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Glycerol-driven TNAP activation in 
thermogenesis and mineralization

Mohammed Faiz Hussain1,2,14, Shreya S. Krishnan2,3,14, Brittany L. Carroll2,3,14, 
Bozena Samborska1, Aisha Mousa4,5, Alice Williamson6,7,8, Maria Delgado-Martin1,2, 
Bindu Y. Srinivasu9, Jakub Bunk1,2, Janane F. Rahbani1,10, Abel Oppong1,2, Anna Roesler1,2, 
Zafir Kaiser1,2, Mina Ersin1,2, Qiaoqiao Zhang1,2, Maria Guerra Martinez1,2, Abhirup Shaw1,2, 
Jonathan Cheng2, Hannah Klemets2, Katalin Kocsis Illes2,3, Victoria E. DeMambro11, 
Clifford J. Rosen11, José Luis Millán12, Thomas E. Wales9, Claudia Langenberg6,7,13, 
Marc D. McKee3,4,5, Alba Guarné2,3 & Lawrence Kazak1,2 ✉

Tissue-nonspecific alkaline phosphatase (TNAP) promotes skeletal mineralization  
by hydrolysing pyrophosphate1 and has been linked to uncoupling protein 1 (UCP1)- 
independent adipocyte thermogenesis through the futile creatine cycle through 
phosphocreatine hydrolysis2,3. Despite TNAP’s broad physiological roles, endogenous 
regulators of its activity have not been defined. Furthermore, the activation mechanism 
of UCP1-independent thermogenesis has remained unresolved. Here we identify 
glycerol as an allosteric activator of TNAP. Glycerol binds to a surface pocket distal  
to the active site, which we term the glycerol pocket, to enhance TNAP activity. Using 
biophysical, structural, bioenergetic and physiological approaches, we show that the 
glycerol pocket is required for TNAP-driven thermogenesis. Through this mechanism, 
TNAP activates the futile creatine cycle, acting as a physiological complement to 
UCP1. The glycerol pocket is likewise required for optimal osteoblast-regulated 
mineralization. Human missense variants in this site reduce TNAP-dependent 
mineralization in vitro and are associated with lower alkaline phosphatase activity and 
bone mineral density, providing genetic evidence that its disruption impairs skeletal 
physiology.

TNAP hydrolyses diverse phosphorylated substrates1. In osteoblasts, 
TNAP is tethered to the plasma membrane through a C-terminal gly-
cosylphosphatidylinositol (GPI) anchor1, where its extracellular active 
site hydrolyses pyrophosphate (PPi), a potent mineralization inhibi-
tor, to control local inorganic phosphate (Pi) availability for calcium 
phosphate deposition in the skeleton4. Mice deficient in Alpl, the 
gene encoding TNAP, exhibit osteomalacia (soft bones) and reduced 
survival5, and humans with ALPL mutations can develop hypophos-
phatasia—a spectrum of mineralization defects ranging from perinatal 
skeletal failure to adult-onset osteoporosis-like symptoms6. In brown 
adipocytes, mitochondrial-inner-membrane-localized TNAP hydrolyses 
phosphocreatine (PCr) generated by creatine kinase B (CKB), together 
driving the futile creatine cycle (FCC)—a creatine phosphorylation– 
dephosphorylation cycle that accelerates ATP turnover, oxygen consum
ption and thermogenesis2,3,7–9. Adipocyte-specific deletion of Ckb or Alpl 
causes susceptibility to diet-induced obesity and impaired glucose home-
ostasis in mice3,9. Notwithstanding its broad relevance, the physiological  
mechanisms that regulate TNAP activity have remained unclear.

