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SUMMARY

A recurring challenge in cell biology is to define
the molecular components of macromolecular com-
plexes of interest. The predominant method, immu-
noprecipitation, recovers only strong interaction
partners that survive cell lysis and repeateddetergent
washes. We explored peroxidase-catalyzed prox-
imity biotinylation, APEX, as an alternative, focusing
on the mitochondrial nucleoid, the dynamic macro-
molecular complex that houses the mitochondrial
genome. Via 1-min live-cell biotinylation followed by
quantitative, ratiometric mass spectrometry, we en-
riched 37 nucleoid proteins, seven ofwhich had never
previously been associated with the nucleoid. The
specificity of our dataset was very high, and we vali-
dated three hits by follow-up studies. For one novel
nucleoid-associated protein, FASTKD1, we discov-
ered a role in downregulation of mitochondrial com-
plex I via specific repression of ND3mRNA.Our study
demonstrates that APEX is a powerful tool for map-
ping macromolecular complexes in living cells, and
can identify proteins and pathways that have been
missed by traditional approaches.

INTRODUCTION

The mitochondrial genome, or mtDNA, encodes 37 genes and is

compacted into a nucleoprotein complex within the mitochon-

drial matrix called the mitochondrial nucleoid. The nucleoid

houses proteins involved in mtDNA replication, maintenance,

and transcription, and is also thought to include peripheral fac-

tors that enable crosstalk between the mitochondrial genome

and a range of mitochondrial and cellular processes, including

oxidative phosphorylation, mitochondrial biogenesis, and nu-

clear transcription (Gilkerson et al., 2013). Dysfunction of known

nucleoid proteins leads to a spectrum of human mitochondrial

diseases (Copeland, 2012).

Although understanding the composition of the mitochondrial

nucleoid is essential to understanding mitochondrial biology, the

nucleoid has been difficult to characterize because it cannot be
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purified by traditional biochemical fractionation. The nucleoid is

not surrounded by a membrane, and is thought to be a dynamic

structure with transiently associated components (Gilkerson

et al., 2013). Previous efforts to map the nucleoid by mass spec-

trometry (MS) have used either crosslinking followed by fraction-

ation (Bogenhagen et al., 2008; Kaufman et al., 2000; Rajala

et al., 2015) or immunoprecipitation of known nucleoid proteins

(He et al., 2012; Rajala et al., 2015; Wang and Bogenhagen,

2006). The former approach retrieves contaminants, including

even cytosolic and nuclear proteins (Bogenhagen et al., 2008;

Rajala et al., 2015) (Figure S1A), while the latter misses transient

interaction partners that do not survive cell lysis and detergent

washes. Consequently, the previous datasets trade specificity

for depth of coverage, or vice versa (Figure S1A), and there is

poor consensus between them (Figure S1B).

An alternative approach to studying the mitochondrial

nucleoid is to use recently developed proximity biotinylation

methods (Loh et al., 2016; Rhee et al., 2013; Roux et al., 2012)

to tag endogenous nucleoid components in live cells and then

use MS to determine the identities of the tagged proteins (Fig-

ure 1A). The advantages of such an approach are potentially

higher specificity, due to avoidance of crosslinking and fraction-

ation that could introduce contaminants, and greater sensitivity,

due to detection of transient or weakly associated nucleoid

components that remain with the nucleoid in live cells but are

lost during pull-downs.We previously used peroxidase proximity

labeling with ascorbate peroxidase (APEX) to tag the proteomes

of the entire mitochondrial matrix space (Rhee et al., 2013) and

intermembrane space (IMS) (Hung et al., 2014) in live cells.

The proteomes of 495 and 127 proteins, respectively, were

highly specific (<6% false discovery rates) and had reasonable

coverage (85% and 65%, respectively). The mitochondrial

nucleoid, however, represents a much greater challenge for

APEX methodology. Whereas the matrix and IMS are mem-

brane-enclosed organelles, the nucleoid is an open, non-mem-

brane-enclosed macromolecular complex.

By using a Twinkle-APEX2 genetic fusion to target the perox-

idase to mitochondrial nucleoids of living human fibroblasts, and

performing a 1-min biotinylation reaction, we enriched a nucleoid

proteome of 37 proteins. Onlymitochondrial proteins are present

in this list (i.e., no cytosolic or nuclear contaminants) and 30

(81%) are known nucleoid proteins. Interestingly, 12 proteins

(32%) in our dataset have functions related to RNA; several of

these were missed by previous immunoprecipitation-based
vier Ltd.
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Figure 1. Design and Characterization of APEX2 Fusion Constructs Used for Live-Cell Proteomic Mapping

(A) Scheme of APEX2-mediated proximity biotinylation within the mitochondrial nucleoid. APEX2 (green) is genetically targeted to the nucleoid via fusion to

Twinkle, a known nucleoid protein. The gray shapes are endogenous proteins residing inside and outside the nucleoid in the mitochondrial matrix. H2O2 is added

for 1 min to cells preloaded with biotin-phenol (BP; red B = biotin) to initiate labeling. APEX2 oxidizes BP into a phenoxyl radical, which covalently tags proximal

endogenous proteins at electron-rich side chains such as Tyr. mtDNA, mitochondrial DNA; OMM, outer mitochondrial membrane; IMM, inner mitochondrial

membrane.

(B) APEX2 fusion constructs employed in this study. Mito-V5-APEX2 employs a 24-amino-acid mitochondrial targeting sequence (MTS) from COX4 to localize

APEX2 throughout the entire mitochondrial matrix. V5 is an epitope tag.

(C) Fluorescence imaging of Twinkle-APEX2 localization. Stably expressed Twinkle-APEX2 (green) was visualized in HEK293T cells by anti-V5 staining (Alexa

Fluor 647). Nucleoids (red) were visualized with anti-DNA antibody (Alexa Fluor 488). Figure S1D shows an expanded view of the entire cell. Scale bar, 10 mm.

