICU1–MICU2 interactions in both

apo and Ca2+-bound states. In the apo form, Glu242 in MICU1

and Arg352 in MICU2 are critical residues for MICU1–MICU2

complex formation. In Ca2+-bound from, EF-hand 1 in MICU2

exposed a hydrophobic core and attracted Phe383 in MICU1 via

hydrophobic interaction. We have also investigated binding affi-

nities between MICU1 and MICU2 which yielded Kd of

224 � 46 nM and 134 � 52 nM in the apo and Ca2+-bound states

by isothermal calorimetry (ITC), respectively. Our data have

allowed us to establish a plausible MICU1–MICU2 heterodimer

model and understand its transitioning between Ca2+-free state

and Ca2+-bound state, providing the structural basis for under-

standing the gatekeeping activity of MICU1–MICU2 in response to

Ca2+ fluctuation.

Results

Comparison of mitochondrial calcium regulator structures

To determine the structure of MICU2, we employed the construct

(85–406 aa) which was used in the previous report [40]. To circum-

vent the difficulty of crystallization optimization, we fused the

bacteriophage T4 lysozyme (T4L) to the N-terminus of the MICU2

construct. We subsequently solved the structure by single-wave-

length anomalous dispersion. The structure was refined to final

Rwork = 18.65% and Rfree = 22.67%, which contains two T4L-

MICU2 molecules in the asymmetric unit. The two MICU2 molecules

are related by twofold symmetry and form an intimate dimer which

is packed in an antiparallel mode, rather than head-to-head

(Fig 1A). Interestingly, two T4L molecules (1–161 aa) are not

related by symmetry and positioned in different orientations

(Fig 1B). Unambiguous electron densities were observed for three

Ca2+ ions (Fig EV1). EF-hand 1 Ca2+ ions were observed in both

monomers whereas EF-hand 2 Ca2+ ion was seen in only one of the

monomers (molecule 2, chain B; Fig EV1), although Ca2+ ions were

not only absent in both purification and crystallization procedures,

but the chelating reagent (EGTA) was also added.

Analogous to most EF-hand Ca2+-binding proteins such as

calmodulin, MICU2 structure possesses N-lobe and C-lobe, bridged

by a long oblique a-helix (Fig 1C). Each lobe of MICU2 contains an

EF-hand pair which consists of one canonical EF-hand with the

capacity to chelate Ca2+ and one pseudo-EF-hand incompetent to

bind Ca2+ owing to the lack of key acidic residues (Appendix Fig

S1). We shall refer to the competent EF-hands in N-lobe and C-lobe

as EF-hand 1 and EF-hand 2, respectively. Two MICU2 chains are

superimposed well except for small conformational differences

mainly in EF-hand 2 (Appendix Fig S2). The bi-lobe monomer struc-

ture of MICU2 is similar to MICU1 (Fig 1C). The packing mode of

the MICU2 dimer exhibits more resemblance to the MICU1 dimer in

the Ca2+-free form than the Ca2+-bound form (Appendix Fig S3),

even though three Ca2+ ions are bound in the MICU2 structure. This

observation is also supported by buried surface analysis. The buried

surface of MICU2 dimer is ~ 1,390 Å2, much larger than the MICU1

Ca2+-bound structure (~ 434 Å), but closer to the MICU1 Ca2+-free

form (~ 1,122 Å) [30].

Despite the overall structural similarity between MICU1 and

MICU2, significant local differences exist. While the C-lobe and the

2 of 13 EMBO reports 20: e47488 | 2019 ª 2019 The Authors

EMBO reports Wenping Wu et al



C D

F

G H I

E

A B

Figure 1.

ª 2019 The Authors EMBO reports 20: e47488 | 2019 3 of 13

Wenping Wu et al EMBO reports



bridging a-helix overlap reasonably well, the N-lobe does not

(Fig 1C–F). A detailed comparison shows that the C-lobes of MICU2

molecule 1 (Ca2+-free) and MICU1 in Ca2+-free state, together with

the long oblique helix, superimpose well with only small differences

(Fig 1D). However, when comparing the Ca2+-bound state of both

MICU1 and MICU2 (molecule 2), the bent a-helix displays a rotation

of ~ 70° in MICU2 (Fig 1E). Additionally, there is a considerable

conformational difference between the N-lobes of MICU1 and

MICU2 in Ca2+-bound form, rendering superimposition challenging.

For example, the EF-hand pair and b-sheet rotate toward each other

in MICU2, an arrangement that makes MICU2 a more compact struc-

ture (Fig 1F). Moreover, an a-helix is seen to follow the b-sheet in
MICU2 but unresolved in the MICU1 structure likely owing to

flexibility (Fig 1F).