 
Glycerol activates recombinant TNAP
Thermogenesis is orchestrated by intracellular mediators that relay 
extracellular cues to effector proteins10. While free fatty acids activate 
UCP1-dependent thermogenesis11, the mechanisms governing UCP1-
independent pathways remain undefined. We therefore examined the 
FCC. Noradrenergic stimulation of immortalized and primary mouse 
brown adipocytes induced around 15-fold upregulation of Alpl mRNA 
(Extended Data Fig. 1a), consistent with a role for TNAP in thermogen-
esis. To identify regulatory metabolites that activate the FCC, we per-
formed metabolomic profiling of brown adipose tissue (BAT) from mice 
housed at thermoneutrality (30 °C) or exposed to cold (6 °C) for 3 weeks. 
In total, 32 metabolites were significantly upregulated by cold (Fig. 1a 
and Supplementary Table 1), including succinate, a known thermogenic 
regulator12. To determine whether candidate metabolites directly regu-
late TNAP, we purified mature wild-type (WT) and catalytically inactive 
(S110A) mouse TNAP dimers and removed small molecules by buffer 
exchange (Extended Data Fig. 1b,c). TNAP activity, measured as Pi release 
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from PCr, was abolished by a specific TNAP inhibitor (Extended Data 
Fig. 1d) and was absent in the catalytically inactive mutants (S110A, 
D60A and T167R) despite normal expression and folding (Extended Data 
Fig. 1e,f), validating the assay specificity. Phosphorylated metabolites 
were excluded as candidate regulators because they acted as TNAP sub-
strates (Extended Data Fig. 1g). Among non-phosphorylated candidates, 
glycerol was the most potent TNAP activator in an enzyme-linked assay 
using purine nucleoside phosphorylase (PNP) as the coupling enzyme 
(Fig. 1b). Glycerol did not affect PNP activity, confirming the assay speci-
ficity for TNAP (Extended Data Fig. 1h,i). Noradrenergic stimulation 
increased intracellular glycerol in cultured brown adipocytes (Extended 
Data Fig. 1j and Supplementary Table 2). Glycerol, but not palmitate 
(another lipolytic product), stimulated TNAP-mediated PCr hydrolysis 
in a dose-dependent manner (Fig. 1c), an effect that was reproduced 
with isotopically labelled glycerol (Extended Data Fig. 1k,l). Glycerol 
also increased TNAP-dependent PPi hydrolysis (Extended Data Fig. 1m). 
TNAP turnover (kcat) was highest for PPi, followed by PCr and ATP (Fig. 1d 
and Extended Data Fig. 1n). Catalytic efficiency (kcat/KM) was highest for 
PCr and was increased by glycerol across all substrates (Extended Data 
Fig. 1n). Recombinant human TNAP was similarly activated (Extended 
Data Fig. 1o). Although phosphate acceptors can accelerate TNAP activ-
ity in vitro13, 31P nuclear magnetic resonance (NMR) demonstrated that 
glycerol does not function as a phosphate acceptor (Fig. 1e and Extended 
Data Fig. 1p). We therefore conclude that glycerol acts as a signalling 
metabolite that enhances TNAP activity.

Glycerol activates mitochondrial TNAP
Recombinant TNAP lacks GPI anchoring, carries distinct glycosyla-
tion and contains a C-terminal His tag, features that may influence 

activity14. We therefore examined endogenous TNAP in BAT mitochon-
dria, where it has been proposed to localize to the inner membrane3. 
Glycerol increased native TNAP-dependent PCr hydrolysis by around 
tenfold in intact mouse and human brown adipocyte mitochondria 
and in mitochondrial lysates (Fig. 1f,g and Extended Data Fig. 1q,r). Gas 
chromatography coupled with mass spectrometry (GC–MS) analysis 
confirmed the presence of glycerol within rapidly purified mitochon-
dria (Extended Data Fig. 1s,t), indicating that mitochondrial TNAP can 
encounter glycerol in cells.

Glycerol drives futile creatine cycling
We next established an enzyme-linked assay coupling the FCC effectors 
(CKB and TNAP) to NADH oxidation, such that creatine-stimulated 
NADH oxidation reports CKB-dependent flux, whereas PCr-driven 
oxidation strictly requires both CKB and TNAP, together providing 
a functional readout of FCC activity (Fig. 2a). Glycerol was required 
for PCr to stimulate NADH oxidation in BAT mitochondria but had no 
effect in heart or liver (Fig. 2b), probably attributable to the absence 
of mitochondrial TNAP (Extended Data Fig. 2a–c). Glycerol amplified 
the super-stoichiometric effect of creatine on ATP turnover, as meas-
ured by oxygen consumption and NADH oxidation (Fig. 2c,d), support-
ing glycerol-dependent TNAP activation that enhances FCC-driven  
thermogenesis.