(D) Electron microscopic (EM) visualization of stably expressed Twinkle-APEX2 in HEK293T cells. Dark-stained regions indicate APEX2 activity. Staining was

performed after cell fixation with diaminobenzidine and H2O2 followed by reduced osmium. ER, endoplasmic reticulum; M, mitochondria; N, nucleoid; C, cristae.

Scale bars, 200 nm.

(E) Fluorescence imaging of Twinkle-APEX2 activity. Live-cell biotinylation was performed for 1 min with BP and H2O2 as in (A). Cells were fixed and stained with

anti-V5 antibody to visualize Twinkle-APEX2 (green, Alexa Fluor 488) and neutravidin-Alexa Fluor 647 (red) to visualize biotinylated proteins. DIC, differential

interference contrast. Scale bars, 10 mm.

(F) Western blot analysis of biotinylated proteins from HEK 293T cells stably expressing the indicated APEX2 fusion construct and labeled with BP as in (A). Left:

lysates were run on SDS-PAGE and analyzed by Ponceau staining or streptavidin blotting. Right: total eluted protein after streptavidin bead enrichment, visu-

alized by silver staining. Lanes 1 and 4 are negative controls with H2O2 or APEX2 omitted, respectively. Black arrowheads point to endogenously biotinylated

proteins. Red arrowheads point to proteins preferentially biotinylated by Twinkle-APEX2 over mito-APEX2.
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nucleoid studies (He et al., 2012; Wang and Bogenhagen, 2006),

or discarded as non-mitochondrial contaminants in the cross-

linking-based studies (Bogenhagen et al., 2008) due to the high

false-positive rates of these datasets. We followed up on one

of these proteins, FASTKD1, and found that it specifically down-

regulates one of the 13mRNAs encoded by mtDNA: ND3, a sub-

unit of complex I. Our study demonstrates the value of proximity

biotinylation as a complementary approach to traditional immu-

noprecipitation and formaldehyde crosslinking to elucidate new

proteins and functions of the mitochondrial nucleoid.

RESULTS

Targeting APEX to the Mitochondrial Nucleoid
We fused APEX2, the newer andmore catalytically active version

of APEX (Lam et al., 2015), to two well-characterized mitochon-

drial nucleoid proteins that have previously been tagged with

GFP: the DNA helicase Twinkle (Rajala et al., 2014; Spelbrink

et al., 2001) (Figure 1B) and themitochondrial transcription factor

TFAM (Brown et al., 2011). Although both APEX2 fusion

constructs localized correctly to mitochondria, only Twinkle-

APEX2 gave the expected punctate staining pattern within

mitochondria (Figure S1C). By contrast, overexpressed TFAM-

APEX2 filled the entire mitochondrion (Figure S1C). Co-staining

with anti-DNA antibody to visualize mtDNA-containing nucleoids

showed good overlap with Twinkle-APEX2 (Figure 1C), but not

TFAM-APEX2.

To minimize Twinkle-APEX2 expression levels, we selected

HEK cells stably expressing Twinkle-APEX2 after lentiviral trans-

duction. These stable cells showedmtDNA levels similar to those

of untransfected HEK cells in a qPCR assay (Figure S1F), sug-

gesting that Twinkle-APEX2 at these levels does not perturb

mitochondrial physiology. This result also agrees with previous

literature (Wanrooij et al., 2007).

To characterize Twinkle-APEX2 in greater detail, we took

advantage of APEX2’s ability to generate contrast for electron

microscopy (EM) (Lam et al., 2015; Martell et al., 2012). HEK

293T cells stably expressing Twinkle-APEX2 were fixed, stained

with diaminobenzidine and osmium, and processed for EM. In

Figure 1D, APEX2-tagged nucleoids appear as dark regions,

150–200 nm in diameter, within the mitochondrial matrix. In

most fields of view, the nucleoid abuts the IMS and outer mito-

chondrial membrane (OMM). Cristae surrounding each nucleoid

appear distorted, as if displaced by the nucleoprotein complex.

These observations are consistent with previous super-resolu-

tion fluorescence studies (Kopek et al., 2012), which found that

nucleoids occupy ‘‘cristae-free’’ regions and only contact spe-

cific cristae parts (tips, sides, and junctions).

Separate from our application to proteomics here, the

Twinkle-APEX2 fusion construct may be a valuable tool for

high-resolution imaging of mitochondrial nucleoids. Native nu-

cleoids are not visible by EM using standard staining conditions.

Immunogold staining with anti-DNA antibody has previously

been used for EM visualization of nucleoids (Iborra et al.,

2004), but the detergent or methanol permeabilization required

to give the antibody access degrades cellular ultrastructure,

and gold nanoparticles do not give the continuous staining that

is necessary to outline the boundaries and other structural fea-

tures of nucleoids.
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Next, we sought to characterize the biotinylation activity of

Twinkle-APEX2. Fluorescence imaging of HEK cells stably ex-

pressing Twinkle-APEX2, and treated with H2O2 for 1 min in

the presence of biotin-phenol, showed a neutravidin-Alexa Fluor

647 signal (staining biotinylated proteins) that required the pres-

ence of both APEX and H2O2 (Figure 1E). The biotinylation

pattern was tightly co-localized with the distribution of Twinkle-

APEX2 itself, visualized by anti-V5 immunofluorescence, in

most fields of view (Figure 1E). However, in other cells express-

ing Twinkle-APEX2 at higher levels, the biotinylation pattern filled

the entire mitochondrial matrix while Twinkle-APEX2 remained

punctate (Figure S1E). We have observed similar results before

using other APEX2 fusion constructs, including IMS-APEX

(Hung et al., 2014), APEX2-OMM (Lam et al., 2015), and ERM-

APEX2 (Lam et al., 2015); despite giving diffuse biotinylation pat-

terns by imaging, these constructs nevertheless produced very

spatially specific proteomes and/or western blotting results.

