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Abstract

Ups1 forms a complex with Mdm35 and is critical for the transport
of phosphatidic acid (PA) from the mitochondrial outer membrane
to the inner membrane. We report the crystal structure of the
Ups1-Mdm35-PA complex and the functional characterization of
Ups1-Mdm35 in PA binding and transfer. Ups1 features a
barrel-like structure consisting of an antiparallel b-sheet and three
a-helices. Mdm35 adopts a three-helical clamp-like structure to
wrap around Ups1 to form a stable complex. The b-sheet and
a-helices of Ups1 form a long tunnel-like pocket to accommodate
the substrate PA, and a short helix a2 acts as a lid to cover the
pocket. The hydrophobic residues lining the pocket and helix a2
are critical for PA binding and transfer. In addition, a hydrophilic
patch on the surface of Ups1 near the PA phosphate-binding site
also plays an important role in the function of Ups1-Mdm35. Our
study reveals the molecular basis of the function of Ups1-Mdm35
and sheds new light on the mechanism of intramitochondrial
phospholipid transport by the MSF1/PRELI family proteins.
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Introduction

Cellular membranes are largely comprised of lipids, and each

membrane has its own characteristic lipid composition to ensure the

cell normal function [1,2]. Whereas lipids are predominantly synthe-

sized in the endoplasmic reticulum (ER), they are non-randomly

distributed to cellular membranes including subcellular organelles

as well as leaflets of organelle membranes [1]. Lipid redistribution

from its synthesis site to destination could be accomplished by

either vesicular or non-vesicular transport, and the non-vesicular

transport, prevailing in cells, is mediated through lipid transfer

proteins (LTPs) [3,4]. There are many LTPs in cells, which can act

alone or form complexes to extract specific lipids from donor

membranes, accommodate the lipids in a hydrophobic pocket, and

then transfer them through aqueous phase to the target acceptor

membranes. Elucidation of the underlying molecular mechanisms of

the functions of LTPs is critical for understanding the cell normal

function and thus has attracted extensive studies [5–10].

Cardiolipins (CLs) are featured lipids of the inner membrane

of mitochondria (MIM) and are required for its proper function

[11,12]. The majority of CLs are synthesized at the MIM using

phosphatidic acids (PAs) as precursors, while the latter are

mainly produced at the ER membrane which can be transported

to the outer membrane (MOM) and further to the MIM of

mitochondria by LTPs. Recently, a highly conserved protein

complex Ups1-Mdm35 was identified in yeast to mediate the PA

transport from the MOM to the MIM [13]. Ups1 was initially

identified as a member of the conserved MSF1/PRELI family

proteins [14]. Cells lacking Ups1 exhibit defective cell growth and

decreased ratio of normal tubular mitochondria [15]. Yeast has

three Ups proteins, Ups1, Ups2, and Ups3, which share ~25%

sequence identity and are all located in mitochondrial inter-

membrane space (IMS). Like Ups1, Ups2 and Ups3 may also form

stable complexes with Mdm35 to function in metabolic regulation

of mitochondrial phospholipids [13,16,17]. In human, there are

four Ups1 homologues named SLMO1 (slowmo homology 1),

SLMO2, PRELI1 (Protein of Relevant Evolutionary and Lymphoid

Interest 1), and PRELI2; and PRELI1 can rescue the growth

defects of yeast Ups1D cells [14,15]. Mdm35 is another IMS-

localized protein that contains two Cx9C sequence motifs; and

cells lacking Mdm35 show abnormal mitochondrial morphology,

while the cell growth is not affected [17–19]. At molecular level,
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Ups1-Mdm35 could serve as a PA-transfer protein complex in the

IMS by presenting PA from the MOM to the CL synthetic cascade

in the MIM [20,21]. In addition, high concentration of CL can

bind to Ups1 tightly to prevent its dissociation from MIM, which

attenuates the PA transport and the CL accumulation. In human,

PRELI was also found to bind to TRIAP1, a homologue of

Mdm35, to form a complex which can transport PA in vitro; and

loss of PRELI or TRIAP1 could impair the accumulation of CL in

mitochondria and facilitate the release of cytochrome c, leading

to cell apoptosis [22].

Here, we report the crystal structure of Ups1-Mdm35 bound with

a PA molecule at 2.0 Å resolution. Structural and functional analy-

ses reveal the molecular basis of Ups1-Mdm35-mediated PA binding

and transfer and shed new lights on the mechanism of intramito-

chondrial lipid transport by the MSF1/PRELI family proteins.

