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ABSTRACT

TRPM7 is an essential and ubiquitous channel-
kinase regulating cellular influx of Mg2+. Although
TRPM7 mRNA is highly abundant, very small amount
of the protein is detected in cells, suggesting post-
transcriptional regulation of trpm7 gene expression.
We found that TRPM7 mRNA 5′-leader contains
two evolutionarily conserved upstream open reading
frames that act together to drastically inhibit trans-
lation of the TRPM7 reading frame at high magne-
sium levels and ensure its optimal translation at low
magnesium levels, when the activity of the channel-
kinase is most required. The study provides the first
example of magnesium channel synthesis being con-
trolled by Mg2+ in higher eukaryotes.

INTRODUCTION

TRPM7 is a protein present in vertebrates that functions in
the regulation of cellular magnesium homeostasis. TRPM7
polypeptide chain contains two functionally different moi-
eties: an alpha-kinase domain and a region of six trans-
membrane domains that form an ion channel pore upon
tetramerization of TRPM7 molecules at the cell surface (1).
TRPM7 ion channel exhibits inward currents of divalent
cations (2). The currents are regulated by intracellular con-
centration of Mg2+. They are activated by decreased levels
of intracellular Mg2+ and strongly inhibited by free Mg2+

levels of more than 1 mM (3).
TRPM7 is an essential protein. Truncation of trpm7 gene

results in growth and proliferation arrest in lymphocyte
cells in G1/G0 phase of the cell cycle. This blockage in
the cell cycle progression can be rescued by supplement-
ing the culturing media with additional 10 mM Mg2+ or by
concomitant overexpression of various magnesium trans-

porters such as bacterial MgtE or eukaryotic MagT1 (4–8).
Moreover, homozygous TRPM7-deficient mice with dele-
tion of the kinase domain exhibit early embryonic lethality,
whereas heterozygous mice survive but have altered magne-
sium homeostasis and develop signs of hypomagnesaemia.
Similar to TRPM7-deficient lymphocytes murine embry-
onic stem cells with the deletion of the kinase domain can-
not proliferate at normal magnesium levels, but are able to
do so when cultured under conditions of elevated (10 mM)
magnesium concentrations (9).

TRPM7 is ubiquitous and evolutionarily conserved
among all vertebrates. TRPM7 transcripts are among the
most abundant in cells (10,11); however protein levels of
TRPM7 are negligible (12) to such an extent as to make it
nearly impossible to detect by biochemical techniques with-
out preliminary enrichment through immunoprecipitation
or/and overexpression. The abundance of TRPM7 tran-
scripts together with extremely low protein levels suggests
post-transcriptional regulation of trpm7 gene expression.

In this paper we report that TRPM7 mRNA has two
evolutionarily conserved upstream open reading frames
(uORFs) within the 5′-leader sequence preceding the start
codon of TRPM7 coding region and that these uORFs
regulate trpm7 gene expression at the level of translation.
Specifically, we found that the uORFs had two major ef-
fects: (i) uORF1 inhibited translation of the main coding
sequence in general and (ii) uORF2 inhibited translation of
the main coding sequence at elevated Mg2+ levels, promot-
ing better translation at reduced Mg2+ concentration.

MATERIALS AND METHODS

Nucleotide and peptide sequence alignments

Nucleotide sequence alignments were done using
ClustalOmega and shaded using BoxShade software.
Peptide sequences were aligned using Multalin software.
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Generation of the constructs

The firefly luciferase sequence was purchased from
Promega (pGL4.50 vector). TRPM7 5′-leader sequence
was recovered from IMAGE Mouse cDNA clone Id
2123372 (accession number for 5′ sequence reading is
A1891807, Open Biosystems catalog number EMM1002–
205949940). TRPM7 3′-UTR was recovered from Mouse
cDNA clone Id 42421999 (accession number for sequence
reading is BC026440, Open Biosystems catalog number
MMM1013–202705585). All three pieces were spliced
by assembly PCR in one chimeric product “TRPM7
5′-leader––Firefly luciferase––TRPM7 3′-UTR” and
named “M7-Luc-M7”. Additionally, “human �-globin
5′-leader––Firefly luciferase––TRPM7 5′-UTR” construct
was generated and called “�-Luc-M7”. M7-Luc-M7 con-
struct was modified to obtain a series of mutants carrying
different changes in the TRPM7 5′-leader region. The
chimeric sequences �-Luc-M7, M7-Luc-M7 and its mul-
tiple mutants were cloned into pcDNA3.1 vectors under
T7 promoter between KpnI and BamHI restriction sites.
Preparations of plasmids for in vitro transcription were
fully sequenced to make sure that there were no unwanted
mutations generated during the process of subcloning and
propagation.