We surmise that the spread of biotinylation signal represents

not non-specific labeling, but rather diffusion of biotinylated pro-

teins (or other species) away from APEX2 during the 1-min label-

ing window.

Streptavidin blot analysis of whole-cell lysate showed that

Twinkle-APEX2 biotinylates numerous endogenous proteins

across a range ofmolecular weights (Figure 1F). For comparison,

we also ran lysate fromHEK cells stably expressingmito-APEX2,

a construct that targets APEX2 throughout the entire mitochon-

drial matrix. Although the biotinylation ‘‘fingerprints’’ look largely

similar, there are subtle differences in relative band intensities

suggesting that some endogenous proteins are preferentially

biotinylated by Twinkle-APEX2 overmito-APEX2.We proceeded

to enrich the biotinylated proteomes using streptavidin beads,

and analyzed the eluates by gel and silver staining. Figure 1F

shows that labeling with both Twinkle-APEX2 and mito-APEX2

results in recovery of many biotinylated proteins, whereas nega-

tive controls with untransfected cells or omission of H2O2

recover much less material.

Proteomic Mapping of the Mitochondrial Nucleoid
Previously, we showed that a ‘‘ratiometric’’ APEX tagging strat-

egy improved the spatial specificity of protein identifications in

themitochondrial IMS, a compartment that is leaky to biotin phe-

noxyl radicals, due to porins in the OMM (Hung et al., 2014). In

the ratiometric approach, for each detected protein we compare

its extent of biotinylation by targeted peroxidase (e.g., Twinkle-

APEX2) versus non-targeted peroxidase (e.g., mito-APEX2). If

a protein is biotinylated more extensively by Twinkle-APEX2

than by mito-APEX2, we retain it for our proteome. If it is bio-

tinylated more extensively by mito-APEX2 than by Twinkle-

APEX2, we reject it; such proteins may be just outside the

nucleoid, accessible to the biotin radical but not a true nucleoid

protein.

Because the mitochondrial nucleoid lacks a membrane alto-

gether, and is a nucleoprotein complex rather than an organelle,

it represents an even greater challenge than the mitochondrial

IMS in terms of spatial specificity. Thus we reasoned that it

would be essential to use the ratiometric tagging approach.

The design of our proteomic experiment is shown in Figure 2A.

Two independent replicates each feature three samples: one

labeled by Twinkle-APEX2; one labeled throughout the



(legend on next page)
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mitochondrial matrix by mito-APEX2; and one unlabeled nega-

tive control sample with APEX2 or H2O2 omitted. The two

different negative controls ensure that we remove proteins that

may be tagged by endogenous peroxidases or endoge-

nous H2O2.

All six samples from both replicates were independently lysed,

and their biotinylated proteomes extracted using streptavidin

beads. Proteins were digested (while still on beads) to peptides

with trypsin, then chemically tagged with MS-differentiable tan-

demmass tagging (TMT) labels. Thereafter the six samples were

pooled and analyzed as amixture by liquid chromatography-tan-

dem MS.

In total, 2,685 unique proteins were detected by MS (Fig-

ure 2B). However, the vast majority of these were non-specific

streptavidin bead binders, identifiable by their 126/128 or 129/

131 TMT intensity ratios close to 1. To remove these from further

consideration, we used the 126/128 and 129/131 TMT ratios of

known mitochondrial (true positive list) and known non-mito-

chondrial (false-positive list) proteins to guide us to optimal

126/128 and 129/131 cutoffs, which we then applied to the entire

dataset (Figures 2C and S2B, ‘‘Filter 1’’). More than 220 proteins

remained in each dataset. We then used the 126/127 and 129/

130 TMT ratios to distinguish nucleoid proteins proximal to

Twinkle-APEX2 from non-proximal proteins that were bio-

tinylated by mito-APEX2 to a similar or greater extent than

Twinkle-APEX2 (Figure 2C, ‘‘Filter 2’’). Application of 126/127

and 129/130 TMT cutoffs reduced the size of each list to �70

proteins. Another view of the data is shown in Figure 2D, where

the 126/128 TMT ratio, reflecting biotinylation extent by Twinkle-

APEX2, is plotted against the 126/127 TMT ratio, reflecting

relative proximity to Twinkle-APEX2 versus mito-APEX2. As ex-

pected, known nucleoid proteins such as TFAM, SSBP1, and

Twinkle itself are clustered in the top right quadrant. The TMT

ratio cutoffs applied to the data (Filter 1 and Filter 2) are shown

as dashed lines. Finally, the two filtered lists were intersected
Figure 2. Acquisition and Analysis of Mitochondrial Nucleoid Proteom

(A) Design of proteomic experiment. HEK293T cells stably expressing the indicate

proteins were enriched with streptavidin beads, then digested to peptides on-be

Samples were then combined as shown and analyzed by liquid chromatography

(B) Filtering of MS data to produce the final mitochondrial nucleoid proteome. Ta

replicate datasets were intersected to produce the final proteome. Scatterplots i
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Nucleoid orphans (proteins not previously linked to the mitochondrial nucleoid) ar

were determined. True positives (i.e., knownmitochondrial nucleoid proteins) are
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minimizing false positives.

(D) Graph of all proteins detected in Replicate 1, plotted by extent of biotinylation

matrix-APEX2 (y axis). Known nucleoid proteins are colored green and non-mitoch
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mitochondrial matrix.
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(F) Schematic showing well-established proteins related to the mitochondrial n
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mtDNA replication and transcription in vitro, respectively (Korhonen et al., 2004;

(G) Western blot detection of nucleoid orphan NDUFS6 in purified nucleoids. HE

dehyde, and crosslinked mitochondrial nucleoids were immunoprecipitated usin
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(H) Co-localization of endogenous C7ORF55 with mtDNA. Left: endogenous C7O
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in image on the left.

408 Cell Chemical Biology 24, 404–414, March 16, 2017
to arrive at a final mitochondrial nucleoid proteome of 37 proteins

(Figures 2B and 2C).