Results

Structure of the Ups1-Mdm35-PA complex

Numerous attempts for expression and purification of soluble

Mdm35 or Ups1 independently failed due to protein aggregation or

formation of inclusion body. The homogenous Ups1-Mdm35

complex was purified in a 1:1 molar ratio when the two proteins

were co-expressed together with a 6× His tag at the N-terminus of

Ups1 (Fig 1A). Structure of the Ups1-Mdm35 complex was solved

by single-wavelength anomalous dispersion (SAD) method using a

dataset (3.1 Å) collected from a native crystal soaked with sodium

iodide (Table 1). There are two Ups1-Mdm35 complexes containing

eight iodide atoms per asymmetric unit (Fig EV1). The structure of

Ups1-Mdm35 was refined against a 2.55-Å dataset. After model

A B

C D

Figure 1. Structure of the Ups1-Mdm35-PA complex.

A Purification of the Ups1-Mdm35 complex. Left panel: gel filtration chromatography profile of Ups1-Mdm35; right panel: SDS–PAGE of the purified complex stained
with Coomassie blue.

B Overall structure of Ups1-Mdm35-PA in ribbon cartoon. Ups1 is colored in orange and Mdm35 in yellow; the bound di 16:0 PA is shown with a ball-and-stick model in
green.

C Structure of Ups1-Mdm35-PA viewed from the top. Ups1 is shown with electrostatic potential surface (blue and red colors represent positive and negative charges,
respectively) with the L3 loop and the a2 helix omitted to show the PA-binding pocket more clearly. Mdm35 is shown with ribbon cartoon with the disulfide bonds
shown with magenta sticks. The dotted lines indicate the cross section position of (D).

D A cross section drawing of the complex showing the PA-binding pocket in Ups1.

Data information: Structural data have been deposited with the Protein Data Bank (PDB) under accession numbers 4XHR for Ups1-Mdm35 and 4XIZ for Ups1-Mdm35-PA.
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building and refinement, evident yet discontinuous electron density

peaks were found at the putative lipid-binding site of Ups1

(Fig EV2), indicating that there is partial binding of lipid(s). To

characterize the type of lipid(s) bound to Ups1-Mdm35, we extracted

lipids from the protein complex and analyzed the lipid composition

by LC-MS. The results show that there is indeed PA binding to

Ups1-Mdm35, with 32:1 (16:0-16:1) PA and 34:1 (16:0-18:1) PA as

the highest contents (Fig EV3). Since we did not add lipids in the

purification system, the lipids bound with Ups1 are apparently

from the expression system. To improve the occupancy of PA and

get a PA-bound complex structure, we tried co-crystallization of

Ups1-Mdm35 with several PAs of various lengths, including di 16:0,

di 18:1, and 16:0–18:1 PAs, but only obtained co-crystals of the

Ups1-Mdm35-PA (di 16:0) complex. The structure of Ups1-Mdm35-PA

was solved to 2.0 Å resolution by molecular replacement using the

Ups1-Mdm35 structure as a search model (Fig 1B). The statistics of

diffraction data collection and model refinement of Ups1-Mdm35

and Ups1-Mdm35-PA are summarized in Table 1.

Structure comparison of Ups1-Mdm35 and Ups1-Mdm35-PA

reveals no significant conformational differences (rmsd = 0.39 Å);

thus, we use the Ups1-Mdm35-PA complex for structure description

and analyses. The structure model of the Ups1-Mdm35-PA complex

comprises of residues 1–170 of Ups1, residues 6–75 of Mdm35, and

one di 16:0 PA (Fig 1B and C). Ups1 consists of an antiparallel

b-sheet and three a-helices (a1–a3). The b-sheet is formed by seven

b-strands with a connectivity of 2345671; strands b1 and b2 are inter-

vened by helix a1 and connecting loops L1 and L2, and strands b3
and b4 are connected by a 16-residue loop L3, in the middle of which

five residues form a short a-helix (a2). Strands b5, b6, and b7 follow

b4 to complete the b-sheet. A long a-helix (a3) flanks the C-terminus

of the b-sheet and is oriented diagonally across the b-sheet. There is

a long tunnel-like pocket inside Ups1 to bind the PA molecule.

Mdm35 is composed of three a-helices (H1–H3), and the relative

conformation of H1 and H2 is defined by two disulfide bonds formed

between Cys13 and Cys52, and Cys23 and Cys42. Mdm35 acts like a

clamp to wrap around one side of the b-sheet of Ups1 (Fig 1C).