Changes in EF-hand pair upon Ca2+ binding

Like other canonical EF-hands, Ca2+ ions are coordinated by side

chains of acidic groups or backbone of the EF-hands in MICU2. For

EF-hand 1, these residues are Asp185, Asp187, Asn189, Met191,

Glu193, and Glu196, while EF-hand 2 features Asp375, Asp377,

Asp379, Ser383, Glu386, and one water molecule (Fig EV2). The

EF-hand pair is positioned in a face-to-face manner, packed through

approximate twofold symmetry with the four a-helixes bundling

together (Appendix Fig S1). In general, the coordinating groups of

EF-hand loop point toward the center in the Ca2+-bound form to

form a coordination sphere (Figs 1G and EV2). The side chain of

Glu386 (at the loop position 12) moves away in the absence of Ca2+

(Fig 1G). As mentioned above, we obtained both Ca2+-free and

Ca2+-bound forms of EF-hand 2 in MICU2 structure which have

allowed comparison of EF-hands in the two different states. The EF-

hand 2 displays negligible conformational change in interhelical

angle in both states (Fig 1G). To understand the conformational

change process of EF-hand 1 in MICU2 from apo form to Ca2+-

bound form, we used EF-hands 1 of MICU1 in both states as refer-

ences. The superimposition reveals that Ca2+-bound EF-hands 1 in

both MICU1 and MICU2 align near perfectly (Fig 1H). Next, we

superimposed MICU2 EF-hand 1 in Ca2+-bound form with that of

MICU1 in Ca2+-free state. The exiting a-helix of MICU2 EF-hand 1

shows a significant rotation of ~ 45° (Fig 1I). This conformational

change would increase the interhelical angle in EF-hand pair and

expose a hydrophobic core (Appendix Fig S4). A similar change has

been observed for many proteins in the calmodulin family [34], but

has not been discovered in EF-hand in C-lobe (Appendix Fig S4).

Interaction of MICU2 homodimer in both states

Since MICU2 can dimerize in solution in vitro [27], we wondered

whether T4L affects the oligomerization state of MICU2 in solution

and carried out multi-angle laser light scattering (MALLS) experi-

ments. The results revealed monodisperse T4L-MICU2 with molecu-

lar weights ~ 106 and ~ 120 kDa in EGTA and CaCl2 conditions

(Appendix Fig S5A and B), in agreement with the calculated molecu-

lar weight of the T4L-MICU2 dimer (116 kDa). These findings are

consistent with our T4L-MICU2 dimer structure, indicating that T4

lysozyme did not affect the MICU2 oligomerization state.

In our MICU2 structure, the homodimer interface is stabilized by

hydrophobic and electrostatic interactions largely contributed by EF-

hand 1 and the bent helix. The hydrophobic interactions are medi-

ated by several hydrophobic residues (Ile333, Met337 in bent helix)

and the hydrophobic core created by EF-hand 1 (Figs 2A right and

EV3 left). The electrostatic interactions comprise many hydrogen

bonds which include (i) the side chain of R352 and the main chains

of K182, M183, and D185, (ii) the side chain of R343 and the main

chain of K199, (iii) the side chain of E349 and the side chain of

K199, and (iv) the side chain of E329 and the side chain of K172

(Figs 2A left and EV3 right). To probe whether the hydrophobic core

is generated by EF-hand 1 upon Ca2+ binding, we created EF1mut

(D185A & E196K) and EF2mut (D375A & E386K) double mutants and

two single mutants (D185A, E196K; Appendix Table S1). To investi-

gate the electrostatic interactions, we created three mutants includ-

ing MICU2_R352A, MICU2_E329A, and MICU2_R343A

(Appendix Table S1). In our previous report, D330 contributed to

MICU1 and MICU2 interaction [40]. To test whether it also disrupts

the MICU2 homodimer in both states, we also created the

MICU2_D330A mutant. The SEC results show that MICU2_EF1mut

and MICU2_E196K mutation disrupted homodimer formation in the

presence of 2 mM CaCl2, while MICU2_EF2mut mutation did not

(Fig 2B). In comparison, MICU2_R352A, MICU2_E329A,

MICU2_R343A, and MICU2_D330A mutations did not affect the

homodimer in the presence of Ca2+ (Fig 2B). Interestingly, the

retention volume of MICU2_D185A was between monomer and

dimer in the Ca2+ condition, probably due to the coexistence of

monomer and dimer (Fig 2B). Although MICU2_R352A mutation

failed to disturb the homodimer in the presence of Ca2+, it did in

the absence of Ca2+ (Fig 2C). Other MICU2 mutations did not

change the dimer state in the EGTA condition (Fig 2C). Compared

with MICU1, MICU2 has the same interaction modes in both states

which are hydrophobic interaction in Ca2+-bound form and

◀ Figure 1. Overall structure of T4L-MICU2 and structural comparison of MICU1 and MICU2.

A, B Space filling and cartoon representation of two MICU2 (A) and T4L molecules (B). The protein chain with two calcium ions bound is colored in yellow, and the
protein chain with one calcium ion bound is colored in purple. Calcium ions are shown as red spheres.

C The structure of Ca2+-bound MICU2 (molecule 2) is superimposed with Ca2+-bound MICU1 (PDB code: 4NSD). MICU1 is colored in gray; MICU2 is colored in orange,
marine, and green-cyan for different domains. Calcium ions are shown as blue and red spheres in MICU1 and MICU2, respectively.

