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Introduction. Homologous mitochondrial matrix fac-
tor 1 Hmf1 (also known as YEO7 and YER057c) is a
cytoplasmic homolog of Saccharomyces cerevisiae mitochon-
drial matrix factor 1 Mmf1, which has been proposed to
serve as a sensor for isoleucine deficiency and a regulator
of branched-chain amino acid transaminases.1 Both pro-
teins belong to the YjgF/YER057c/UK114 protein superfam-
ily, which has been highly conserved among eubacteria,
archaea, and eukaryotes. This family is characterized by a
C-terminal signature sequence of [PA]-[ASTPV]-R-
[SACVF]-x-[LIVMFY]-x(2)-[GSAKR]-x-[LMVA]-x(5,8)-
[LIVM]-E-[MI]2 (Fig. 1), and its members are found in all
three living kingdoms as independent domains having an
average molecular weight of 15 kDa (Fig. 1). Superfamily
members found in all three living kingdoms exist as
independent domains having an average molecular weight
of 15 kDa (Fig. 1). Some genomes even contain multiple
paralogs (e.g., four in Escherichia coli and two in S.
cerevisiae). Despite the high degree of sequence conserva-
tion, functional studies have documented that members of
this protein superfamily perform a variety of biochemical
functions.

Mammalian YER057c family members play roles in
protein translation (human UK14, rat UK14),3,4 modula-
tion of calpain affinity for calcium (bovine UK14),5 and
heat-shock response (mouse HR12).6 Chronic administra-
tion of rat protein UK14 curtails the development of
diabetes and adjuvant-induced arthritis.7 Human UK14
(also known as UK-114 and p14.5) was characterized as a
tumor antigen expressed by various malignant neoplasms
and was observed to be upregulated during cell differentia-
tion.8 Bacterial members of the family affect biosynthetic
pathways. Bacillus subtilis YABJ regulates purine biosyn-
thesis by binding to the purine repressor purR and possi-
bly stabilizing its association with DNA,9 whereas Lacto-
coccus lactis ALDR and Salmonella thyphimurium YJGF
block an intermediate step in the isoleucine biosynthetic
pathway.10,11

The two paralogs present in S. cerevisiae, mitochondrial
matrix factor 1 (Mmf1 or YIL051c) and homologous mito-
chondrial matrix factor 1 (Hmf1), share 71% sequence
identity and have also been implicated in the transamina-

tion step of isoleucine biosynthesis plus maintenance of
mitochondrial DNA (mtDNA).1,12 Mmf1 localizes to the
mitochondria because of the presence of a 16-residue
targeting leader peptide (Fig. 1), where it associates with
mtDNA structures. Hmf1 is found mainly in the cyto-
plasm. Yil051c� mutants are isoleucine auxotrophs in
which mitochondrial respiratory activity is dramatically
decreased and mtDNA is eventually lost. Deletion of the
yer057c gene does not produce an obvious phenotype.
Nevertheless, when fused to a mitochondrial targeting
leader sequence, Hmf1 complements the yil051c� deletion,
indicating that Hmf1 and Mmf1 can perform similar
functions, but in distinct cellular compartments. In addi-
tion, the human homolog can rescue the yil051c� deletion
phenotype.12 These results strongly suggest that the func-
tion of these homologs has been conserved, at least in part,
among eukaryotes.

This article reports the X-ray structure of Hmf1, which
represents the first structure of a eukaryotic member of
the YjgF/YER057c/UK114 superfamily. Hmf1 is a homotri-
mer that folds into a triangular, pseudo �/� barrel with
narrow, deep grooves located at the intermonomer sur-
faces. On the basis of the high structural similarity of
Hmf1 to B. subtilis chorismate mutase as well as sequence
conservation, it is suggested that these intermonomer
grooves represent ligand-binding regions, and possibly,
enzyme active sites.

Materials and Methods. Hmf1 represents target P003
of the New York Structural Genomics Research Consor-
tium.
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Protein Expression and Purification. The S. cerevisiae
yer057c gene was cloned into a pET28-a expression vector
(Novagen) and expressed in E. coli BL21(DE3) cells as an
N-terminal hexahistidine fusion protein. Cultures for ex-
pression were grown at 37°C in LB medium to an OD600 of
approximately 0.8 and induced with 0.5 mM IPTG. The
fusion protein was initially purified by using immobilized
Ni2� affinity chromatography. Thereafter, the N-terminal
His-tag was removed by digestion with bovine thrombin,
and the protein was further purified with cation exchange
HiTrap Sp and Superdex-75 gel filtration columns. Similar
methods were used to produce Se-Met substituted protein.
Matrix-assisted laser desorption/ionization mass spectrom-
etry (MALDI-MS) was used to document full selenomethi-
onine incorporation and purification of the desired protein
after thrombin cleavage (measured mass � 14366 � 7Da;
predicted mass � 14373.6 Da).