The lipid-binding pocket

The lipid-binding pocket is formed by the concave b-sheet, the L2

loop, the L3 loop, and the helices a1-a3 of Ups1. The a1 helix

seals the pocket from the bottom, and the small a2 helix acts like

a lid to cover the pocket from the top. The upper part of the

pocket has a cylinder shape of ~8 Å in diameter and ~28 Å in

length and is hydrophobic in nature; the bottom part of the pocket

has a bowel-like shape of ~12 Å in both width and depth and is

hydrophilic in nature (Fig 1B and D). There is a small opening of

~4 Å in diameter at the joint region of the upper and bottom parts

of the pocket, which is also hydrophilic in nature. Comparing with

the structure of Ups1-Mdm35 complex, the electron density of PA

(di 16:0) in the structure of Ups1-Mdm35-PA complex is much

improved (Figs EV2 and EV4). The upper part of the pocket has

well-defined electron density which was modeled as sn-1 acyl

chain of PA, and the joint region has fairly defined density which

was interpreted as the phosphate group of PA. However, the

bottom part of the pocket has fragmentary electron density peaks

which did not allow us to model the sn-2 acyl chain of PA. We

made extensive efforts including co-crystallization and soaking the

crystals with PA liposome to further improve the occupancy and

electron density of PA, but were unsuccessful so far. This might

be due to unfavorable interactions between the hydrophobic sn-2

acyl chain of PA and the hydrophilic bottom part of the pocket

(Figs 1D and 2A and B).

The sn-1 acyl chain of PA assumes an extended conformation

and lies in the upper part of the pocket formed by a number of

hydrophobic residues (Fig 2B). C2-C6 of the sn-1 acyl chain are

stabilized via hydrophobic interactions by residues Ile78 and Val106

that act like a clip to hold the acyl chain; C6-C8 interact with residue

Asn97; and C11-C16 are stabilized by residues Trp144 and Met104.

There is a ~120-degree bend at C10 of the sn-1 acyl chain. Then, we

analyzed the effects of mutations of these residues on the binding of

PA using isothermal titration calorimetry (ITC) since Ups1 proteins

containing V106E or I78D mutation could be co-purified with

Mdm35 (Fig EV5). The results show that binding affinity of these

two mutants with PA was substantially decreased compared with

that of the wild-type (Fig 2C). Previous studies showed that Ups1

Table 1. Statistics of data collection and structure refinement.

Ups1-Mdm35
Ups1-
Mdm35-PA Soak_I

Data collection

Wavelength (Å) 0.9791 0.9793 1.7000

Space group P21 P21 P21

Cell dimensions

a, b, c (Å) 43.0, 74.9, 87.6 43.0, 74.1, 87.9 42.9, 72.8, 87.5

b (°) 95.3 95.1 95.2

Resolution (Å) 50.0–2.55
(2.64–2.55)a

50.0–2.00
(2.07–2.00)

50.0–3.10
(3.21–3.10)

Unique reflections 17,575 36,723 10,079

Redundancy 3.5 4.1 5.7

I/sigma (I) 12.0 (4.6) 11.2 (4.9) 21.7(13.4)

Completeness (%) 97.2 (98.8) 99.2 (97.8) 99.0 (91.1)

Refinement

Rwork/Rfree (%)b 23.0/27.7 19.6/24.0

Number of atoms 3,887 4,328

Ligand 92

Water 11 380

Protein residues 484 481

r.m.s. deviations

Bond lengths (Å) 0.026 0.009

Bond angles (°) 1.4 1.3

Ramachandran

Favored (%) 97 99

Allowed (%) 100 100

Average B factor 100.4 26.5

Ligand 63.4

Water 69.4 31.7

Protein 100.5 25.2

aNumbers in parentheses represent the highest resolution shell.
bR = Σhkl||Fo| � |Fc||/Σhkl|Fo|.
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regulates the sorting of Mgm1p that is required for fusion, inheri-

tance, and morphology of yeast mitochondria and the deletion of

Ups1 (Ups1D) in yeast could severely affect the cell viability and

mitochondrial morphology [15,23–26], and we thus used comple-

mentary experiments to verify the functional importance of these

residues. As expected, the Ups1D yeast cells transformed with

empty vector show growth defect and abnormal mitochondrial

morphology with aggregated or fragmented tubule (Fig 2D–F).

These abnormalities can be rescued by the wild-type Ups1 but

cannot be rescued by the I78D, N97A, and V106E single mutants or

the M104E/W144E double mutant. As a negative control, mutation

of Ile103 (which is distant from the PA-binding pocket) to Glu has

no effect on the growth and mitochondrial morphology. These

results indicate that the residues constituting the lipid-binding

pocket are important for the function of Ups1-Mdm35.

In the Ups1-Mdm35-PA structure, the small helix a2 of Ups1

covers the top of the lipid-binding pocket; therefore, the bound PA

is barely accessible from the top. This implies that during substrate

uptake or release, helix a2 and possibly other structural elements

have to undergo conformational changes. Structural analyses reveal

that helix a2 and the connecting L3 loop have much higher B factors

than other regions, indicative of high flexibility (Fig 3A). These

properties of a2 are reminiscent of the functional lid in the yeast

lipid transfer protein Osh4 [6]. To test whether helix a2 plays a simi-

lar functional role, we purified the Mdm35-Ups1 complex containing

a2 deletion (residues 62–73 are deleted, and refer to as a2-Del), or

A B C

E

F

D

Figure 2. Characterization of the PA-binding pocket.