D, E Comparison of C-lobes of MICU2 (green-cyan) and MICU1 (gray) in the Ca2+-free (D) and Ca2+-bound (E) states.
F Comparison of N-lobes of MICU1 (gray) and MICU2 (orange) shows large divergence in the EF-hand 1 (box in red dotted line) and b-sheet (box in black dotted

line). Calcium ions are shown as blue and red spheres in MICU1 and MICU2, respectively.
G Superimposition of MICU2 EF-hand 2 in Ca2+-bound (green-cyan) form and Ca2+-free form (bright green). Calcium ion is shown as a red sphere.
H Superimposition of MICU2 EF-hand 1(with Ca2+-bound) and MICU1 Ca2+-bound EF-hand 1. Calcium ions are shown as blue and red spheres in MICU1 and MICU2,

respectively.
I Superimposition of MICU2 EF-hand 1 (with Ca2+-bound) and MICU1 Ca2+-free EF-hand 1. The angle (yellow) represents the conformational difference. The calcium

ion in MICU2 is shown as a red sphere.

4 of 13 EMBO reports 20: e47488 | 2019 ª 2019 The Authors

EMBO reports Wenping Wu et al



electrostatic interaction in the Ca2+-free form [30]. MALLS results

show that the molecular weights of MICU2_R352A in EGTA condi-

tion and MICU2_E196K in Ca2+ condition are ~ 50 kDa, close to the

monomer’s theoretical molecular weight of 40 kDa (Appendix Fig

S5C and D). MICU1 and MICU2 possess the similar interaction

modes in both states, highlighting the general structural conserva-

tion between MICU1 and MICU2 despite the differences mentioned

above.

Interactions of the MICU1–MICU2 complex in both states

Structural conservation and similar interaction modes in MICU1 and

MICU2 prompted us to investigate the interaction between MICU1

and MICU2. Based on the MICU2 homodimer electrostatic and

hydrophobic interactions, we prepared a series of MICU2 mutants

including EF1mut (D185A, E196K), EF2mut (D375A & E386K), R352A,

K172A, and E329A (Appendix Table S1). Next, we employed GST

pull-down experiments using GST-MICU1 as bait to pull down

MICU2 wild-type (WT) and various mutants in the presence or

absence of Ca2+. Our results reveal that MICU1 and MICU2_WT

interacted strongly in both states (Fig 3A). MICU2_EF2mut,

MICU2_K172A, and MICU2_E329A mutants were all able to interact

with MICU2 in both states (Fig 3B, D and F). In comparison,

MICU2_EF1mut and MICU2_R352A mutants were not pulled down in

the presence and absence of Ca2+, respectively (Fig 3C and E). To

evaluate relative contribution of Asp185 or Glu196 in EF-hand 1 of

MICU2, we used the MICU2_D185A and MICU2_E196K single

mutants for pull-down assays. As expected, MICU2_D185A mutant

displayed weakened interaction with MICU1 in Ca2+ condition,

whereas MICU2_E196K mutant abolished the interaction completely

(Fig 3G and H). Thus, Glu196 in MICU2 is a critical residue involved

in MICU1–MICU2 heterodimer interaction and MICU2 homodimer

in the presence of Ca2+, whereas Arg352 is important in the absence

of Ca2.

We next investigated which residues in MICU1 participate in the

MICU1–MICU2 interactions. Based on the MICU1 homodimer elec-

trostatic and hydrophobic interactions [30], we created MICU1

mutants including EF1mut (D231A & E242K), F383A & H385A double

A

B C

Figure 2. Interaction interface of the MICU2 homodimer in both states.

A Interaction interface of the MICU2 homodimer in the Ca2+-bound state. The left box (gray dotted line) shows residues involved in electrostatic interactions and the
right box (gray line) residues involved in hydrophobic interactions. Molecule 1 and molecule 2 in the dimer are colored in purple and yellow, respectively. Side chains
of residues that make crucial interactions are shown in stick representation.

B Size exclusion chromatography (SEC) results for MICU2_WT and a set of mutants in the presence of Ca2+ monitored at 280 nm absorption wavelength.
C Size exclusion chromatography (SEC) results for MICU2_WT and a set of mutants in the presence of EGTA monitored at 280 nm absorption wavelength.
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mutant, and D376A single mutant (Appendix Table S1). Here, we