As CKB is essential for the FCC9, we validated our enzyme-linked 
assay using genetic rescue in Ckb−/− brown adipocytes expressing  
either green fluorescent protein (GFP), WT CKB, a non-mitochondrial 
variant (CKB(ΔiMTS-L))9 or a catalytically inactive mutant (CKB(C283S))15 
(Fig. 2e,f). In mitochondrial extracts, creatine and PCr stimulated NADH 
oxidation in control Ckb fl/fl adipocytes and in Ckb−/− adipocytes restored 
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Fig. 1 | Activation of TNAP by glycerol. a, Cold-regulated metabolites in BAT. 
Data are shown for biologically independent mice (n = 5 per group). b, Ligand- 
induced (1 mM) hydrolysis of PCr (3 μM) by recombinant WT mouse TNAP.  
Data are shown for independent in vitro reactions (n = 3 per group). Pyro-Glu, 
pyroglutamate; N-C-Asp, N-carbamoyl aspartic acid; NR, nicotinamide riboside; 
NAc-Glu, N-acetyl glutamic acid; γ-Glu-Cys, γ-glutamate-cysteine; NAc-Gln, 
N-acetyl glutamine; 2-HGA, 2-hydroxyglutaric acid; HC, homocitrate.  
c, Hydrolysis of PCr by recombinant WT mouse TNAP. Data are shown for 
independent in vitro reactions (n = 3 per group). d, Glycerol-induced (1 mM) 
hydrolysis of PPi, PCr and adenosine triphosphate (ATP) by recombinant WT 
mouse TNAP. Data are shown for independent in vitro reactions (n = 3 per group). 

e, PCr hydrolysis and Pi accumulation by recombinant WT mouse TNAP 
measured by 31P NMR. f,g, Glycerol-induced (1 mM) PCr hydrolysis in intact 
mouse (f) and human (g) brown adipocyte mitochondria mediated by 
endogenous TNAP, defined as the portion of hydrolysis inhibited by SBI-425 
(10 µM) at pH 7.2. Data are shown for biologically independent mitochondrial 
preprations (n = 3 (mouse) and n = 4 (human) per group). Error bars represent 
mean ± s.e.m. a, Nominal P values were adjusted for multiple comparisons  
using the Benjamini–Hochberg false-discovery rate method. Statistical 
analysis was performed using multiple two-tailed Student’s t-tests (b), 
nonlinear regression (c and d) and two-tailed Student’s t-tests (f and g).
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with WT CKB (Fig. 2g). In cytosol, creatine, but not PCr, stimulated NADH 
oxidation in control Ckbfl/fl adipocytes and in Ckb−/− adipocytes express-
ing WT CKB or CKB(ΔiMTS-L) (Fig. 2h). No activity was detected in Ckb−/− 
adipocytes expressing GFP or CKB(C283S). Thus, active mitochondrial 
CKB is required for FCC activity.

Alpl silencing in brown adipocytes reduced mitochondrial TNAP pro-
tein levels without affecting CKB expression (Extended Data Fig. 2d,e). 
In the enzyme-linked FCC assay, glycerol enhanced creatine-driven 
NADH oxidation in a TNAP-dependent manner (Extended Data Fig. 2f). 
Consistent with this requirement, TNAP was enriched in mitochondria 
(Extended Data Fig. 2g). Genetic or pharmacological TNAP inhibition 
selectively impaired PCr-stimulated, but not creatine-stimulated, 
NADH oxidation in mitochondria (Fig. 2i,j); by contrast, in cytosol, cre-
atine stimulated NADH oxidation, whereas PCr had no effect (Extended 
Data Fig. 2h). Together, these findings demonstrate that mitochondrial 
CKB and TNAP are jointly required for FCC activity and that glycerol 
accelerates the cycle by enhancing TNAP-mediated PCr hydrolysis.