A Chemical structure of di 16:0 PA.
B The conformation of PA and its interactions with the surrounding residues inside the pocket. PA is shown with a green stick model, and the interacting residues are

shown with side chains.
C Isothermal titration calorimetry analyses of the binding of PA with the Ups1-Mdm35 complex containing wild-type (WT) or mutant Ups1.
D Yeast (Ups1Δ) growth assay complemented with wild-type (WT) or mutant Ups1. Growth of the yeast cells was observed under five concentrations of 10-fold

dilutions.
E Mitochondria morphology of the yeast cells (Ups1Δ) complemented with wild-type or mutant Ups1 was examined using confocal microscope. Left: differential

interference contrast (DIC); right: fluorescence (Su9-GFP). Two different patterns of mitochondria were recorded in cells expressing wild-type Ups1 or Ups1Δ plus
empty vector. Scale bars: 1 lm.

F Quantitation of the results of (E). The cells containing tubular mitochondria were scored. Data are presented as the means � standard deviation (SD) of three
independent experiments.
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Ala substitution (residues 62–73 are substituted with Ala, and refer

to as a2-Ala) and carried out functional analyses (Fig EV5). The

results show that compared with the wild-type protein, the binding

ability of a2-Del or a2-Ala with PA is almost abolished (Figs 2C and

3B), suggesting that a2 is essential for PA binding. Consistently, the

in vitro lipid transfer activity of a2-Del or a2-Ala is dramatically

decreased (Fig 3C). Furthermore, both a2-Del and a2-Ala mutants

cannot rescue the growth defect of Ups1D cells (Fig 3D). Ups1D cells

co-transformed with the a2-Del or a2-Ala mutant have only 2% of

normal tubular mitochondria compared to 93% with the wild-type

(Fig 3E and F). Collectively, these results suggest that helix a2 may

function as a lid of the lipid-binding pocket and plays important

roles in PA binding and transfer.

The interaction interface between Ups1 and Mdm35

Unlike most other lipid transfer proteins, which function as mono-

mer or homodimer, Ups1 needs to form a heterodimer with Mdm35

to transfer lipid. In the Ups1-Mdm35-PA structure, the interaction

interface between Ups1 and Mdm35 buries 3,856 Å2 or 30% of the

total surface area. The interactions involve helix a1 and strands

b2–b5 of Ups1 and helices H1–H3 of Mdm35 and can be divided into

three major regions (Fig 4A and B). In region I, the guanidine group

of Arg96 from b5-Ups1 forms three hydrogen bonds directly or via a

water molecule with Ala65, Glu68, and Glu72 from H3-Mdm35. In

region II, the side chain of Trp77 of b4-Ups1 makes hydrophobic

contacts with Phe9 from H1 and Ile62 from H3 of Mdm35 and forms

hydrogen bonds with Gln60 from H2 and Ile62 from H3 of Mdm35

through a water molecule. Interactions in region III are more exten-

sive than those in regions I and II and involve H1 of Mdm35 and

strands b2–b4 and helix a1 of Ups1. Specifically, Arg42 of b2-Ups1
forms hydrogen bonds with Tyr20 and Asp21 (directly or via a

water molecule) and forms cation-p interactions with Phe24 of

H1-Mdm35. In addition, Phe23, Leu50, and Vla84 of Ups1 form

hydrophobic interactions with Phe24, Trp27, Tyr28, Phe32, and

Leu33 of H1-Mdm35. Through these three interaction regions,

A

D

F

E

B C

Figure 3. Helix a2 is essential for PA binding and physiological function of Ups1.

A A ribbon model of Ups1 is represented by the B factors of the residues to reflect their relative flexibilities. The increase of the B factors is represented by blue to red
color. The a2 helix has the highest B factor.

B The binding ability of PA to a2-Del or a2-Ala Ups1 mutant as determined by ITC.
C The PA transfer ability of Ups1-Mdm35-containing wild-type (WT) or mutant Ups1 as analyzed by LC-MS. Each experiment was repeated five times. The stars above

the columns indicate the significant difference of PA transfer ability between wide type and mutations (one-way ANOVA test). Values are mean � SD.
D Yeast (Ups1Δ) growth assay complemented with wild-type (WT) or mutant Ups1.
E Mitochondrial morphology of the yeast cells (Ups1Δ) complemented with wild-type or mutant Ups1 was examined using confocal microscopy. Left: differential

interference contrast (DIC); right: fluorescence (Su9-GFP). Scale bars: 1 lm.
F Quantitation of the results of (E). Values are the means � SD (three independent experiments of (E) were performed and quantified).
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Figure 4.
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Mdm35 acts like a clamp to wrap around Ups1 to form a stable

Ups1-Mdm35 complex.