used GST-MICU1 mutants as baits to pull down MICU2_WT, and in

reverse, GST-MICU2_WT as bait to pull down MICU1 mutants. The

results indicate that MICU1_EF1mut and MICU1_F383A & H385A

double mutants abrogated the interaction with MICU2_WT in the

absence and presence of Ca2+, respectively (Figs 4A and B, and

EV4B). In comparison, the mutation of Asp376 in MICU1 did not

affect the interaction in both conditions (Fig EV4A). To unequivo-

cally confirm the residues which play significant roles in MICU1–

MICU2 interaction, we produced MICU1_D231A, MICU1_E242K,

MICU1_F383A, and MICU1_H385A single mutants for further stud-

ies. The results reveal that MICU1_E242K mutant destroyed MICU1–

MICU2 complex in the absence of Ca2+, while MICU1_D231A still

showed interactions with MICU2_WT (Figs 4C and D, and EV4C

and D). MICU1_F383A mutant destroyed MICU1–MICU2 complex in

the presence of Ca2+, while MICU1_H383A still showed interactions

with MICU2_WT in both conditions (Figs 4E and F, and EV4E and

F). Additionally, we semi-quantitatively analyzed the pull-down

SDS–PAGE grayscales of critical residues (Fig EV5). In conclusion,

Glu242 and Phe383 in MICU1 and Arg352 and Glu196 in MICU2 are

A B

C D

E F

G H

Figure 3. Pull-down experiments to test the contribution of individual MICU2 residues to the interaction with MICU1 in the apo and Ca2+-bound states.

A, B MICU2_WT (A) and MICU2_K172A (B) were pulled down by GST-MICU1 in both the absence and presence of 2 mM Ca2+.
C, D MICU2_EF1mut was not pulled down by GST-MICU1 in the presence of 2 mM Ca2+ (C), while MICU2_EF2mut was pulled down by GST-MICU1 in both the absence

and presence of 2 mM Ca2+ (D).
E, F MICU2_R352A was not pulled down by GST-MICU1 in the absence of 2 mM Ca2+ (E), while MICU2_E329A was pulled down by GST-MICU1 in both the absence and

presence of 2 mM Ca2+ (F).
G MICU2_D185A was partially pulled down by GST-MICU1 in the presence of Ca2+, while they showed a strong interaction in the absence of 2 mM Ca2+.
H MICU2_E196K was not pulled down by GST-MICU1 in the presence of 2 mM Ca2+, while a strong interaction was observed in the absence of 2 mM Ca2+.
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crucial for heterodimer formation in the absence and presence of

Ca2+, respectively.

To quantitatively estimate the binding affinity between MICU1

and MICU2, we fused maltose-binding protein (MBP) to MICU2 to

enhance protein solubility for ITC experiments. MICU1 interacted

with MICU2 yielding Kd value of 224 � 46 nM in the presence of

EGTA and 134 � 52 nM in the presence of Ca2+ (Fig 4G and H).

These results demonstrate that Ca2+ binding to EF-hands promotes

MICU1–MICU2 interaction and stability, consistent with our struc-

tural analyses and previous reports [27]. Moreover, we tested the

interactions between MBP-MICU1 and MICU2_E196K and

MICU2_R352A in Ca2+ and EGTA conditions using ITC, respec-

tively. The results show that MICU2_R352A mutation reduced the

Kd value (14.9 � 2.3 mM; Appendix Fig S6A) by about five orders

of magnitude in EGTA condition compared with WT, while

MICU2_E196K and MBP-MICU1 had no obvious interaction in Ca2+

condition (Appendix Fig S6B). Similarly, we also detected the inter-

actions of MBP_MICU2 and MICU1_F383A and MICU1_E242K in

Ca2+ and EGTA conditions, respectively (Appendix Fig S6C and D).

The results demonstrate that both mutants of MICU1 did not interact

with MBP-MICU2, consistent with our pull-down assays.

Discussion

Although many studies investigated the regulatory functions of

MICU1 and MICU2, the underlying mechanism is still ambiguous. It

is important to note that they function in the context of a heterodimer

[17,18,26,37,38] and help to maintain MCU’s normal Ca2+ uptake

function. Structural differences between MICU1 and MICU2, such as

the different orientation of EF-hand 1 and b-sheet (Fig 1F), result in a

more compact structure in MICU2, which might be the basis for their

different roles in regulating MCU’s Ca2+ uptake activities.

Calcium ions in MICU2 homodimer

We observed strong and unambiguous electron densities encom-

passed by the EF-hand loop, which guided us to fill the metal ions.

Although EF-hands can coordinate other divalent metal ions (Mg2+,

Mn2+), Ca2+ is the optimal candidate due to the following reasons:

(i) The affinity of EF-hand for Ca2+ is higher than that for Mg2+ or

Mn2+ [41,42]. (ii) Ca2+ preferentially adopts a pentagonal bipyrami-

dal coordination geometry with seven ligands, whereas the coordina-

tion geometry of Mg2+ or Mn2+ ions is octahedral with six ligands

[34,42]. (iii) The bidentate coordination to metal ion provided by

Glu12 (at position 12 of the EF-loop) is the characteristic symbol of

Ca2+-ligand complex [42]. Mg2+- or Mn2+-binding EF-hands would

maintain the apo-like conformation since the Glu12 does not partici-

pate in coordinating metal ions or only contributes one ligand [41]. It

is worth noting that our structure is in accordance with all Ca2+-

binding properties, although we cannot completely rule out that the

observed density is due to the presence of other divalent metal ions.