Crystallization. S-Met and Se-Met crystals were grown
at 20°C by vapor diffusion in hanging drops containing

equal volumes of protein solution (15 mg/mL in 100 mM
NaCl, 20 mM TrisCl, pH 7.5, 10 mM DTT) and reservoir
solution (1.9 M ammonium sulfate, 100 mM succinate, pH
5.4). Cryoprotection was achieved by soaking the crystals
in mother liquor to which glycerol was added stepwise to a
final concentration of 25% (v/v).

Structure Determination and Refinement. Diffraction
data (Table I) were collected from a single Se-Met crystal
under standard cryogenic conditions at the National Synchro-
tron Light Source (NSLS) Beamline X9B at Brookhaven
National Laboratory. Se-Met MAD data were collected at two
X-ray wavelengths, corresponding to the high-energy remote
(�1) and white line (�2) of the Se K-absorption edge. Data
were processed and scaled to 1.7 Å resolution by using
DENZO/SCALEPACK.13 The X-ray data statistics are listed
in Table I. Seventeen of 24 possible Se sites were located
by using SnB14 and anomalous difference Fourier synthe-
ses. Final experimental phases were calculated at 1.7 Å
resolution using MLPHARE,15 giving a final figure of

Fig. 1. Multiple-sequence alignment of representative members of the YjgF/YER057c/UK114 superfamily.
All sequences share at least 38% identity with Hmf1. Arabidopsis thaliana and Streptococcus pneumoniae
orthologs are identified by their GeneBank ID, and all other proteins are identified by their Swiss-Prot entry
name. Equivalence of nonidentical residues was established by use of the BLOSUM62 amino acid substitution
matrix. Secondary structural elements are indicated above the aligned sequences (�-helices as cylinders,
�-strands as arrows, and random coils as thin lines), and sequence similarity is color-coded by using a gradient
from white (�40% identity) to dark green (100% identity). Gray circles denote the mitochondrial leader
sequence of Mmf1; and *indicates invariant residues in the intermonomer groove.
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merit of 0.59 (Table I). After density modification, most of
the polypeptide chain was built automatically by using
ARP/wARP.16 Subsequent cycles of manual model build-
ing with O17 and CNS18 refinement yielded the final
structure. Refined atomic coordinates have been deposited
in the Protein Data Bank under PDB ID 1JD1.

Results and Discussion. The crystal structure of
Hmf1p reveals a compact �/� protein (secondary struc-
tural elements S1-S2-S3-H1-S4-H2-S5-S6; molecular di-
mensions 45 Å 	 45 Å 	 48 Å) organized into a trimer
[Fig. 2(a)]. Each monomer consists of a six-stranded
�-sheet of mixed polarity backed by two �-helices [Fig.
2(b)]. Four strands (S3-S6) pack against each other to
form the core of the trimer, a triangular barrel with
three pairs of �-helices positioned on its outer surface. A
deep pocket harboring water molecules is found cen-
trally, lying along the threefold symmetry axis. The
extent and character of the hydrophobic packing at the
subunit interface strongly suggest that Hmf1 functions

as a trimer within the cell. Monomer surface area buried
by trimer formation is significant (1400 Å2 or 26% of the
total monomer surface), and size-exclusion chromatogra-
phy confirmed that Hmf1 is a trimer in aqueous solution
(data not shown).

Inspection of sequences of all available YER057c se-
quences (December 2001) does not reveal any invariant
residues. However, Hmf1 and selected superfamily mem-
bers share 10 invariant residues, 9 of which map to a
narrow groove between the subunits comprising the ho-
motrimer [Figs. 1 and 2(c)]. We suggest that this intermono-
mer groove represents a binding site for chemically similar
ligands and may be an enzyme active site. One monomer
contributes residues in �-helix H2 (residues 87–98) and
�-strand S5 (residues 104–109) to the intermonomer
groove, whereas its partner contributes residues 23–40
situated in �-strand S2, the S2-S3 loop, �-strand S3, and
the S3-H1 loop. At the “bottom” and “top,” this putative
active site is delimited by the S1-S2 (residues 13–22) and

TABLE I. Crystallographic Data and Refinement Statistics

PDB ID: 1JD1
Space group: P21; 2 trimers per asymmetric unit
Cell dimensions: a � 78.2 Å, b � 64.1 Å, c � 80.9 Å, � � 90.6°

�1 (remote) �2 (peak)

Wavelength (Å) 0.96856 0.97857
Resolution (Å) 30–1.7 30.0–1.7
Reflections measured/ unique 1,452,497/88,185 1,393,998/88,166
Completeness (%) 98.7 99.2
(in outer shell) 97.1 97.7
Mean I/
(I) 30.8 32.4
(in outer shell) 3.84 4.36
Rsym (%) 3.9 3.6
(in outer shell) 33.3 30.7