As Ups1 and Mdm35 could not be individually expressed and

purified and the soluble Ups1-Mdm35 complex could be obtained

only by co-expression of the two proteins, apparently Mdm35 is

required to stabilize Ups1 and facilitate its function in lipid bind-

ing and transfer. Thus, we used this feature to analyze the func-

tional roles of the residues involved in the interactions between

Ups1 and Mdm35. The results show that mutation W77D or

R42D in Ups1 leads to substantially decreased amount of soluble

Ups1-Mdm35 complex; and mutation R96D, F23D, L50D, or

V84E in Ups1 leads to very little amount of soluble Ups1-Mdm35

complex (Fig 4C). We also detected the protein level of wild-type

and mutant Ups1 in the mitochondria via Western blot using

anti-Myc antibody (Ups1 contains a C-terminal Myc tag). The

results suggest that these mutations also lead to decrease of the

Ups1 level in vivo (Fig 4D). Then, we further analyzed the

effects of these mutations on the function of Ups1-Mdm35

in vivo. As shown in Fig 4E, the W77D and R42D Ups1 mutants

can partially rescue the growth defect of Ups1D yeast cells,

while all other mutations tested fail to rescue the growth defect.

Consistently, the percentage of tubular mitochondria is reduced

◀ Figure 4. Interaction interface of Ups1 and Mdm35.

A Overview of the interaction interface of Ups1 and Mdm35. Mdm35 and Ups1 are shown with electrostatic potential surface and ribbon cartoon, respectively.
B Residues constituting the interaction interface (regions I, II, and III) are shown with side chains. The close-up views show the detailed interactions in regions I, II, and

III.
C Purification of the Ups1-Mdm35 complex containing different Ups1 mutants. The upper panel shows the SDS–PAGE stained with Coomassie blue; the lower panel

shows the Western blot results of Ups1 with anti-His antibody (TIANGEN, Cat No. AB102). Molecular markers are shown on the left. P: pellets of centrifugation of the
lysed cells; S: elution samples after Ni2+-chelating purification.

D Detection of the protein level of Ups1 wild-type and mutants in mitochondria using Western blot. NC, negative control.
E Yeast (Ups1Δ) growth assay complemented with wild-type (WT) or mutant Ups1 containing mutations at the interaction interface with Mdm35.
F Mitochondrial morphology of the yeast (Ups1Δ) complemented with wild-type and mutant Ups1 was examined using confocal microscopy. Left: differential

interference contrast (DIC); right: fluorescence (Su9-GFP). Scale bars: 1 lm.
G Quantitation of the results of (F). Values are the means � SD (three independent experiments of (F) were performed and quantified).

A B

C D

Figure 5. A functionally important hydrophilic patch on Ups1.

A Location of the hydrophilic patch in the Ups1-Mdm35-PA structure. A close-up view of the electrostatic potential surface of the patch is shown on the right.
B Yeast (Ups1Δ) growth assay complemented with wild-type (WT) and mutant Ups1 containing mutations in the hydrophilic patch. Ups1-3E: Ups1 mutant containing

H33E, K58E, and K61E mutations; Ups1-4E: Ups1 mutant containing H33E, K58E, K61E, and K148E mutations; Ups1-5E: Ups1 mutant containing H33E, K58E, K61E,
K148E, and K155E mutations; and Ups1-5A: Ups1 mutant containing H33A, K58A, K61A, K148A, and K155A mutations.

C Mitochondrial morphology of the yeast cells (Ups1Δ) complemented by wild-type and mutant Ups1 was examined using confocal microscopy. Left: differential
interference contrast (DIC); right: fluorescence (Su9-GFP). Scale bars: 1 lm.

D Quantitation of the results of (C). Values are the means � SD (three independent experiments of (C) were performed and quantified).
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to below 20% in Ups1D cells containing the F23D Ups1 mutant

and is decreased to background level in Ups1D cells containing

the R42D, L50D, W77D, V84E, or R96D Ups1 mutant (Fig 4F

and G). These results together suggest that the residues at the

interaction interface play critical roles in stabilization of the

Ups1-Mdm35 complex, and their mutations may impair the

formation and proper function of the complex.

A functionally important hydrophilic patch on Ups1

As discussed above, the lipid-binding pocket is connected to the

outside through a small opening near the PA phosphate-binding site.