Characterization of Proteomic Dataset
To assess the specificity of our nucleoid proteome, we first

analyzed mitochondrial annotation. All 37 of our proteins are

known mitochondrial proteins, not cytosolic or nuclear contam-

inants, which have been observed in all previous nucleoid MS

studies (Figure S1A). To determine nucleoid specificity, we

checked for nucleoid-related annotation in the literature, or

detection in three of the highest-quality previous nucleoid MS

datasets (Bogenhagen et al., 2008; Rajala et al., 2015; Wang

and Bogenhagen, 2006). Thirty proteins, or 81% of our list,

have a prior nucleoid link by these criteria (Figure 2E). By

contrast, the entire mitochondrial proteome of 1,591 proteins,

analyzed in the same way, has only 22% of proteins with a

nucleoid link. Our proteomic dataset is therefore clearly enriched

for proteins with nucleoid-related function.

To assess sensitivity, or depth of coverage, of our proteome,

we manually assembled a list of 21 proteins with strong prior

experimental evidence of nucleoid localization (Table S1, tab

5). We detected 13 (62%) of these proteins. Several of the pro-

teins we did not detect, including HSPA9 (Alkhaja et al., 2012),

DNAJA3 (Ahn et al., 2010), HADHA (Ushikubo et al., 1996),

LRPPRC (Bogenhagen et al., 2008), and SUPV3L1 (Bogenhagen

et al., 2008), are known to be dual-localized, with a nucleoid pop-

ulation as well as a non-nucleoid population in the mitochondrial

matrix. As can be seen in Figure 2D, these proteins were strongly

biotinylated by Twinkle-APEX2, but because their non-nucleoid

populations were also strongly tagged by matrix-APEX2 they

were filtered out on the basis of low 126/127 or 129/130 TMT ra-

tio. This is a downside of the ratiometric tagging approach, which

increases specificity at the expense of coverage. Our previous

IMS proteome also excluded known dual-localized proteins

(Hung et al., 2014).
ic Data
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ad. Resulting peptides were chemically labeled with the indicated TMT labels.
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Figure 2F illustrates some aspects of the specificity and

coverage of our nucleoid proteome. We enriched all four essen-

tial components of mtDNA replication (the ‘‘minimal mtDNA

replisome’’ [Korhonen et al., 2004]) and all three essential com-

ponents of mtDNA transcription (Litonin et al., 2010). As we

move away from mitochondrial genome-related activities to

RNA processing and protein translation, we see fewer detected

proteins. This pattern of detection suggests that spatial organi-

zation in the mitochondrial matrix mirrors function.

Our nucleoid proteome can also be compared with previous

mammalian nucleoid MS datasets. Figure S1A shows that our

dataset is the most specific, especially in comparison with

studies that used crosslinking (Bogenhagen et al., 2008; He

et al., 2012). Our coverage is identical to that of two previous

studies (Rajala et al., 2015; Wang and Bogenhagen, 2006) and

a bit lower than another (Bogenhagen et al., 2008). However,

the Venn diagrams in Figure S1B suggest that the factors that

limit our coverage may be different from the factors that limit

coverage in previous studies. We miss many dual-localized

proteins such as HSPA9, DNAJA3, and LRPPRC, for reasons ex-

plained above. The study by Wang and Bogenhagen (2006), on

the other hand, misses proteins such as LONP1, POLDIP2,

and MGME1, which may be weakly or transiently associated

with the nucleoid and therefore removed by washing. Thus,

APEX proximity labeling and immunoprecipitation/fractionation

appear to be complementary techniques, each able to retrieve

unique sets of nucleoid proteins.

We were interested in probing more deeply the 19% of our

proteomic list (seven proteins) without prior literature connection

to nucleoids. These could be false positives or newly discovered

nucleoid proteins. For follow-up validation of these proteins, we

performed western blots of candidate proteins in purified

nucleoid preparation or fluorescence microscopy with mtDNA

co-stained, depending on the availability of antibodies and ge-

netic constructs. For one ‘‘nucleoid orphan,’’ the respiratory

complex I assembly factor NDUFS6 (Kmita et al., 2015), western

blotting revealed its presence in crosslinked nucleoids enriched

by anti-V5 pull-down (fromHEK 293T cells expressing TFAM-V5;

Figure 2G). A second nucleoid orphan, C7ORF55, was analyzed

by fluorescence imaging. Figure 2H shows that endogenous

C7ORF55 overlaps with mtDNA puncta by 40%, while a negative

control (MitoTracker) overlaps with mtDNA by only 27%.

These observations with NDUFS6 and C7ORF55 reinforce

separate findings by other laboratories. Huttlin et al. (2015)

showed that both NDUFS6 andC7ORF55 co-immunoprecipitate

with LIG3, the major ligase involved in mtDNA base excision

repair. Floyd et al. (2016) observed that C7ORF55 also interacts

with nucleoid-related proteins POLDIP2, CLPX, and NT5DC2. It

was previously known that NDUFS6 is an assembly factor for

complex I (Kmita et al., 2015). Indirect evidence suggests that

C7ORF55 may be an assembly factor for complex V: Lefebvre-

Legendre et al. (2001) showed that the yeast homolog of

C7ORF55 is a complex V (ATP synthase) assembly factor, and

both Floyd et al. (2016) and Huttlin et al. (2015) reported that

C7ORF55 interacts with ATPAF2, a complex V subunit, in human

cells. Hence, the spatial assignment of NDUFS6 and C7ORF55

to the mitochondrial nucleoid by our study, combined with previ-

ous literature observations, suggests that these proteins may

functionally (and perhaps physically) link OXPHOS assembly
and function to mtDNA repair. Such a link might represent

a cellular mechanism to mitigate DNA damage caused by

OXPHOS-generated reactive oxygen species.