Preparation of mRNAs for translation

RNAs were generated using RiboMax Large Scale Kit
(Promega), purified by phenol-chloroform extraction and
precipitated by addition of sodium acetate and ethanol
as described in standard protocols. Purified RNAs were
capped using Vaccinia Capping system (NEB) and then
polyadenylated with Poly(A) Polymerase Tailing Kit (Epi-
centre). Purification from non-incorporated nucleotides
was performed with RNeasy Cleanup Kit columns (Qia-
gen). Concentrations of recovered mRNAs were precisely
measured using commercially available fluorescence-based
dyes (Invitrogen, Q10210).

In vitro translation in HEK293T system

HEK293T extract was prepared as described in (13). Briefly,
cells were harvested at logarithmic phase of growth, washed
twice with PBS, partially lysed for 1 min with a lysolecithin-
containing buffer (20 mM HEPES-KOH pH7.4, 100 mM
potassium acetate, 2.2 mM magnesium acetate, 2 mM DTT,
0.1 mg/ml lysolecithin, Sigma L5254). The cells were then
pelleted at 10 000 g for 10 s, resuspended in hypotonic buffer
at the ratio 1:1/ v:v (20 mM HEPES KOH pH 7.4, 10 mM
potassium acetate, 1 mM magnesium acetate, 4 mM DTT,
EDTA-free complete protease inhibitor tablet by Roche)
and incubated on ice for 10 min, following disruption us-
ing a glass Dounce tissue grinder. Cell debris was pelleted by
centrifugation at 10 000 g for 10 min; the supernatant repre-
sented ready to use lysate for in vitro translation. The lysate
was then frozen in liquid nitrogen and stored at −70◦C in
small aliquots. All of the manipulations described above
were done in a cold room on ice using ice-cold wash and
lysis buffers.

The translation reaction was performed in the volume
of 15 �l and contained 50% HEK293T extract, 20 mM

HEPES KOH pH 7.4, 1 mM DTT, 0.5 mM spermidine, 8
mM creatine phosphate, 1 mM ATP, 0.2 mM GTP, 0.025
mM each amino acid mixture, 0.1 mM luciferin, 60 mM
of added potassium acetate (if not mentioned otherwise),
0.8 units/�l RiboLock (Thermo Scientific), 0.025 pMol/�l
mRNA of interest and magnesium acetate added in differ-
ent concentrations. Reactions were mixed on ice in 384-well
plates. The luminescence signal was collected at 30◦C using
Tecan Infinite M200 Pro with 1 min intervals for a total of 1
h to reconstruct a kinetic curve of the translation reaction.

Data analysis

Translation of each mRNA was repeated at least three times
in a given lysate over a range of added Mg2+ concentra-
tions from 0.2 to 1.4 mM in 0.2 mM increments. To compare
Mg2+ sensitivity of different constructs we used a maximum
synthesis rate parameter, calculated as a maximal gain of lu-
ciferase activity per minute achieved in the course of trans-
lation reaction (measured in arbitrary luminescence units/
min, ALU/min). The values of maximum synthesis rates
were plotted against corresponding magnesium concentra-
tions and interpolated with a bell-shaped curve. The mag-
nesium concentration that provided the highest value of the
maximum synthesis rate was referred as the magnesium op-
timum.

RNA transfections to HEK293 cells

Transfections were performed as described in (14). mR-
NAs for transfection reactions were prepared in the same
way as for in vitro translation. RNA coding for Renilla lu-
ciferase was produced by in vitro transcription directed by
pRL-SV40 vector (Promega) linearized by BamHI restric-
tion site and was further capped and polyadenylated as de-
scribed above. One hour prior to transfection procedure
culturing media of HEK293 cells was changed to an ex-
perimental one (either with 0 mM, 0.8 mM or 8.0 mM of
Mg2+). Transfection procedure was performed in the exper-
imental media using Lipofectamine 2000 delivery agent (In-
vitrogen) according to manufacturing protocol. Specifically,
1.5 �l of Lipofectamine and 0.5 �g of RNA (ratio of FLuc
:RLuc = 10:1) were used to transfect 1.5×105 cells in a well
of a 24-well plate. After 3 h cells were washed with PBS,
lysed with Passive lysis buffer (Promega) and assayed for
the presence of Renilla and Firefly luciferases using Dual-
Luciferase Reporter Assay System (Promega). Activity of
Renilla luciferase was used to normalize the activity of the
Firefly luciferase for transfection efficiency.