Potential interaction sites between MICU1 and MICU3 in
both states

We aligned the MICU1, MICU2, and MICU3 protein sequences to

observe whether the critical residues in our pull-down assays are

conserved (Appendix Fig S7). MICU3, the paralog of MICU1 and

MICU2, is highly expressed in the central nervous system (CNS)

[9,28], and was observed to interact with MICU1, but not MICU2

[28]. The crucial glutamine residue in EF-hand 1 at loop position

12 is conserved in all three paralogous proteins (Glu242 in

MICU1, Glu196 in MICU2, and Glu256 in MICU3; Appendix Fig

S7). As for Phe383, although it is not conserved in MICU2 and

MICU3, the corresponding sites are both hydrophobic methionine

residues (Met337 in MICU2, Met445 in MICU3; Appendix Fig S7).

Interestingly, Met337 in the MICU2 homodimer structure interacts

with the EF-hand 1 hydrophobic core (Figs 2A and EV3) and also

appears to interact with the hydrophobic core of MICU1 EF-hand

1 in the putative Ca2+-bound heterodimer, similar to Phe383 in

MICU1. Additionally, Arg352 in MICU2 is highly conserved in

MICU3 (the corresponding residue is Arg460), but not in MICU1

(the corresponding residue is Gln398; Appendix Fig S7). This is

very important because MICU1 can heterodimerize with MICU2

and MICU3, but MICU2 and MICU3 cannot interact with each

other [28]. Moreover, Arg352 contributes to the MICU1–MICU2

interaction in the absence of Ca2+. Arg460 and Met445 in MICU3

may be the crucial residues in MICU1–MICU3 interactions in

Ca2+-free and Ca2+-bound conditions, respectively. According to

the characteristics and conservation of Glu242 and Phe383 in

MICU1 and Glu196 and Arg352 in MICU2, we speculate that

Glu256, Met445, and Arg460 in MICU3 are likely crucial residues

in the MICU1–MICU3 heterodimer.

Heterodimer conformational transition from apo to
Ca2+-bound state

In most EF-hand-containing proteins, EF-hands are typically

packed in pairs with four amphipathic helixes bundled together to

make a hydrophobic core. When Ca2+ ions are bound, the

hydrophobic core buried in the apo state is exposed to the solvent

and creates a hydrophobic area. The hydrophobic cores are

observed in both Ca2+-bound MICU1 and MICU2 homodimer. EF-

hands 1 play significant roles in conformational transition by

exposing hydrophobic cores upon Ca2+ binding. Overexpression

of both MICU1_EF1mut in MICU1 KO and MICU2_EF1mut in

MICU2 KO cells led to severe inhibition of Ca2+ uptake at

high Ca2+ concentrations [17,18], consistent with our structural

analysis.

Fortunately, in our MICU2 structure, we obtained both Ca2+-

bound and Ca2+-free EF-hand conformations, which helped us to

understand the conformational transition from the apo to the

Ca2+-bound state. Considering the identical interaction sites and

modes (hydrophobic interaction in the apo state, electrostatic in

the Ca2+-bound state) observed in the MICU2 homodimer and the

MICU1–MICU2 heterodimer, we propose a conformational transi-

tion process of the MICU1–MICU2 heterodimer from apo to Ca2+-

bound state. In the apo state, MICU1 and MICU2 interact with

each other via electrostatic interaction mediated by Glu242 in

MICU1 and Arg352 in MICU2. When EF-hands coordinate Ca2+

ions, the exiting helixes of EF-hands 1 in MICU1/2 rotate outside

and expose a hydrophobic core. Subsequently, the hydrophobic

residues (Phe383 in MICU1, Ile333, Met337 in MICU2) in bent

helixes of MICU1/2 are attracted and form a more compact

heterodimer.
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A B

C D

E F

G H

Figure 4. Characterization of MICU1 and MICU2 interactions in both apo and Ca2+-bound states.

A GST-MICU1_EF1mut failed to pull down MICU2_WT in the absence of 2 mM Ca2+, whereas they displayed a strong interaction in the presence of 2 mM Ca2+.
B GST-MICU1_F383A & H385A failed to pull down MICU2_WT in the presence of Ca2+, whereas they displayed a strong interaction in the absence of 2 mM Ca2+.
C GST-MICU1_E242K failed to pull down MICU2_WT in the absence of Ca2+, whereas they displayed a strong interaction in the presence of 2 mM Ca2+.
D GST-MICU1_D231A partly pulled down MICU2_WT in the absence of Ca2+, whereas they displayed a strong interaction in the presence of 2 mM Ca2+.
E GST-MICU1_F383A failed to pull down MICU2_WT in the presence of Ca2+, whereas they displayed a strong interaction in the absence of 2 mM Ca2+.
F GST-MICU1_H385A exhibited a strong interaction with MICU2 in both the absence and presence of 2 mM Ca2+.
G, H ITC analyses of MICU1 and MICU2 binding properties in the presence of 2 mM EGTA (G) and CaCl2 (H).
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Putative complex structure models of MICU1 and MICU2 in
both states

In our model, the MICU1–MICU2 complex would form a more

compact structure in the Ca2+-bound than in the apo form, which

may have significant implications in regulating uniporter Ca2+

uptake. Based on our structural and interaction studies, we

attempted to build MICU1–MICU2 heterodimer models based on the

fact that MICU2 homodimer and MICU1–MICU2 heterodimer possess

similar interaction sites in both conditions. We used MICU2 homod-

imer as a heterodimer model at the beginning, but severe clashes

were observed in the model. Additionally, the packing mode of

MICU2 dimer exhibits more resemblance to the MICU1 dimer in the

Ca2+-free form than the Ca2+-bound form (Appendix Fig S3). Thus,

we elected to use MICU1 Ca2+-free structure as a heterodimer model

in the end. The calculated buried surface values of heterodimer in

the apo and Ca2+-bound states are ~ 724 and ~ 927 Å2 (Fig 5A and

B), supported by our experiment results (Fig 4G and H).