Finally, we performed fluorescence imaging on a third

nucleoid orphan, FASTKD1. Figures 3A and 3B show that re-

combinant FASTKD1 also co-localizes with mtDNA (42%

compared with 21% for a negative control). Thus, our follow-

up experiments show that three of our seven nucleoid orphans

are specific hits rather than false positives. The nucleoid speci-

ficity of 81% therefore represents a lower bound to the actual

specificity of our dataset.

FASTKD1 Negatively Regulates ND3 Transcript Level
and Complex I Function
FASTKD1 is a nucleoid orphan identified in our proteome, and

Figures 3A and 3B show that it co-localizes with mtDNA by fluo-

rescence microscopy. We were curious about the potential func-

tion of FASTKD1 in themitochondrial nucleoid. FASTKD1belongs

to a family of six metazoan-specific proteins containing both

FASTK (Fas-activated serine/threonine kinase-like) and RAP

(�60-residue RNA binding domain abundant in Apicomplexans)

domains.While the functions of the five other FASTK family mem-

bers have been studied by knockdown (Antonicka and Shou-

bridge, 2015; Jourdain et al., 2015; Simarro et al., 2010; Wolf

andMootha, 2014), FASTKD1 has not previously been examined.

Due to the presence of an RNA binding domain within

FASTKD1, we used qRT-PCR to examine the effects of

FASTKD1 knockdown on all 13 mRNA and two rRNA transcripts

encoded by themitochondrial genome. Figure 3C shows that the

abundance of one specific transcript, ND3, is strikingly

increased upon FASTKD1 depletion. This is unlikely to be an

off-target effect, because an alternative small hairpin RNA

(shRNA) targeting a different region of the FASTKD1 gene pro-

duced the same phenotype (Figure S3A). To find out whether

the effect was at the RNA level rather than a consequence of

changes in mtDNA abundance, we used qPCR to measure

mtDNA abundance in FASTKD1 knockdown cells. Figure 3D

shows no difference in mtDNA levels in these cells compared

with control shRNA-treated cells.

ND3 is a subunit of complex I, the first complex of the mito-

chondrial electron transport chain that transfers electrons from

NADH to ubiquinone. If FASTKD1 is a negative regulator of

ND3 mRNA, as suggested by our RT-PCR data in Figure 3C,

then FASTKD1 may also indirectly influence the protein levels

and enzymatic activity of complex I overall. To test this hypoth-

esis, we lysed FASTKD1 knockdown cells and blotted for

endogenous components of complex I. Figure 3E shows that

both NDUFB8 and NDUFS6 protein subunits within complex I

increase by �1.8- and 1.6-fold compared with lysates from con-

trol shRNA cells. Markers for the other complexes, complexes

II–V, do not change upon FASTKD1 knockdown, indicating

that its effect on the electron transport chain is specific for

complex I.

We also examined complex I activity using a commercial

assay for NADH consumption. Figure 3F shows that FASTKD1

knockdown increases complex I activity by �1.7-fold compared

with control shRNA cells. By contrast, FASTKD1 knockdown

causes no change in the activity of complex II, whose subunits

are encoded by the nuclear genome.
Cell Chemical Biology 24, 404–414, March 16, 2017 409



Figure 3. Expression of the ND3 Subunit of Complex I Is Specifically Regulated by FASTKD1

(A) Fluorescence imaging of FASTKD1-V5. COS-7 cells expressing the indicated constructs and mito-BFP (blue) were fixed and stained with anti-V5 antibody

(green, Alexa Fluor 488) and anti-DNA antibody to visualize mtDNA (red, Alexa Fluor 647). Quantitation of V5 overlap with mtDNA from R3 cells is shown as

mean ± SD on the right. TFAM-V5 and ATPAF2-V5 are positive and negative controls for nucleoid proteins, respectively. Scale bars, 10 mm.

(B) Co-localization of FASTKD1-V5 with mtDNA. Top: expanded view of the boxed region in (A). Scale bars, 10 mm. Bottom: pixel intensity plot of the dashed line

shown in images above. Pearson’s correlation coefficients for mitoBFP/DNA and V5/DNA are shown on the right.

(C) Relative abundance of FASTKD1 mRNA and each of the 15 other mitochondrial mRNAs and rRNAs encoded by the mitochondrial genome, in FASTKD1

shRNA knockdown cells versus controls. qRT-PCR data are shown as mean ± SEM (n = 3). Data were analyzed using a two-tailed Student’s t test, with *p < 0.05,

**p < 0.01, and ***p < 0.001; n.s., not significant (p > 0.05).

(D) Relative mtDNA copy number in control shRNA knockdown cells compared with FASTKD1 shRNA knockdown cells, measured by qRT-PCR. Data are shown

as mean ± SEM (n = 3). Data were analyzed using a two-tailed Student’s t test, with n.s., not significant (p > 0.05).

(E) Western blot showing expression of complex I–V markers in FASTKD1 shRNA knockdown cells compared with control shRNA knockdown cells. Three

different volumes of each cell lysate were loaded as indicated. Data from a replicate experiment shown in Figure S3C. Quantitation of complex I and II marker

proteins (NDUFS6, NDUFB8, and SDHB) is shown on the right. Values are normalized to actin band intensities. Data are shown as mean ± SEM (n = 3) and

analyzed using a two-tailed Student’s t test, with *p < 0.05; n.s., not significant (p > 0.05).

(F) Relative respiratory complex I and complex II activities in control shRNA knockdown cells compared with FASTKD1 shRNA knockdown cells, measured by

colorimetric assays. Equal amounts of lysate were loaded for each sample. Data are shown as mean ± SEM (n = 3) and analyzed using a two-tailed Student’s

t test, with **p < 0.01; n.s., not significant (p > 0.05).
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Given that other members of the FASTK protein family have

been implicated in mitochondrial mRNA binding, it is not surpris-

ing that FASTKD1 also plays a role in mitochondrial mRNA

regulation. However, it is unique and without precedent that

FASTKD1 is a specific negative regulator of ND3 mRNA. FASTK,

FASKD2, FASTKD4, and FASTKD5, for example, are all positive

regulators of specific mitochondrial mRNAs (Antonicka and

Shoubridge, 2015; Jourdain et al., 2015; Simarro et al., 2010;

Wolf and Mootha, 2014). Complex I is the least abundant com-

plex of the electron transport chain (Schagger and Pfeiffer,

2001). Complex I transcripts are also known to have the shortest

half-lives (Nagao et al., 2008). FASTKD1 may help regulate com-

plex I levels in the mitochondrion, acting on nascent ND3 mRNA

generated at the mitochondrial nucleoid.