RESULTS

5′-leader sequence of TRPM7 mRNA contains two evolution-
arily conserved uORFs

TRPM7 mRNA encodes a 220 kD TRPM7 protein with no
indications of alternative splicing of TRPM7 pre-mRNA.
The coding sequence of TRPM7 protein is more than 5500
bases long and is preceded by a 5′-leader region of over
250 nucleotides. The whole 5′-leader together with the start
codon of TRPM7 is contained within the first exon of trpm7
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Figure 1. TRPM7 5′-leader contains two uORFs that are highly conserved across all vertebrates. (A) Schematic representation of TRPM7 mRNA organi-
zation with a close up on 5′-leader sequence. TRPM7 coding sequence is shown in green. The uORF1 (shown in red) overlaps the start codon of TRPM7
coding sequence. The uORF2 (shown in yellow) ends 5 nucleotides before the start codon of TRPM7 coding sequence. (B) Alignment of 5′ regions of
TRPM7 mRNAs from different vertebrate species. The first uAUG (uAUG1) is marked in red, the second upstream AUG (uAUG2) and the correspond-
ing termination codons are marked in yellow. The main AUG codon of TRPM7 coding sequence is marked in green. (C) Highly conserved contexts of the
two uAUG codons and the main start codon of TRPM7 mRNA are indicated in the table. Nucleotides that match Kozak consensus for optimal initiation
are underlined. Ideal Kozak consensus is presented above the table (R indicates purine nucleotide, Y indicates pyrimidine nucleotide).

gene. Analysis of the 5′-leader sequence showed that it pos-
sessed some common features of translationally regulated
mRNAs: (i) high GC content (67.5%) and (ii) two upstream
AUG codons (uAUG). These uAUGs are out of frame with
respect to each other and to the TRPM7 protein coding se-
quence (Figure 1A). Phylogenetic analysis of the TRPM7
5′-leader sequences across vertebrates revealed strong con-
servation of the uAUG codons and their relative positions
(Figure 1B). The first uAUG (uAUG1) codon resides 101
nucleotides from a 5′-end of TRPM7 mRNA and serves as
a start codon for a 390 nucleotide long uORF (uORF1).
This uORF1 overlaps the main TRPM7 coding sequence
by 206 nucleotides (Figure 1A, shown in red). The second
uORF (uORF2) starts 117 nucleotides downstream of the
uAUG1. It is 63 nucleotides long and ends 5 bases upstream
of the TRPM7 start codon (Figure 1A shown in yellow).
The exact lengths and positions of the uORFs are given for
murine TRPM7 mRNA used in this work.

No conservation was seen in amino acid sequences en-
coded by the uORF1 and uORF2 of TRPM7 mRNAs
across different classes of vertebrates, suggesting that the

encoded peptides are unlikely to play an important func-
tional role (Supplementary Figure S1). At the nucleotide
level, however, the strongest conservation is seen in the se-
quences immediately flanking the uAUG codons, suggest-
ing their important roles in the regulation of trpm7 gene
expression. According to classical studies of Kozak (15)
the context of the uAUG2 is weakened by the presence
of a pyrimidine (uridine) in a critical, −3, position. The
uAUG1 is considered to be the strongest among all the three
AUG codons of TRPM7 5′-leader as it contains adenine nu-
cleotide in −3 position and a purine nucleotide (also ade-
nine) in another critical, +4, position (Figure 1C), suggest-
ing an inhibitory role for the uORF1.

TRPM7 5′-leader is inefficient in directing translation of a
downstream reporter coding sequence

To investigate the role of the 5′-leader sequence in trans-
lation of TRPM7 mRNA, we generated a chimeric con-
struct, which contained a firefly luciferase reporter coding
sequence flanked by native 5′-leader and 3′-untranslated re-
gion of murine TRPM7 mRNA. The resulting construct
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Figure 2. Constructs designed to test the ability of TRPM7 5′-leader to direct translation of a luciferase reporter sequence. The main reading frame, coding
for Firefly luciferase, is marked in green, the uORF2 is marked in yellow, and the AUG codon of the uORF1 is marked in red. Stop codon that terminates
translation of the uORF1 is underlined in red. Mutations of TRPM7 5′-leader are underlined in black. Correspondence of a few key nucleotides of TRPM7
5′-leader mutant forms to positions of the same nucleotides in M7-Luc-M7 construct is indicated with numbers. The random stop codon that terminates
translation initiated by the second uAUG in 2stopCGA-Luc-M7 construct is underlined in yellow.