Overall figure of merit 0.593
Model and refinement statistics

Data set used in structure refinement �1
Resolution range 30–1.7 Å
No. of reflections 156294
Completeness 90.5%
Cutoff criteria �F��2
(�F�)
No. of amino acid residues 749
No. of water molecules 634
Rcryst

b 0.207 RMSD
Rfree 0.238 Bond lengths (Å) 0.011

Bond angles (°) 1.40
Ramachandran plot statistics

Residues in most favored regions 621 (90.9%)
Residues in additional allowed regions 55 (8.1%)
Residues in generously allowed regions 4 (0.6%)
Residues in disallowed regions 3 (0.4%)

Overall G-factorc 0.3
MODPIPE statisticsd

Total number of models (model score � 0.7, model length � 75 residues) 150
Models with �50% sequence identity 1
Models with 30–50% sequence identity 81
Models with �30% sequence identity 68

aRsym � �hkl �i�I(hkl)i  �I(hkl)��/�hkl�i �I(hkl)i�.
bRcryst � �hkl �Fo(hkl)  Fc(hkl)�/�hkl �Fo(hkl)�, where Fo and Fc are observed and calculated structure factors, respectively.
cComputed with PROCHECK.29

dObtained with MODPIPE.24 Models are publicly available from MODBASE (http://www.pipe.rockefeller.edu) via advanced search with keyword
1JD1.
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S5-S6 loops and part of �-strand S5 (residues 112–121).
Conserved Tyr20 and Phe87 define the “bottom” and “top”
of the groove, respectively. Two glutamate residues found
in close proximity (invariant Glu120 and conserved Glu122)
impart an acidic character to this putative active site,
which is stabilized by a complex network of hydrogen
bonds, the most conspicuous of which occurs between
invariant Arg105 and Asn91.

Hmf1 closely resembles B. subtilis YABJ (PDB ID
1QD9)19 and E. coli YJGF (PDB ID 1QU9)8 with which it
shares 52% and 42% sequence identity, respectively. All
three structures resemble that of B. subtilis chorismate
mutase (PDB ID 1COM)20 despite negligible pairwise
sequence identities (�11%). Chorismate mutase catalyzes
the Claisen rearrangement of chorismate to prephenate in
aromatic amino acid biosynthesis. The active site of choris-
mate mutase is also located at the intermonomer interface,
within an architecturally similar cleft. In addition to
chorismate mutase, a DALI21 search against the Protein
Data Bank (PDB; http://www.rcsb.org) identified two other
structurally similar proteins from distinct protein families

[phosphoribosyl-aminoimidazole synthetase, PDB ID 1CLI,
Z-score � 4.9, root-mean-square deviation (RMSD) � 2.5
Å; GDP-binding bacterial cell division protein Ftsz, PDB
ID 1FSZ, Z-score � 4.9, RMSD � 3.2 Å]. However, the
significance of these findings is not clear at this time.

To better characterize the putative binding site of Hmf1
and identify functional motifs, PROSITE,2 RIGOR,22 and
two structural databases of enzyme active sites (SPASM22

and PROCAT23) were searched. No motifs were identified,
and no template was found to have the same biochemical
milieu and spatial arrangement of residues as Hmf1. Surface
electrostatic calculations revealed that a conserved region on
one portion of the Hmf1 trimer is remarkably acidic [Figs.
3(b) and (d)]. It is possible that this large, conserved acidic
patch contributes to protein and/or ligand binding.

Automated comparative protein structure modeling with
MODPIPE24 yielded a total of 150 models (length � 75
residues) with a model score � 0.7 (Table I). One of these
represents the yeast mitochondrial homolog Mmf1 (se-
quence identity � 71%). The remaining models can be
divided into two accuracy classes. Eighty-one models fall

Fig. 2. Structure of S. cerevisiae Hmf1. a: Hmf1 trimer viewed along the molecular threefold symmetry axis.
Intermonomer grooves are marked with *. b: Hmf1 monomer with labeled secondary structural elements and
N- and C- termini. c: Stereo diagram of the putative active site with labeled invariant residues included as
ball-and-stick figures. Secondary structural elements are colored as in Figure 2(b). Figures were prepared by
using MOLSCRIPT26 and RASTER3D.27
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into the intermediate accuracy class (30–50% identity
with Hmf1), providing structural information for closely
related sequences from all three living kingdoms. The
remaining 68 models are of somewhat lower accuracy
(�30% identity with Hmf1) but are nevertheless useful for
protein fold classification of these more distant relatives.25

The structure of S. cerevisiae Hmf1 should provide a
useful guide for further functional characterization of
higher eukaryotic YER057c family members. Ligand iden-
tification may be aided by recent functional studies of the
closely related mitochondrial paralog Mmf1. It has been
proposed that Mmf1 determines the specificity of isoleu-
cine biosynthesis at the transamination step by acting as a
regulatory element using isoleucine as an allosteric effec-
tor molecule.1 This hypothesis may explain how the en-
zymes Bat1p and Bat2p catalyze reversible transamina-
tion of isoleucine, and also leucine and valine. Further
experiments are needed to confirm this hypothesis. It is
likely that transamination specificity arises because of the
existence of distinct regulatory molecules in the branched-
chain amino acid biosynthetic pathways, which remain
poorly characterized.
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