DISCUSSION

In previous work, we used APEX-based proximity biotinylation to

map two submitochondrial proteomes, the mitochondrial matrix

and IMS. Here, our focus was on a smaller and more specialized

subcompartment of the mitochondrion, the nucleoid that houses

the mitochondrial genome. By studying this compartment, we

have pushed the boundaries of APEX methodology, analyzing

a non-membrane-enclosed dynamic nucleoprotein complex.

Although the nucleoid proteome has previously been analyzed

by MS, the imperfect nature of biochemical fractionation led to

considerable numbers of false positives (Bogenhagen et al.,

2008), false negatives (Rajala et al., 2015), or both (He et al.,

2012) (Figure S1A). APEX represents an orthogonal and comple-

mentary approach. Instead of purifying the macromolecular

complex, we covalently tag its components in living cells for sub-

sequent identification by MS.

To illustrate the complementarity between diverse ap-

proaches, when we combine our dataset with the immunopre-

cipitation-based dataset of Wang and Bogenhagen (2006) a

striking 80%of expected nucleoid proteins are recovered, higher

than any one dataset alone.

As discussed above, our nucleoid proteome is missing dual-

localized proteins because they are filtered out by the

nucleoid-APEX/matrix-APEX signal intensity ratios that we use

to enhance our specificity. However, it is possible to generate

from the MS data a second list of potential dual-localized

nucleoid proteins (Table S1, tab 3). These 23 proteins were

strongly biotinylated by both Twinkle-APEX2 and mito-APEX2.

Althoughwe expect the false-positive rate of this list to be higher,

it nevertheless contains some interesting candidate proteins and

several of the well-established nucleoid proteins that were

already known to be dual-localized (e.g., LRPPRC, HSPA9,

CLPX, and HADHA).

Another methodological contribution of our study is the use of

APEX for EM visualization of mitochondrial nucleoids. In contrast

to fluorescence, a major advantage of EM is that endogenous

context is visible. Without having to co-transfect or co-stain for

separate markers, we can observe the spatial relationship of

themitochondrial nucleoid to themitochondrial innermembrane,

outer membrane, cristae, and cristae junctions. Other organellar

membranes are also visible, such as the ER. Consistent with

other studies (Kornmann et al., 2009; Lewis et al., 2016), prelim-

inary analysis of our EM data from HEK 293T cells suggests
that a substantially larger fraction of nucleoids co-localize with

mitochondria-ER contact sites than would be expected if the

nucleoids were randomly distributed throughout the matrix

(Figure S1G).

Due to its high specificity, the proteome of 37 nucleoid pro-

teins we generated by APEX mapping has biological value. For

example, it led us to discover (and validate) NDUFS6,

C7ORF55, and FASTKD1 as three novel nucleoid proteins. Our

subsequent knockdown studies on FASTKD1 highlighted a role

in specific negative regulation of ND3 mRNA levels, which in

turn affects complex I protein levels. Our preliminary data raise

further questions regarding the mechanism of ND3 mRNA regu-

lation, and how control of this single transcript affects levels of

other proteins within complex I, which has 45 subunits.

Our nucleoid proteome can also serve as a resource for

generation of novel hypotheses. For example, there is ongoing

discussion and debate regarding the spatial location of RNA pro-

cessing of newly synthesized transcripts. Bogenhagen et al.

(2014) have suggested that RNA processing and ribosome

assembly occur at the nucleoid. However, other groups find

evidence for RNA granules and processing of polycistronic

transcripts into mature mtRNA at distinct foci away from mito-

chondrial nucleoids (Antonicka et al., 2013; Jourdain et al.,

2013). Our proteomic dataset includes 12 RNA binding and

processing enzymes, including the core components of mito-

chondrial RNA granules (GRSF1, TRMT10C, and DHX30) and

ERAL1, which specifically binds to 12S mitochondrial rRNA

(Dennerlein et al., 2010). We note that GRSF1, TRMT10C, and

ERAL1 were all detected in a previous crosslinked nucleoid

preparation (Bogenhagen et al., 2008), but were not known to

be mitochondrial proteins at the time and therefore discarded

as contaminants; this highlights the importance of acquiring pro-

teomic datasets with low false discovery rates. The appearance

of such a large number of RNA-associated proteins in our

nucleoid dataset lends support to the notion that RNA process-

ing begins at mitochondrial nucleoids, and that RNA granules are

dynamic physical extensions of the nucleoids, as proposed by

Bogenhagen et al. (2014).

A second hypothesis inspired by our dataset concerns po-

tential molecular crosstalk between mtDNA replication or main-

tenance and one-carbon metabolism. We enriched three of the

four major enzymes in the mitochondrial folate pathway

(SHMT2, MTHFD2, MTHFD1L, ALDH1L2) (Nilsson et al., 2014)

(Figure 2C). Although SHMT2 was already a known nucleoid

protein (Anderson et al., 2011; Bogenhagen et al., 2008;

Wang and Bogenhagen, 2006) and MTHFD1L is upregulated

in mouse models with mtDNA replication defects (Nikkanen

et al., 2016), our dataset newly connects ALDH1L2 and

MTHFD1L to mtDNA. Perhaps these enzymes in the folate cy-

cle, which contribute to nucleotide synthesis, enable crosstalk

between mtDNA replication status and cellular dinucleotide

triphosphate pools.

Our proteome can also be utilized for biology in other ways.