M7-Luc-M7 had a shortened uORF1 (203 nt) that overlaps
the luciferase coding sequence by 23 nucleotides (Figure 2).
To focus on translational control and avoid any contribu-
tions from other post-transcriptional events, we employed
an in vitro translation system prepared from HEK293 cells.
In this system we tested the ability of the TRPM7 5′-leader
to direct translation of the luciferase coding sequence. Our
results showed that the luciferase mRNA with TRPM7 5′-
leader was translated far less efficiently than the one with
the classical �-globin leader (Figure 3A), confirming the ex-
pected inhibitory role of TRPM7 5′-leader in translation of
the main coding sequence.

TRPM7 5′-leader favors translation of the main coding se-
quence at decreased magnesium concentrations

Since TRPM7 is involved in the maintenance of cellular
magnesium homeostasis, we analyzed whether its expres-
sion depended on Mg2+ concentration. We employed the
HEK293 cell-free translation system to measure protein
synthesis rate of the TRPM7 leader-directed translation
reaction over a range of Mg2+ concentrations. Previously
it was shown that the maximal synthesis rate parameter
reflects the rate of translation initiation and is more reli-
able than the commonly used estimation of overall pro-
tein yield (16). We found that the optimal Mg2+ concentra-
tion for translation of the mRNA with TRPM7 5′-leader
was significantly lower than that for the �-globin leader-
directed translation (Figure 3B). These data demonstrate
that a decrease in Mg2+ levels enhances translation directed
by TRPM7 leader. Analogous results were obtained when
the same 5′-leaders directed translation of the reporter se-
quences in cell-free systems prepared from the wheat germ
and murine ascite carcinoma Krebs2 cells (Krebs2). In these
systems, the TRPM7 leader also inhibited translation of the
main coding sequence and promoted its better translation at
decreased Mg2+ concentrations (Supplementary Figure S2).
To test whether such unusual pattern of magnesium depen-

dence is a characteristic of TRPM7 5′-leader, we generated
two additional constructs with 5′-leaders of GAPDH and
Polr2e cellular mRNAs. Magnesium optimums of transla-
tion reactions directed by these leaders were similar to that
of translation directed by �-globin leader and higher than
the one for translation directed by TRPM7 leader (Supple-
mentary Figure S3).

The observed differences in the efficiency of translation
directed by either �-globin or TRPM7 5′-leaders suggest
that the latter may represent an intracellular sensor of mag-
nesium concentration and adjust production of TRPM7
according to the cellular needs for this channel. To test
whether translation directed by TRPM7 5′-leader is regu-
lated by Mg2+ levels in vivo, we transfected HEK293 cells
with M7-Luc-M7 and �-Luc-M7 mRNAs under conditions
of different magnesium concentrations in the culturing
medium. Luciferase activity measurement 3 h post transfec-
tion procedure revealed inhibitory effect of elevated concen-
tration of magnesium on translation directed by TRPM7 5′-
leader, whereas magnesium deficiency, in turn, stimulated
translation directed by the leader (Figure 3C). Even though
it was shown that varying extracellular magnesium concen-
tration produces limited effect on the global concentration
of free intracellular magnesium (17,18), we observed clearly
measurable differences in translation efficiency. These dif-
ferences are likely to come from local or transient changes
in intracellular magnesium concentration induced by imme-
diate changes in the culturing media and therefore are not as
dramatic as the effects observed in the in vitro system (Fig-
ure 3B).

TRPM7 5′-leader as a specific magnesium sensor

As a rule, optimal Mg2+concentration in in vitro transla-
tion systems can be altered by varying monovalent salt lev-
els (19). Thus, we tested whether magnesium optimum of
translation directed by TRPM7 5′-leader could be altered
by varying concentration of potassium ions. We observed
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Figure 3. Inefficient translation directed by TRPM7 5′-leader can be ac-
tivated by lowering Mg2+concentration. (A) Kinetic curves of translation
reactions directed by �-globin (circles) and TRPM7 (squares) 5′-leaders
conducted under conditions of 1 mM of added magnesium acetate and 120
mM of added potassium acetate. Dashed lines show the maximal slopes of
the kinetic curves, which reflect maximal synthesis rates of translation re-
actions. (B) Dependence of the maximal protein synthesis rates on Mg2+

concentration is given for translation reactions carried out at 120 mM of
added K+. For each construct on diagram B, the maximal synthesis rate at
each Mg2+ concentration was normalized to the value at the optimal Mg2+

concentration. Error bars represent standard deviation (SD) of three ex-
periments. (C) Sensitivity of TRPM7 leader-directed translation measured
in vivo to Mg2+ concentration in the medium. Cells were transfected with
either �-Luc-M7 or M7-Luc-M7 mRNAs under different culturing condi-
tions (DMEM containing either 0 mM, 0.8 mM or 8.0 mM of magnesium).
Columns represent Firefly luciferase activity measured 3 h post transfec-
tion and normalized to the value of Renilla luciferase that was produced
from an mRNA cotransfected with the constructs of interest. Error bars
represent SD of two independent experiments performed in duplicates.