Structural analysis shows that at the periphery of the opening, there

are a number of basic residues including His33, Lys58, Lys61,

Lys148, and Lys155, forming a large positively charged surface

patch (Fig 5A). To analyze whether this hydrophilic patch is of

biological relevance, we constructed a series of mutations on this

patch and tested their biological functions in vivo. The results

demonstrate that the Ups1 mutant containing H33E, K58E, and

K61E triple mutations (Ups1-3E) can partially rescue the growth

defect of Ups1D cells; the Ups1 mutant containing H33E, K58E,

K61E, K148E, and K155E quintuple mutations (Ups1-5E) cannot

rescue the growth defect; and the effect of the Ups1 mutant contain-

ing H33E, K58E, K61E, and K148E quadruple mutations (Ups1-4E)

lies in between. In addition, the Ups1 mutant containing H33A,

K58A, K61A, K148A, and K155A mutations (Ups1-5A) can also

partially rescue the growth defect of Ups1D cells (Fig 5B). The

effects of the above mutants on the mitochondrial morphology are

consistent with the growth assay results: the normal tubular mito-

chondria of Ups1D cells containing the Ups1-5A mutant occupy

about 50%, while those of Ups1D cells containing the Ups1-3E,

Ups1-4E, and Ups1-5E mutants exhibit gradually decreased percent-

ages with the Ups1-5E mutant being less than 6% (Fig 5C and D).

These data suggest that the hydrophilic patch plays an important

role in the function of Ups1-Mdm35. It is possible that the positive

charges of this patch might facilitate the Ups1-Mdm35 complex to

interact with the phosphate group of PA or other lipids in the

membrane.

Discussion

Previous studies showed that Ups1 can bind with several nega-

tively charged phospholipids including PA and CL, and CL can

prevent the dissociation of Ups1 from the membrane [20]. We

tried to obtain the structure of Ups1-Mdm35 bound with CL, but

have been unsuccessful so far. Thus, we docked a CL molecule

into the Ups1-Mdm35 complex to analyze the potential interac-

tions. The docking experiments using both Autodock and

Haddock [27,28] converged to a similar model showing that two

acyl chains of CL are bound in the lipid-binding pocket of Ups1,

while the other two acyl chains go through the small opening to

reside in a shallow groove on the surface patch downside the

opening (Fig EV6). The phosphate groups lie along the edge of

the opening and form hydrophilic interactions with the basic

residues constituting the hydrophilic patch. This structure model

is consistent with the observation that the size of the lipid-

binding pocket in Ups1 can only accommodate PA but not CL.

These results imply that when Ups1-Mdm35 binds to the CL-

containing membrane, the lipid-binding pocket may bind only to

two acyl chains of CL, while the other two acyl chains may

remain in the membrane, thus anchoring the Ups1-Mdm35

complex to the membrane. This notion could explain the previ-

ous data showing that high concentration of CL can prevent

Ups1 dissociation from the membrane.

As a representative of the MSF1/PRELI protein family, the Ups1

structure features a lipid-binding pocket that accommodates a PA

molecule and the small a2 helix that acts as a lid to cover the top of

the pocket, and forms a stable complex with Mdm35 through three

interaction regions. Sequence alignment of the MSF1/PRELI family

proteins shows that the residues constituting the interaction regions

II and III of Ups1-Mdm35 and the hydrophobic residues constituting

the lipid-binding pocket of Ups1 are conserved, suggesting that

other members of the MSF1/PRELI protein family may form similar

complexes with Mdm35/TRIAP and have similar lipid-binding mode

(Fig EV7). In this issue, Miliara et al report another structure of

MSF1/PRELI family protein complex-TRIAP1-SLMO1, which shares

a similar conformation with Ups1-Mdm35 [29]. Our structural

modeling studies of yeast Ups2, Ups3, and mammalian PRELI1

using the Ups1 structure as a template (Fig EV8) demonstrate that

Ups2, Ups3, and PRELI1 may adopt similar overall structures except

that Ups2 and PRELI1 have two extra a-helices at the C-terminus to

form the LEA (late embryogenesis abundant) domain [30]. Both the

lipid-binding pocket and the a2 helix are found in the structure

models; however, the volume and shape of the pockets are different.

Intriguingly, the putative lipid-binding pocket of Ups2 in the struc-

ture model seems open to the outside. Although the substrates of

these proteins remain unknown, our structure models suggest that

they may have different substrate specificity. The characteristics of

these predicted lipid-binding pockets may provide clues to identify

the substrates of these proteins.