For several of the proteins we enrich (IVD, IDH2, ABHD10,

GRPEL2, PDSS2), the only prior evidence for nucleoid localiza-

tion was detection in previous crosslinked nucleoid MS studies.

IDH2 is especially intriguing as its yeast homolog is known to be

a key interaction partner of Abf2 (Kucej et al., 2008) (the yeast

homolog of TFAM) and specifically binds to 50 UTRs of yeast
Cell Chemical Biology 24, 404–414, March 16, 2017 411



Please cite this article as: Han et al., Proximity Biotinylation as a Method for Mapping Proteins Associated with mtDNA in Living Cells, Cell Chemical
Biology (2017), http://dx.doi.org/10.1016/j.chembiol.2017.02.002
mtRNAs (Elzinga et al., 1993). Interaction of metabolic proteins

with mtDNA has been of great interest since the initial report

by Butow’s group that aconitase binds to mtDNA (Chen

et al., 2005).

In summary, our study extends APEX proteomic mapping to

membrane-free macromolecular complexes in living cells, and

produces an inventory of mtDNA-localized nucleoid proteins.

This proteomic dataset extends the specificity and coverage of

previous MS-based datasets, enabling new observations and

hypotheses.

SIGNIFICANCE

Characterization of protein content within macromolecular

complexes is central to understanding protein interaction

networks and cellular organization. Here, we apply a protein

labeling technique based on an engineered ascorbate

peroxidase (APEX) to map the proteins associated with

mtDNA in living cells. Our resulting proteome demonstrates

that APEX labeling has the spatial resolution for mapping

non-membrane delimited macromolecular complexes with

high specificity, and provides a resource for systematic

functional analysis of the mitochondrial nucleoid. Further-

more, we show that FASTKD1, an mtDNA-associated

protein newly identified in our study, negatively regulates

respiratory complex I abundance and activity by specifically

repressing complex I subunit ND3 transcripts. These obser-

vations highlight the potential of applying APEX labeling to

macromolecular complexes to reveal new biology.

EXPERIMENTAL PROCEDURES

Mammalian Cell Culture

HEK-293T, HeLa, or COS-7 cells from the ATCC (passages <25) were cultured

in a 1:1 DMEM/MEM mixture (Cellgro) supplemented with 10% fetal bovine

serum, 50 units/mL penicillin, and 50 mg/mL streptomycin at 37�C under 5%

CO2. Mycoplasma testing was not performed before experiments. For fluores-

cence microscopy imaging experiments, cells were grown on 73 7-mm glass

coverslips in 48-well plates. For EM imaging experiments, HEK293T cells were

grown on 35-mmglass-bottomed Petri dishes (MatTek). To improve the adher-

ence of HEK293T cells, we pretreated glass slides with 50 mg/mL fibronectin

(Millipore) for 20 min at 37�C before cell plating and washing three times

with Dulbecco’s PBS (DPBS) (pH 7.4).

Generation of Stable Twinkle-APEX2 and Mito-APEX2 HEK

293T Cells

For preparation of lentiviruses, HEK293T cells in 6-well plates were transfected

at �60%–70% confluency with the lentiviral vector pLX304 containing the

gene of interest (1,000 ng), the lentiviral packaging plasmids dR8.91 (900 ng)

and pVSV-G (100 ng), and 8 mL of Lipofectamine 2000 for 4 hr. About 60 hr after

transfection the cell medium containing lentivirus was harvested and filtered

through a 0.45-mm filter. HEK 293T cells were then infected at �50% conflu-

ency, followed by selection with 8 mg/mL blasticidin in growth medium for

7 days before further analysis.

Biotin-Phenol Labeling in Live Cells

For imaging of HEK 293T cells stably expressing Twinkle-APEX2 or mito-

APEX2, biotin-phenol labeling was initiated by changing the medium to fresh

medium containing 500 mM biotin-phenol. This was incubated at 37�C under

5%CO2 for 30 min. H2O2 was then added to each well for a final concentration

of 1 mM H2O2, and the plate gently agitated for 1 min. The reaction was

quenched by replacing the medium with an equal volume of 5 mM Trolox

and 10 mM sodium ascorbate in DPBS. Cells were washed with DPBS
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containing 5 mM Trolox and 10 mM sodium ascorbate three times before

proceeding to western blotting or imaging experiments.

Streptavidin Bead Enrichment of Biotinylated Material

HEK293T cells expressing the indicated APEX fusion constructs were labeled

with biotin-phenol as described above. Cell pellets were then lysed in

RIPA lysis buffer, 1 mM PMSF, 5 mM Trolox, 10 mM sodium ascorbate, and

10 mM sodium azide. The lysates were cleared by centrifugation at

15,000 3 g for 10 min at 4�C. Streptavidin-coated magnetic beads (Pierce)

were washed twice with RIPA buffer, and 8 mg of each sample was separately

incubated with 600 mL of magnetic bead slurry with rotation for 1 hr at room

temperature or overnight at 4�C. The beads were subsequently washed twice

with 1 mL of RIPA lysis buffer, once with 1 mL of 1 M KCl, once with 1 mL of

0.1 M Na2CO3, once with 1 mL of 2 M urea in 10 mM Tris-HCl (pH 8.0), and

twice with 1 mL RIPA lysis buffer. For streptavidin blot analysis, biotinylated

proteins were then eluted by boiling the beads in 75 mL of 33 protein loading

buffer supplemented with 20 mM DTT and 2 mM biotin, and run on

SDS-PAGE gel.

shRNA Knockdown of FASTKD1

Two FASTKD1 shRNAs (shRNA1 and shRNA2) and a non-targeting control

shRNA (Table S2) were separately cloned into a lentiviral vector pLKO.1 (Addg-

ene). For preparation of lentiviruses, HEK-293T cells in 6-well plates were

transfected at �60%–70% confluency with the indicated pLKO.1 construct

(1,000 ng), the lentiviral packaging plasmids dR8.91 (900 ng) and pVSV-G

(100 ng), and 8 mL of Lipofectamine 2000 for 4 hr. About 60 hr after transfection

the cell medium containing lentivirus was harvested and filtered through a

0.45-mm filter. HEK 293T cells were then infected at �50% confluency,

selected with 1 mg/mL puromycin in growth medium for 7 days, and left to

recover in normal medium for 24–48 hr before further analysis.