Figure 4. Magnesium optimum of translation directed by TRPM5 5′-
leader is not perturbed by varying potassium concentration. Dependence
of maximal synthesis rate on magnesium concentration at different potas-
sium levels (diamonds––60 mM, squares––90 mM, triangles––120 mM
and circles––150 mM of added potassium acetate). Panel (A) represents
translation directed by �-globin 5′-leader. Panel (B) represents translation
directed by TRPM7 5′-leader. Maximal synthesis rates are normalized to
the value of M7-Luc-M7 translation at 60 mM of added potassium at the
optimal magnesium concentration (0.8 mM of added magnesium acetate).
All the reactions used to reconstruct magnesium dependencies on this fig-
ure were performed using the same lysate preparation.

that magnesium optimum of translation of mRNA with �-
globin leader was labile as expected, i.e. increasing at higher
potassium levels (Figure 4A). Conversely, varying K+ con-
centration did not perturb magnesium optimum of transla-
tion directed by the TRPM7 5′-leader (Figure 4B). This ob-
servation suggested that TRPM7 5′-leader utilized a specific
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mechanism to “sense” the surrounding magnesium concen-
tration.

Here we note that we chose to measure maximal synthe-
sis rate dependence on the concentration of added magne-
sium acetate, not the absolute level of free magnesium in the
translation system. The basal concentration of free Mg2+

in different cell extracts may not be the same, due to vari-
ability in the process of extract preparation. Therefore, each
extract was first calibrated by translation of M7-Luc-M7
mRNA to determine the value of added magnesium to pro-
mote optimal translation of M7-Luc-M7 in that extract. All
other constructs translated in these calibrated extracts were
normalized to the value of maximal synthesis rate of M7-
Luc-M7 at its magnesium optimum. Our analysis showed
that even though the absolute value of the added magne-
sium optimum could vary by ±0.1 mM for each construct
when tested using different extracts prepared from the same
types of cells, the relative magnesium optimums of the dif-
ferent constructs were highly uniform. For example, for all
lysate preparations magnesium optimum of �-Luc-M7 at
120 mM of added potassium concentration was always 0.4
mM higher than that of M7-Luc-M7, whereas at 60 mM of
added potassium it was always 0.2 mM higher than that of
M7-Luc-M7 (Figure 4).

Prokaryotes regulate synthesis of magnesium trans-
porters via riboswitch-mediated mechanisms based on the
specific abilities of their mRNA 5′-leaders to adopt alter-
native conformations under conditions of different magne-
sium concentrations (20). Although riboswitch-like mech-
anisms have not been found in eukaryotes, it is possi-
ble that TRPM7 5′-leader sequence might also form al-
ternative regulatory structures under conditions of differ-
ent magnesium levels that would affect translation of the
main reading frame, for example by means of internal ri-
bosome entry site (IRES)-mediated mechanisms. Analysis
of TRPM7 5′-leader sequence using RNAalifold software
(21) predicted no regions with developed secondary struc-
ture. Nevertheless, we tested whether translation initiation
directed by TRPM7 5′-leader occurs by the classical cap-
dependent or an IRES-mediated mechanism. In our pre-
vious studies, uncapped transcripts that harbored IRESs
in their 5′-UTRs provided as efficient protein synthesis as
their capped versions for at least 3 h in HEK293 cells (22).
Comparison of the efficiencies of translation reactions pro-
grammed with either capped or non-capped M7-Luc-M7
mRNAs demonstrated that TRPM7 5′-leader strictly re-
quired the cap structure for efficient translation of the main
coding sequence (Figure 5), suggesting that conventional
cap-dependent mechanism is utilized to initiate translation.

Roles of the uORF1 and the uORF2 in the control of trans-
lation of the main coding sequence

To elucidate the roles of the uORF1 and uORF2 in trans-
lation of the main coding sequence, we generated mutant
forms of the TRPM7 leader (Figure 2) and tested their abil-
ities to direct translation at different magnesium concen-
trations (Figure 6). Comparison of the mutant leaders was
performed at 60 mM of added potassium acetate as this
concentration supported the highest level of translation di-
rected by wild-type TRPM7 5′-leader (Figure 4B).