Potential reasons why EF-hands 2 have smaller conformational
change than EF-hands 1

EF-hands 2 in MICU1/2 display smaller conformational change

than EF-hands 1 in MICU1/2 when Ca2+ is present. We specu-

late that this is determined by the antiparallel nature of the

MICU1–MICU2 heterodimer (or individual homodimer) and the

positions of the EF-hands. Both EF-hands 1 in MICU1 and MICU2

are located in the homodimer interface region, while both EF-

hands 2 are located in the periphery far away from the interface.

In our putative structural model of the complex, both EF-hands 1

are close to the bent helixes. EF-hand 1 would expose the

hydrophobic core in the presence of Ca2+ ions, and the bent

helix would be attracted to stabilize the structure. In contrast,

there is no a-helix or hydrophobic residue to stabilize the MICU2

pair when EF-hand pair 2 exposes the hydrophobic core. Obvi-

ously, the hydrophobic area cannot be directly exposed to the

solution.

A B

D E

C

Figure 5. Working model of the MICU1–MICU2 heterodimer and the regulation of Ca2+ uptake.

A, B Space filling and cartoon representation of heterodimer structures in the Ca2+-free (A) and Ca2+-bound states (B). Both structures are built based on the MICU1
homodimer structure (PDB code: 4NSC) in the apo state. Ca2+-free and Ca2+-bound MICU1 were colored in wheat and gray, respectively. Ca2+-free and Ca2+-bound
MICU2 were colored in purple and yellow, respectively. Calcium ions are shown as blue and red spheres in MICU1 and MICU2, respectively.

C Comparison of MICU1–MICU2 structures in the apo (wheat and purple) and Ca2+-bound states (gray and yellow). The conformational differences are highlighted by
boxes (black dotted lines). The black arrows show the direction of the conformational change from apo to Ca2+-bound state.

D, E Proposed model for mitochondrial Ca2+ uptake regulated by MICU1–MICU2. In the apo state, MICU1–MICU2 form a loose complex which inhibits the uniporter.
Upon Ca2+ binding, the conformational changes of the EF-hands promote a transition to a more compact state, which activates Ca2+ uptake.
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Working model for the heterodimer of MICU1–MICU2 regulates
Ca2+ uptake

Previous work indicated that the association between the MICU1–

MICU2 complex and MCU is Ca2+-dependent. At low Ca2+ concen-

trations, the MICU1–MICU2 complex binds to the D-ring of MCU

[24,25]. Increasing Ca2+ concentrations induce a conformational

change in the MICU1–MICU2 heterodimer and its release from MCU

[23]. However, the exact nature of the Ca2+-induced conformational

changes is still unclear. Based on previous models, we attempted to

improve the working model of MICU1–MICU2 complex formation to

illuminate the structural changes and the regulatory mechanism of

uniporter (Fig 5D and E). In the resting condition, we suggest that

MICU1 associates with MICU2 to form a loose or less compact struc-

ture to prevent Ca2+ uptake (Fig 5C and D). The conformation of

MICU1–MICU2 complex changes from loose state (L) to tight state

(T) upon Ca2+ binding to EF-hands (Fig 5C and E) [27]. In this

scenario, MICU2 pulls MICU1 to form a more compact complex

resulting in the loss of direct interactions between the highly

conserved arginine of MICU1 and the D-ring of MCU [24,25], reliev-

ing the inhibition of the Ca2+ channel. EMRE would tether the

MICU1–MICU2 complex at the opening position of the pore to

prevent waggling in the IMS under condition of high Ca2+ level [7].

The two MICU1–MICU2 forms would switch back and forth in

response to changes in Ca2+ levels.

Recently, Kamer et al and Xing et al published mouse and

human Ca2+-free MICU2 structures, respectively [43,44]. Intrigu-

ingly, there are considerable differences between the two publica-

tions. Xing et al [43] proposed a back-to-back dimer arrangement

for human MICU2, while Kamer et al [44] reported a face-to-face

dimer involving the C-terminus of mouse MICU2. Our structure with

three Ca2+ ions bound assembles in a face-to-face manner, similar

to the mouse Ca2+-free MICU2 homodimer reported by Kamer et al

The two dimerization modes are both possible as a result of crystal

packing. In fact, both face-to-face and back-to-back modes can be

observed in all three structures depending on the crystallographic

symmetry (Appendix Fig S8). For our Ca2+-bound structure, the

face-to-face mode is reasonable because of canonical hydrophobic

interactions (Fig 2A). For the two apo structures reported in the

literature, both packing modes seem justified with their functional

analyses, but the face-to-face manner would be more appropriate

since this packing mode promotes C-terminal domain bundling,

which generates a more compact dimer. EF-hand 1 and the bent

helix (also referred to as helix of EF-hand 3) contribute to the

homodimer interaction of the mouse Ca2+-free and our human

Ca2+-bound MICU2 structure, although the interaction mode differs.