Cardiolipins are featured phospholipids of mitochondria and play

essential roles in the normal mitochondrial morphogenesis, and

thus, the processes of synthesis and regulation of CL are extremely

important [31–33]. As the precursor of CL, proper amount of PA

should be transported from MOM to MIM through Ups1-Mdm35

complex [20]. While the import of the “twin Cx9C” protein Mdm35

relies on the mitochondrial disulfide relay system [19,34], the trans-

location and stability of Ups1/2 depend on Mdm35 that forms

complex with Ups1/2 in IMS [13,17,35]. To initiate the PA traffick-

ing, Ups1 may attach to the MOM through charge–charge interac-

tions (i.e., via the hydrophilic patch around the lipid-binding

pocket), and the opening of the lid a2 may allow Ups1 to capture

PA molecule through the lipid-binding pocket. Once PA molecule

binds into the pocket, helix a2 may undergo conformational change

to close the pocket, and then, Mdm35 binds with Ups1 to form

Ups1-Mdm35-PA complex and dissociates from MOM and translo-

cates PA across the IMS to the MIM to release PA. This process may

be dynamic and reversible. Since the synthesis of CL using PA

occurs at MIM, the concentration of PA at MIM is usually lower than

that at MOM, and Ups1-Mdm35 continues translocating PA from

MOM to MIM; once the amount of CL at MIM is sufficient, CL may

capture Ups1-Mdm35 complex at MIM to feedback-regulate PA traf-

ficking (Fig EV9). In a word, the structural and functional analyses

of the Ups1-Mdm35-PA complex provide the molecular basis for

how Ups1 and Mdm35 form a stable complex to bind and transfer
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PA, and shed new lights on the feedback regulation of Ups1-

Mdm35-dependent PA trafficking by CL at the mitochondrial inner

membrane.

Materials and Methods

Cloning, expression, and purification of the
Ups1-Mdm35 complex

Genes encoding Ups1 and Mdm35 were amplified by PCR from the

genomic DNA of S. cerevisiae and were inserted into pETDuet

vector. The constructs containing point mutations were generated

by PCR and verified by DNA sequencing. Plasmid was transformed

into E. coli Rosette Origami (DE3) strain for protein expression. The

bacterial cells were grown at 37°C until OD600 reached to 1.2, and

then, the protein expression was induced by adding 0.5 mM IPTG

(isopropyl b-D-thiogalactoside) for 6 h. The cells were collected,

resuspended in buffer A (50 mM Tris–HCl, pH 8.0, 100 mM NaCl,

1 mM PMSF, and 40 mM imidazole), and then lysed by high-

pressure cell disruptor. The lysate was centrifuged, and the super-

natant was loaded through a Ni-NTA column. After washing with

buffer A, the protein was eluted with a linear gradient of imidazole.

The peak fractions were collected and further purified by gel filtra-

tion using a Superdex G75 16/60 column (GE Healthcare) in buffer

B (50 mM Tris/HCl, pH 8.0, and 100 mM NaCl). The proteins were

collected and concentrated to about 20 mg/ml and stored at �80°C

for further studies.

Crystallization, diffraction data collection, and
structure determination

Crystallization was performed using the sitting-drop vapor-diffusion

method at 4°C. Equal volumes (0.4 ll) of the protein solution

(12 mg/ml) and the reservoir solution were mixed and equilibrated

against 100 ll of the reservoir solution. Crystals of the Ups1-Mdm35

complex were grown in drops containing the reservoir solution of

2% (v/v) Tacsimate (pH 6.0), 0.1 M Bis-Tris (pH 6.5), and 20% (w/v)

PEG 3350. To obtain crystals of the Ups1-Mdm35-PA complex, the

purified protein was treated with 10-fold excess amount of PA-

containing liposomes at 4°C in a buffer containing 50 mM Tris–HCl

(pH 8.0), 100 mM NaCl, and 1 mM DTT. After incubation, the

mixture was centrifuged at 18,000 g and the supernatant was used

for crystallization. To determine the phases, the I� derivative crys-

tals were prepared by soaking the native crystals in the crystalliza-

tion solution containing 500 mM NaI for 1 min. Single-wavelength

anomalous dispersion (SAD) diffraction data were collected to 3.1 Å

resolution, and diffraction data for Ups1-Mdm35 and Ups1-Mdm35-

PA were collected to 2.55 Å and 2.0 Å resolution, respectively. The

diffraction data were processed with HKL2000 [36].

The structure of Ups1-Mdm35 was solved by the SAD method

implemented in Phenix [37] at 3.1 Å resolution and refined to

2.55 Å resolution. The structure of Ups1-Mdm35-PA was solved by

the molecular replacement (MR) method implemented in Phenix

[37] using the Ups1-Mdm35 structure as the template. The structure

models were refined with Phenix and manually built with Coot [38].

The statistics of the structure refinement and the structure models

are summarized in Table 1.

Isothermal titration calorimetry analysis

ITC experiments were performed with a MicroCal ITC200 system

(Malvern) at 20°C in a buffer consisting of 50 mM Tris–HCl (pH 8.0)

and 100 mM NaCl. Proteins were purified as described above; lipo-

somes were prepared with 10% PA and 90% PC in molar ratio, and

liposomes in the negative control were prepared with PC only. The

syringewas filledwith 280 lMof the protein complex, and the sample

cell was filled with the liposome solution at a concentration of 40 lM.

The protein solutionwas added to the liposome solution by sequential

injections of 2-ll aliquots followed by 120 s of equilibration after each

injection, and there were 20 injections in total. For analysis, the heat

released by each injection was integrated, and the background was

subtractedwith the negative control. The data were fit to theWiseman

isotherm with the Origin ITC analysis package. The experiments were

performed at least twice for each sample with similar results.