Figure 5. TRPM7 5′-leader utilizes 5′-cap-dependent mechanism of trans-
lation initiation. Translation directed by a non-capped construct is ineffi-
cient as compared to the capped M7-Luc-M7 construct.

We found that disruption of the uAUG1 alleviated in-
hibition of the main coding sequence translation by at
least 2-fold (Figure 6A), suggesting an inhibitory role of
uORF1 in the translation of the main coding sequence. Dis-
ruption of the uAUG2 codon resulted in a shift in mag-
nesium optimum of translation of the main coding se-
quence (Figure 6B): the mutant 2AUC-Luc-M7 was trans-
lated more efficiently at higher Mg2+ concentrations than
mRNA with wild-type TRPM7 leader. Finally, disruption
of both uAUG codons led to an additive effect: increased
translation of the reporter sequence with magnesium opti-
mum shifted to higher concentrations (Figure 6C). The ob-
served effects were exclusively due to the effects of magne-
sium on the efficiency of translation initiation as mRNA
quantity was not affected by magnesium concentration in
the course of the translation reactions (Supplementary Fig-
ure S4).

Since removal of the second uAUG altered the magne-
sium optimum of translation of the main reading frame,
we hypothesized that at increased Mg2+ levels translation
of the uORF2 may impede ribosomes from proceeding to
the main start codon. Therefore, we sought to determine
the magnesium dependence of translation of uORF2. To
detect translation of uORF2 we fused the luciferase cod-
ing sequence to the start codon of the uORF2, leaving
its first coding nucleotide triplet intact so as not to dis-
rupt the highly conserved immediate context of the AUG
codon (Figure 2, construct 2ndLuc-M7). We found that the
uORF2 was indeed translated, and that it was translated
more efficiently at higher Mg2+ concentrations (Figure 7A).

One of the highly evolutionarily conserved areas within
the TRPM7 5′-leader is the region between the stop codon
of the uORF2 and the start codon of the main coding se-
quence (Figure 1C). This region is 5 nucleotides long and
is almost identical in all vertebrates. Conservation of the
sequence and the precise positioning of the uORF2 stop
codon with regard to the main reading frame suggest that
this region might play an important role in the regulation of
trpm7 gene expression. We generated a mutant TRPM7 5′-
leader where the stop codon of the uORF2 was disrupted by
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Figure 6. TRPM7 uORF1 and uORF2 reveal different roles in transla-
tion of the main coding sequence. Different dependences of translation ef-
ficiency on magnesium concentrations: squares represent maximal synthe-
sis rates of translation reactions directed by TRPM7 5′-leader. Translation
reactions directed by TRPM7 5′-leader mutant forms are indicated by dia-
monds for 1AUC-Luc-M7 (A), triangles for 2AUC-Luc-M7 (B) and circles
for 1AUC2AUC-Luc-M7 (C). Maximal synthesis rates are normalized to
the value of M7-Luc-M7 translation at the optimal magnesium concentra-
tion. Error bars represent SD of at least three experiments.

a point mutation (TGA to CGA), extending the uORF2 by
89 nucleotides beyond the main start codon (Figure 2, con-
struct 2stopCGA-Luc-M7). This point mutation caused a
2-fold decrease in translation efficiency of the luciferase re-
porter without a shift in magnesium optimum (Figure 7B),
suggesting that termination of translation of the uORF2
contributes to the initiation at the main start codon but not
to its regulation by magnesium.

DISCUSSION

In this study we demonstrate that expression of mammalian
trpm7 gene, encoding for a ubiquitous and essential magne-
sium ion channel, is regulated by Mg2+ concentrations at
the level of translation. Furthermore, we elucidate the basic
mechanism of this regulation and show that it is achieved
via two upstream ORFs within the TRPM7 5′-leader. The
uORF1 functions to inhibit overall translation of the main
coding sequence, whereas the uORF2 confers specific Mg2+

sensitivity of translation directed by TRPM7-leader pro-
viding its upregulation at decreased Mg2+ concentrations.
Based on our findings, we propose a model for the control
of trpm7 gene expression at the stage of translation initi-
ation (Figure 8). Our model incorporates the Kozak scan-
ning mechanism of initiation and the concept of leaky scan-
ning under low Mg2+ levels (15,23).