In the apo mouse structure, EF-hand 1 and EF-hand 3 helixes inter-

act with each other via surface hydrophobic interaction [44],

whereas the bent helix inserts into the hydrophobic core of EF-hand

1 pair in our Ca2+-bound structure (Fig 2A). Moreover, within the

Ca2+-free mouse MICU2 homodimer interface, we also observe that

R352 (R349 in mouse MICU2) participates in the Ca2+-free homod-

imer interaction (Appendix Fig S9). As reported in the literature,

MICU1 and MICU2 were shown to form stable disulfide bonds in

cells through cysteine residues in C-terminal domains [23,26]. In

our pull-down experiments, we deleted the C-terminal domains of

MICU2 and MICU1 in order to explore other interactions sites inde-

pendent of the disulfide bond. Our findings that the constructs

lacking the cysteine residue can still robustly form the complex

clearly demonstrate that interactions other than disulfide bond are

also important for heterodimer formation. However, we believe that

the C-terminal domain is crucial for MICU2 function and that our

work lacking the C-terminal domain may raise some ambiguities.

For example, is the dimer assembly mode of Ca2+-bound MICU2

containing C-terminal domain similar to Ca2+-free or arranged in a

more complicated stacking manner? Would the orientation of the

C-terminal domain in the Ca2+-bound state change when Ca2+ ions

bind EF-hands?

It is important to note that in order to study individual MICUs in

the cell, one of them needs to be knocked out. The results from such

studies, for example, cells lacking MICU2 showing lower threshold

than WT cells [17,18], would not necessarily mean that MICU1 can

actually function by its own. Current evidence suggests that under

physiological conditions where both MICU1 and MICU2 exist, their

heterodimer is likely the main structure that helps modulate mito-

chondrial Ca2+ uptake [17,18,26,37,38]. In summary, our structural

and biochemical analyses have allowed us to establish a working

model for MICU1–MICU2 complex formation and helped to analyze

Ca2+-induced conformational changes. These results provide insight

into the regulatory mechanisms of MICU1–MICU2, in addition to

establishing a structural framework for understanding mitochon-

drial calcium uptake.

Materials and Methods

Protein expression

T4L-MICU2 (BC031089.1, residues 85–406), MICU1 (BC004190.2,

residues 97–444), and individual mutants were cloned into pET-28b

(+) plasmid with an N-terminal His-tag. The T4 lysozyme was

designed with triple mutation (C54T, C97A, D20N) to prevent

cysteine oxidation. GST-MICU1 (residues 97–444) and GST-MICU2

(residues 85–406) and their individual mutants were cloned into

pGEX-6p-1 containing GST sequence in N-terminus. The recombi-

nant plasmids were expressed in Escherichia coli BL21 (DE3). The

cells were grown to OD600 ~ 0.8 at 37°C, and the temperature was

lowered to 16°C. Then, the bacteria were induced by isopropyl b-D-
1-thiogalactopyranoside (IPTG, Amresco, Cat. No. 0487-100g) at the

final concentration of 5 mM. After incubation for 20 h, the cells

were harvested and stored at �40°C. The Se-Met T4L-MICU2 recom-

binant plasmids were expressed in E. coli strain BL21 (DL41), which

is unable to synthesize methionine and requires methionine or Se-

methionine in the growth media. The cells were grown in M9 media

(Molecular Dimensions, Cat. No. MD12-501 and MD12-502) with

addition of 30 lg/l Se-methionine at 37°C. Other procedures are

similar to the native protein.

Protein purification

The harvested cells were lysed in buffer I containing 20 mM HEPES

pH 8.0, 300 mM NaCl, 20 mM imidazole, 0.1% protease inhibitor

(phenylmethylsulfonyl fluoride, PMSF, Amresco, Cat. No. 97064-

898-EA), and 0.1% Triton X-100 (Amresco, Cat. No. 0694-1L) by

sonication. Insoluble cell debris were removed by centrifugation at

18,000 rpm (39,000 × g) for 30 min. The supernatant was loaded to
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nickel–nitrilotriacetic acid (Ni-NTA; GE) gravity column pre-

equilibrated with buffer I. The gravity column was washed with

100 ml buffer II containing 20 mM HEPES pH 8.0, 300 mM NaCl,

and 30 mM imidazole. The protein was eluted with 20 ml buffer III

containing 20 mM HEPES pH 8.0, 300 mM NaCl, and 500 mM

imidazole. The eluted protein was concentrated with 10-kDa

concentrator and further purified by SEC on a HiLoad 16/600

Superdex 200 pg column (GE), pre-equilibrated with buffer IV

containing 20 mM HEPES pH 8.0, 300 mM NaCl, 2 mM EGTA, and

1 mM DTT. The purification protocol of Se-Met protein was identi-

cal to the native protein.