mtDNA Copy Number Assay

Total DNA from the indicated HEK 293T cell lines were extracted with DNeasy

kit (Qiagen) and diluted to 10 ng/mL. The relative level of mtDNA was then

measured exactly as described previously (Kitami et al., 2012). MT-ND2

Taqman probe mix (900 nM primers, 250 nM probe) and Alu Taqman probe

mix (1,000 nM primers, 100 nM probe) were mixed together with Taqman uni-

versal PCR master mix (Applied Biosystems) according to the manufacturer’s

protocol. MT-ND2 refers to mtDNA sequence and Alu is a human repeat

sequence in the nuclear DNA. All sequences are listed in Table S3.

Data were acquired and analyzed on an Applied Biosystems StepOnePlus

Real-Time PCR Systems instrument (Figures 3D and S1F).

Real-Time PCR Assay

Total RNA from the indicated HEK 293T cell lines was extracted using an

RNeasy Mini kit (Qiagen). Genomic DNA was digested with RNase-Free

DNase (Qiagen), and 1,000 ng of total RNA was reverse transcribed using a

SuperScript III Reverse Transcriptase kit (Thermo Fisher Scientific) with

random hexamers (Thermo Fisher Scientific). The relative quantity of cDNA

was measured using SYBR Green PCR master mix (Applied Biosystems)

according to the manufacturer’s protocol (Figures 3C, S3A, and S3B). qRT-

PCR primer sequences are listed in Table S3. All data were acquired and

analyzed on an Applied Biosystems StepOnePlus Real-Time PCR Systems

instrument.

Complex I and II Activity Assay

Complex I activity was assayed using a complex I enzyme activity dipstick

assay kit (Abcam Mitosciences). Complex II activity was assayed using a

complex II enzyme activity microplate kit (Abcam Mitosciences). A standard

curve was generated before the actual experiment was performed. Control

shRNA cells and FASTKD1 shRNA cells were plated in 6-well plates and

then scraped and pelleted by centrifugation at 3,000 3 g for 10 min. Cell pel-

lets were lysed according to the manufacturer’s protocol and protein concen-

tration was quantified by bicinchoninic acid assay to ensure equal loading be-

tween samples. For complex I assay, 7 mg of protein from whole-cell lysate

was used for each sample. Band intensities were quantified using ImageJ

software. For complex II assay, 70 mg of protein from whole-cell lysate was



Please cite this article as: Han et al., Proximity Biotinylation as a Method for Mapping Proteins Associated with mtDNA in Living Cells, Cell Chemical
Biology (2017), http://dx.doi.org/10.1016/j.chembiol.2017.02.002
used for each sample. Absorbance at 600 nm was measured using a plate

reader.

Transfection and Immunofluorescence Staining

For transfection of the plasmids (see Table S2), cells plated on 73 7-mm glass

coverslips in 48-well plates were transfected at �50%–60% confluency with

100 ng of the corresponding plasmids and 1 mL of Lipofectamine 2000 for

4 hr. MitoTracker (Life Technologies) labeling was performed according to

the manufacturer’s protocol (Figures 2H and S2C). Twenty-four hours after

transfection, cells were fixed with 4% paraformaldehyde in PBS at room tem-

perature for 10min. Cells were thenwashedwith PBS three times and permea-

bilized with cold methanol at �20�C for 5 min. Cells were washed again three

times with PBS and blocked for 1 hr with 3% BSA in PBS (‘‘blocking buffer’’) at

room temperature. Cells were then incubated with primary antibodies (see

Supplemental Experimental Procedures) in blocking buffer for 1 hr at room

temperature. After washing three times with PBS, cells were incubated with

secondary antibodies in blocking buffer for 30 min. Cells were then washed

three times with PBS and imaged.

Immunoprecipitation of Crosslinked Nucleoids

HEK293Tcells expressingTFAM-V5ormito-GFP-V5were treatedwith1%form-

aldehyde in DPBS for 10 min at room temperature for crosslinking. The reaction

wasstoppedbyadditionof125mMglycine (pH8.0;finalconcentration), andcells

were subsequently lysed in TENT buffer (50 mM Tris-HCl pH 7.4, 300 mMNaCl,

2 mM EDTA, and 1% Triton X-100). Crosslinked material from 350 mg of whole-

cell lysate was immunoprecipitated with 25 mL of Dynabeads protein G (Thermo

Fisher) and mouse anti-V5 antibody (Life Technologies, 1:100 dilution). Beads

were then washed three times with TENT buffer, boiled for 10 min, and eluted

with 33 protein loading buffer. Protein samples were then boiled for 50 min at

95�C to reverse formaldehyde crosslinks and then subjected to SDS-PAGE.

Gels and Western Blots

HEK 293T cells stably expressing the indicated constructs were plated in

6-well plates and scraped and pelleted by centrifugation at 3,000 3 g for

10 min. The pellet was stored at �80�C and lysed with RIPA lysis buffer

(50 mM Tris, 150 mMNaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton

X-100, 13 protease cocktail [Sigma-Aldrich], and 1 mM PMSF) for 5 min at

4�C. The cell pellet was resuspended by gentle pipetting. Lysates were clari-

fied by centrifugation at 15,000 3 g for 10 min at 4�C before separation on

an SDS-PAGE gel. Silver-stained gels (Figure 1F) were generated using a silver

stain kit (Pierce). Gels were transferred to nitrocellulose membrane, stained by

Ponceau S (10min in 0.1% [w/v] Ponceau S in 5%acetic acid/water). The blots

were then blocked and stained with primary and secondary antibodies as

described in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

three figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.chembiol.2017.02.002.
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