The classical scanning mechanism postulates that the
presence of an uORF that overlaps the main ORF is in-
hibitory for the translation of the main ORF. Our data
confirm the inhibitory role of the uORF1 for the transla-
tion of the main coding sequence, consistent with the model
where the uORF engages a substantial fraction of scanning
40S ribosomal subunits from the translation cycle, making
them unavailable for the synthesis of the main ORF prod-
uct (Figure 8). Moreover, the presence of uAUG codons
in similar contexts as the uAUG1 (A−3+A+4) within 5′-
leader regions was shown to significantly reduce translation
of downstream reporter sequences (e.g. in the most com-
prehensive study (24) it inhibited translation of the down-
stream reporter sequence by 70%). Notably, our results are
also in accordance with recent data on ribosome profiling in
both mouse and human cultured cells (25,26), demonstrat-
ing that the ribosomes initiate at the uAUG1 of TRPM7
with high frequency (Supplementary Figure S5).

The 40S ribosomal subunits that do bypass the uAUG1
encounter the uAUG2 codon. Our data suggest that it is
the uAUG2 that adjusts the magnesium optimum of trans-
lation of the main coding sequence. We demonstrated that
the uORF2 was translated more efficiently under higher
Mg2+ concentrations (Figure 7). This result is in agreement
with both classical (23) and more recent studies (27) show-
ing that the suboptimal context of the uAUG2 (U−3+G+4)
provides initiation of translation more efficiently under con-
ditions of high Mg2+ than at decreased Mg2+ levels. Thus,
under higher Mg2+ concentrations the 40S ribosomal sub-
units that bypass the uAUG1 most probably initiate at the
uAUG2, translate the uORF2 and terminate before they
reach the main coding sequence (Figure 8, upper scenario).
If the Mg2+ concentration is low, the uAUG2 is more likely
to be bypassed, and 40S ribosomal subunit continues to
scan along the mRNA and reaches the main start codon,
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Figure 7. (A) TRPM7 uORF2 has higher magnesium optimum of translation initiation. Graph shows dependences of translation rates of uORF2 (cir-
cles) and the main coding sequence (squares) on magnesium concentration. (B) Stop codon of uORF2 contributes to the initiation of translation of the
main reading frame. Graph shows translation rates of 2stopCGA-Luc-M7 (triangles) and M7-Luc-M7 (squares) mRNAs. Maximal synthesis rates were
normalized to the value of M7-Luc-M7 translation at the optimal magnesium concentration. Error bars represent SD of at least three experiments.

Figure 8. Proposed model of regulation of TRPM7 protein synthesis based
on scanning mechanism of translation initiation. Flag above an AUG
codon represents an initiation event on that AUG. The size of the flag re-
flects probability of initiation on the corresponding AUG codon. Most of
the time translation is initiated at the first uAUG codon so that the uORF1,
which overlaps the start codon of TRPM7 protein, gets translated, prevent-
ing synthesis of TRPM7 protein. In a small number of cases 40S scanning
subunits are able to bypass the uAUG1 and continue scanning. Under con-
ditions of high magnesium, scanning ribosomal subunits are more likely to
initiate at the uAUG2 (upper scenario) and translate the uORF2, reducing
the amount of ribosomes reaching the main start codon. Under conditions
of low magnesium, scanning 40S subunits are more likely to bypass the
uAUG2 and to reach the start codon of TRPM7 coding sequence (lower
scenario).

leading to the synthesis of TRPM7 protein (Figure 8, lower
scenario).

TRPM7 5′-leader represents a robust combination of
uORFs that governs TRPM7 synthesis according to Mg2+

concentration regardless of monovalent salt concentration
(Figure 4B). It has long been known that potassium ions
compete with magnesium ions for binding sites at the sur-
face of ribosomal subunits (28): the more potassium is
bound to the interface of the 40S ribosomal subunit, the
more magnesium is needed to occupy specific binding sites
and achieve proper initiation-competent conformation. Dy-

namics of translation reactions directed by �-globin 5′-
leader clearly shows that magnesium and potassium ions
are able to complement each other (Figure 4A). In contrast,
magnesium optimum of translation initiation on TRPM7
5′-leader is highly stable and is not perturbed by varying
potassium levels, clearly suggesting that TRPM7 5′-leader
utilized a specific and distinct mechanism to “sense” mag-
nesium concentration.

The scanning mechanism of initiation implies one more
possible route that can, in principle, lead to the synthesis
of TRPM7 protein––a reinitiation event after termination
of the uORF2 translation. If reinitiation does happen to
some extent, then disruption of the stop codon should lead
to a decrease in translation frequency of the main coding se-
quence. Indeed, we found that the mutant TRPM7 5′-leader
with the disrupted stop codon of the uORF2 directed trans-
lation 2-fold less efficiently than wild-type TRPM7 5′-leader
(Figure 7B). Although the reinitiation is the simplest ex-
planation of our result, alternative scenarios are also pos-
sible. For example, the observed inhibitory effect could be
caused by spatial interference of moving scanning 40S sub-
units, elongating ribosomes and positioning of terminating
complexes in the area of interest. Further studies are needed
to investigate the role of this highly conserved region in the
regulation of trpm7 expression.