Protein crystallization and X-ray data collection

Crystallization trials were performed using the hanging drop vapor

diffusion method. T4L-MICU2 protein (containing 2 mM EGTA)

was concentrated to 4 mg/ml and mixed with reservoir solution

composed of 100 mM sodium malonate pH 5.0 and 5% w/v PEG

3350 at a 2 ll:2 ll ratio. The crystals were grown in 1 week at

20°C. Crystals were dipped in the cryoprotectant consisting of

reservoir solution and the addition of 30% glycerol and then flash-

frozen in liquid nitrogen. The Se-Met crystals were obtained in the

same crystallization condition as the native protein. The native

and anomalous diffraction data were collected at the wavelength

of 0.979 Å in beamline BL19U at Shanghai Synchrotron Radiation

Facility (SSRF).

Structural determination

We first solved the T4L-MICU2 structure by single anomalous

dispersion (SAD) at the lower resolution (2.55 Å) and then

improved this structure using the native dataset at a higher resolu-

tion (1.96 Å). Both the native and Se-Met X-ray diffraction datasets

of T4L-MICU2 fusion protein were processed and scaled by

HKL3000R [45] suit. The initial model was built by SHARP/auto-

SHARP [46] software, which was subsequently refined using itera-

tive model-building by phenix.refine in PHENIX [47] suit and COOT

[48] program. X-ray data, structure, and validation statistics are

listed in Appendix Table S2.

GST pull-down experiments

Pull-down assay protocol followed the previous report [49]. GST-

MICU1 or GST-MICU2 pellet was suspended in lysis buffer

containing 20 mM HEPES pH 8.0, 300 mM NaCl, 1 mM PMSF,

0.1% Triton X-100, and 2 mM EGTA or 2 mM CaCl2. The resus-

pended cells were sonicated with pulse of 10 s on/50 s off at

40% amplitude for 15 min on the ice. The supernatant was incu-

bated with GST resin pre-equilibrated with lysis buffer for 2 h at

4°C. Then, the GST resin was washed three times with washing

buffer containing HEPES pH 8.0, 300 mM NaCl, and 2 mM EGTA

or 2 mM CaCl2. MICU1 or MICU2 (without GST-tag) pellet was

split into two equal parts and sonicated as aforementioned. The

supernatants were mixed with GST-MICU1 or GST-MICU2-bound

resin and blank resin (negative control), respectively. After bind-

ing for 2 h at 4°C, the resins were washed as aforementioned.

Finally, the GST resins were resuspended with 1× loading buffer

and analyzed by SDS–PAGE.

Isothermal titration calorimetry

All ITC experiments were performed using a VP-ITC instrument (GE

MicroCal) at 20°C. For determining the binding properties of MICU1

and MICU2, all the proteins were purified with the buffer containing

20 mM HEPES pH 8.0, 300 mM NaCl, 2 mM DTT, and 2 mM EGTA

or CaCl2. The MBP-fused proteins and titrated sample proteins were

concentrated to 400 and 40 lM, respectively. 2 ll 400 lM MBP-

fused protein was injected into 200 ll 40 lM of the second sample

(non-MBP-fused protein) for 19 times, with time intervals of 300 s.

The titration procedure was the same as the calcium-binding assays.

The binding affinity and thermodynamic parameter were generated

using the MicroCal Origin package.

Multi-angle laser light scattering

Multi-angle laser light scattering measurements were performed as

previously described [40], using MALLS detector (Wyatt Technol-

ogy) equipped with an in-line SEC instrument. The protein samples

were purified in buffer containing 20 mM HEPES pH 8.0, 300 mM

NaCl, 2 mM DTT, and 2 mM EGTA or CaCl2 and concentrated to 2–

4 mg/ml. The samples were injected into a chromatographic

column with the running rate of 0.5 ml/min. The molecular weights

were calculated by peaks integration using ASTRA software.

Complex structure modeling

The L-complex and T-complex were built based on the Ca2+-free

MICU1 dimer structure (PDB code: 4NSC; the dimer was extracted

from the hexamer which is a trimer of dimer). For L-complex, the

chain A (one Ca2+ ion in the EF-hand) of MICU2 (PDB code: 6IIH)

was aligned with Ca2+-free MICU1 dimer. The superimposed chain

of MICU1 was replaced by MICU2 chain A. For T-complex, the chain

A of Ca2+-bound MICU1 (PDB code: 4NSD) and the chain B (two

Ca2+ ions in the EF-hands) of MICU2 were aligned with Ca2+-free

MICU1 dimer, respectively. The superimposed chains of model were

replaced by chain A of Ca2+-bound MICU1 and chain B of MICU2.

Data availability

The structures produced in this study are available in the following

database: protein atomic coordinates data: PDB 6IIH (https://www.

rcsb.org/structure/6iih).

Expanded View for this article is available online.
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