Yeast growth assay and confocal analysis

The open reading frame (ORF) of yeast Ups1 plus promoter region

(1,000 bp away from the initial condon) and terminator region

(500 bp away from the stop condon) was amplified from the S. cere-

visiae genomic DNA and was cloned into pRS316 (CEN-Ura) to yield

the pRS316-Ups1 plasmid. The Su9-EGFP gene and the ADH1

promoter were amplified from pYX232-mtGFP (Add Gene) and

S. cerevisiae genomic DNA, respectively, and were inserted into

pRS313 vector to yield the pRS313-Su9-GFP plasmid [39].

Saccharomyces cerevisiae Ups1D strain used in this study was

derived from BY4742 (MATD his3D1 leu2D0 lys2D0 ura3D0). To

carry out the growth assay, pRS316 empty vector and pRS316-Ups1

(wild-type or mutants) were transformed into the Ups1D strain and

grown on the plate containing synthetic-defined (S.D.) medium (2%

w/v glucose, 0.17% w/v yeast nitrogen base without amino acid or

ammonium sulfate, 0.5% w/v ammonium sulfate, 0.09% amino

acid dropout mix, 1% succinic acid, and 0.6% w/v sodium hydrox-

ide) lacking uracil plus 2% agar. To examine the mitochondrial

morphology, pRS316-Ups1 (wild-type or mutants) and pRS313-Su9-

GFP were co-transformed into the Ups1D strain and selected on S.D.

medium lacking uracil and histidine. The resulting cells were grown

to log phase and then harvested and suspended in 0.5% low-melt

agarose for confocal analyses. The cells were examined using an

Olympus X81 confocal microscope with an 100×/1.3NA objective.

Protein level detection of Ups1 and its mutants in
yeast mitochondria

pRS313-Su9-GFP was co-transformed with pRS316-Ups1-Myc and its

mutants (containing C-terminal Myc tag) to the S. cerevisiae Ups1D
strain. Transformed yeast was cultured overnight and then

harvested. Mitochondria were purified according to a previously

reported protocol [40]. The purified mitochondria were lysed and

analyzed by SDS–PAGE and immunoblotting using anti-Myc and

anti-GFP antibodies.

Liposome preparation

Lipids in stock solutions in chloroform were mixed at the desired

molar ratio, and the solvent was evaporated under nitrogen to form
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lipid film. Large multilamellar liposomes were formed by rehydrat-

ing the lipid film in a rehydration buffer (50 mM Tris–HCl, pH 7.5,

100 mM NaCl, and 1 mM DTT) at 42°C for 1 h. Liposomes were

extruded through a polycarbonate filter (400 nm or 100 nm) for 21

times using a mini-extruder (Avanti Polar Lipids).

In vitro lipid transfer assay

The lipid transfer assay was carried out using a method as

described previously [7]. The donor liposomes (400 nm extruded)

were made of PC plus 10% PA (molar ratio) and rehydrated in the

rehydration buffer containing 25% sucrose. Liposomes were

collected by centrifugation at 16,000 g for 20 min and then washed

with the rehydration buffer. The acceptor liposomes (100 nm

extruded) were prepared with PC. The purified Ups1-Mdm35

complex (1 lM) was incubated with the donor and acceptor

liposomes (2 mM total lipids) in 300 ll assay buffer (10 mM

HEPES, pH 7.4, and 250 mM NaCl) at 25°C for 30 min. The

supernatant (250 ll) was pooled after centrifugation at 16,000 g for

30 min. The lipids in the supernatant were extracted and quantified

by mass spectrometry.

Lipid extraction and mass spectrometric analysis

Lipids were extracted from the purified protein sample or assay

sample with a single-phase chloroform/methanol/H2O system [41].

The extracted lipids were dissolved in 10 mM ammonium acetate in

methanol and analyzed with HPLC-MS. Mass spectrometric analysis

was done on a 5500 QTrap triple quadrupole mass spectrometer

(AB Sciex, Germany). PA measurement was performed in positive

ion mode. The internal standard 17:0-14:1 PA (Avanti, USA) was

used for correction and relative quantification of PA in the samples

according to peak intensity. Mass spectra were processed using the

LipidView software version 1.1 (AB Sciex, Germany) for identifica-

tion and quantification of lipids as described previously [20]. Lipid

amounts (relative ratio) were corrected for response differences

between internal standard and lipid PA.

Data deposition

Structural data have been deposited with the Protein Data Bank

(PDB) under accession numbers 4XHR for Ups1-Mdm35 and 4XIZ

for Ups1-Mdm35-PA.

Expanded View for this article is available online:

http://embor.embopress.org
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