On the basis of our results and the current knowledge in
the field, we propose the following hypothesis of TRPM7
function and regulation in vivo. In a resting cell 95% of
cellular magnesium is present in bound form, constitut-
ing an essential component of ribonucleic complexes, pro-
tein and membranes, whereas only a small fraction (0.5–
1 mM) is present in free form (29). Before cell division,
all cellular components have to be doubled, requiring a
large influx of Mg2+. During the G1 phase, as new cellu-
lar components are being synthesized, they bind all avail-
able free intracellular Mg2+, causing a decrease in its con-
centration. Previous studies have shown that TRPM7 chan-
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nel activity is regulated by intracellular magnesium: a de-
crease in Mg2+/Mg•ATP activates influx currents through
TRPM7. Furthermore, it was shown that TRPM7 currents
are specifically increased during the G1 phase of the cell cy-
cle (30). Our study demonstrates that magnesium also reg-
ulates trpm7 gene expression at the level of translation initi-
ation. Specifically, our data suggest that TRPM7 5′-leader
allows gradual upregulation of TRPM7 channel synthesis
under conditions of decreasing magnesium levels. For ex-
ample, as seen on Figure 6C, a decrease in magnesium con-
centration from 1.4 mM to 0.6 mM leads only to 2-fold in-
crease in efficiency of translation directed by a leader with-
out uAUG codons (1AUC2AUC) and to 10-fold increase in
efficiency of translation directed by the TRPM7 5′-leader.
Thus, TRPM7 protein synthesis is specifically fine-tuned to
respond to conditions of low magnesium to promote expres-
sion of trpm7 gene when activity of the channel is most re-
quired. It was previously shown that combination of high
transcript levels with tight translational control is utilized
by living organisms to minimize transcriptional noise, pre-
cisely adjusting the amount of synthesized protein to cellu-
lar needs in a changing environment (31). The need for such
finely tuned regulation is especially important for proteins
that display some toxicity when overproduced by the cell.
Similar to many other divalent cation channels, TRPM7
is permeable not only to Mg2+ but also to other divalent
cations, which are potentially toxic, such as Zn2+, Ni2+,
Ba2+ and Co2+ (32). This promiscuity may explain the high
evolutionary conservation of TRPM7 5′-leader organiza-
tion as it provides a mechanism of tight translational reg-
ulation of trpm7 gene expression.

The sensitivity of magnesium transporter/channel syn-
thesis to intracellular Mg2+concentrations could be a uni-
versal phenomenon. It is common in prokaryotes and in-
volves sensing of Mg2+ via riboswitch structures within
5′-leader sequences of magnesium transporter mRNAs
(20,33,34). These sequences control transcriptional elon-
gation by adopting distinct conformations in response to
different Mg2+ concentrations. Conformations favored un-
der low Mg2+ level permit transcription elongation and
further magnesium transporter synthesis, whereas confor-
mations adopted at high magnesium levels cause termina-
tion of transcription without production of the magnesium
transporter. Such a mechanism cannot occur in eukaryotes
because (i) transcription and translation are not coupled
in eukaryotic cells and (ii) dynamics of translation initia-
tion are highly dissimilar between eukaryotes and prokary-
otes. Studies of mechanisms of regulation of magnesium
transporter synthesis in eukaryotes so far have been lim-
ited to ALR1, a major magnesium transporter in yeast. It
was shown that transcript of the ALR1 gene was a sub-
ject for regulated degradation by nonsense-mediated decay
pathway due to the presence of a short uORF in its 5′-
leader (35). However, data on whether degradation of ALR1
transcript occurs in response to Mg2+ levels remain contro-
versial (36,37). In this study we found the first example of
a magnesium channel synthesis being controlled by Mg2+

concentration in a vertebrate at the stage of translation ini-
tiation. It relies on the fact that in eukaryotes the 40S ribo-
somal subunit binds 5′-cap structure and starts the unidirec-
tional mRNA scanning in search of an AUG codon. Our

data demonstrate that magnesium sensitivity of TRPM7
protein synthesis is based on the differential probability of
uAUG recognition during this scanning process. Since the
TRPM7 5′-leader uORFs are conserved among all verte-
brates, it is likely that their function in regulating TRPM7
translation is likewise conserved. Future studies will eluci-
date the finer details of the mechanism of this regulation
and the extent of its evolutionary conservation.
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