
detector that we used before.
10

The process of 3D reconstruction
was described in Supplementary information, Figure S1. Further
refinement with the mask encircling CIV results in a 3.3 Å resolution
map of CIV (Supplementary information, Figures S1 and S2). Using a
combination of structure docking and de novo modeling, we
obtained the atomic structure of the CIV. The well-resolved density
maps allowed us to build the structure models of almost all the
residues with side chains in COOT
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(Fig. 1; Supplementary

information, Figure S3 and Tables S2 and S3). The “gold standard”
Fourier shell correlation (FSC) criteria between the models and maps
have no significant differences, indicating the absence of overfitting
(Supplementary information, Figure S3g). In the final CIV structure,
we could accurately place 14 subunits, including NDUFA4, as well as
a multitude of cofactors, including 4 phospholipids, 2 heme
molecules, 2 copper centers, and 1 magnesium ion (Fig. 1b). Among
1888 residues of the mature human CIV, 1,857 (98.36%) residues
were modeled in our structure and 1824 (96.61%) residues were
assigned with side chains (Supplementary information, Figure S2).

Overall structure of 14-subunit human CIV
Although numerous structures of CIV from different species have
been determined in the past two decades, none identified the
position of the NDUFA4 subunit (Supplementary information,
Table S1). NDUFA4 was originally considered as an accessory
subunit of CI,

37
but further studies indicated that this protein

might belong to CIV.
38

In all previous crystal structures, CIV alone
forms a homodimer, however, in all supercomplex structures, CIV
exists as a monomer.

4–6,9
In the present study, we got the 3.3 Å

density map of CIV using cryo-EM single particle reconstruction
method to unequivocally assign NDUFA4 as the 14th subunit of
human CIV (Figs. 1 and 2). Our structural and biochemical data
confirmed that the CIV either from a supercomplex or at a
monomer state contains the NDUFA4 subunit (Fig. 3). Thus, we
have determined the first structure of the intact human CIV
containing 14 distinct subunits.
The 13 traditional subunits of human CIV adopt similar

arrangements as in other mammalian CIV structures reported
previously.

33
Intriguingly, NDUFA4 is identified in our final

structure. The N- and C-terminals of the NDUFA4 are located at
the matrix side and the IMS, respectively. The middle region of
NDUFA4 forms a transmembrane helix (TMH) that parallels the
main TMHs of MT-CO1 (mitochondrially encoded cytochrome c
oxidase I) and is adjacent to the TMH2 of MT-CO2 (Figs. 1b and 2).
The head of a well-defined CDL (cardiolipin) molecule inserts into
the deep pocket formed by the main TMHs of MT-CO1, MT-CO3,
the C-terminal region and the TMH of NDUFA4, and Cox6B1 at the
IMS side (Figs. 1b and 4). This CDL molecule might be important
for stabilizing NDUFA4 in CIV, as this position is occupied by a
cholic acid and a phosphatidylglycerol (PGV) molecule in most
crystal structures of the CIV dimer (Fig. 4b). By contrast, the other

Fig. 1 Overall structure of human CIV monomer. a Cryo-EM density map of human CIV monomer along with the cartoon-presented models
after soft mask subregion refinement being aligned to the 3.3 Å map are shown in two differently rotated views along the membrane. b The
overall structure of human CIV. Subunits are colored and labeled with text in the same colors, respectively. The cofactors and phospholipids
are shown in spheres. CDL, cardiolipin; PEE, phosphatidylethanolamine. The transmembrane region is indicated by two dashed lines. M,
matrix; IM, inner membrane; IMS, intermembrane space
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