Structural basis for TNAP activation
To define the structural basis of glycerol-mediated activation, we solved 
the crystal structure of catalytically inactive mouse TNAP(S110A) bound 
to PCr and glycerol at a resolution of 2.3 Å. TNAP formed a canoni-
cal alkaline phosphatase dimer virtually identical to human TNAP16 
(root mean square deviation of 0.37 Å across 3,118 atoms) (Fig. 3a and 
Supplementary Table 3). The Ca2+-binding site displayed octahedral 
coordination by Glu235 (α9–α10 loop), Glu291, Asp306, the carbonyl 
oxygen of Phe290 (β6–α12 loop) and one water molecule (Fig. 3b).  

The first metal binding site (M1) contained Zn2+ coordinated by Asp337 
and His341 (α13), His454 (β10–β11 loop) and the PCr phosphate. The 
second site (M2) contained Mg2+ coordinated by Asp378 and His379 
(β8–β9 loop) together with the PCr phosphate. In TNAP(S110A), the 
β-carbon of Ala110 is 3.4 Å away from M2, which is comparable to WT 
TNAP but prevents the formation of a competent active site. Anomalous 
difference maps at the Zn2+ edge confirmed the identities of the M1 and 
M2 metals (Extended Data Fig. 3a). The third metal site (M3) lacked 
density, consistent with previous evidence of exchange at this posi-
tion17,18. The presence of Mg2+ rather than Zn2+ in M2 probably reflects 
weakened coordination in catalytically dead TNAP(S110A) together 
with the phosphate-rich crystallization conditions that readily chelate 
free Zn2+ ions19. PCr bound through its phosphate, coordinating M1 and 
M2, forming a salt bridge with Arg184 (α6–α7 loop), and approaching 
Asp337 (β8–β9 loop) and His454 (β10–β11 loop) for potential hydro-
gen bonding (Fig. 3c). ATP- and PPi-bound TNAP(S110A) structures 
exhibited similar phosphate coordination without additional stabiliz-
ing interactions (Extended Data Fig. 3b and Supplementary Table 3). 
The creatine moiety occupied a surface groove between the crown 
domain and TNAP core with weak density indicating conformational 
flexibility (Fig. 3a and Extended Data Fig. 3b), consistent with broad 
substrate specificity.

We identified five glycerol molecules bound per TNAP dimer 
(Extended Data Fig. 3c). One bound to a single protomer, and was a crys-
tallography artefact; mutation of its anchoring residue (TNAP(D248A)) 
did not affect glycerol-stimulated activity (Extended Data Fig. 3d). 
The remaining four glycerol molecules bound to two identical sites 
on both protomers. One pair occupied a shallow pocket at the crown 
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Fig. 2 | Acceleration of the FCC by glycerol. a, Schematic of the enzyme-linked 
assay used to measure the FCC. b, Creatine (Cr)- and PCr-driven NADH oxidation 
in mitochondrial lysates at pH 7.2. Data are shown for biologically independent 
mitochondrial preparations (n = 3 per group and tissue, except for the liver  
PCr group, for which n = 4). c, Stoichiometry of ADP release (calculated using  
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(O2 consumption). Data are shown for biologically independent mitochondrial 
preparations (n = 3 per group). d, NADH oxidation from mitochondrial lysates 
in response to 2 nmol creatine. Data are shown for biologically independent 
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domain base near the dimer interface and adjacent to the active site, 
contacting Asp404 of one protomer and the main chain of His451 of 
the other (Extended Data Fig. 3c). Mutation of Asp404 (TNAP(D404A)) 
abolished catalytic activity (Extended Data Fig. 3e,f), and analysis using 
hydrogen-deuterium exchange MS (HDX-MS) indicated a more dynamic 
and destabilized conformation (Extended Data Fig. 3g and Supplemen-
tary Table 4). The second glycerol pair occupied a conserved distal 
surface pocket adjacent to the GPI anchor, defined by Lys52, Thr321 
and Asp370 (Fig. 3a,d). Glycerol formed hydrogen bonds with the side 
chains of Asp370 and Lys52 and the backbone nitrogen of Ser367. Nota-
bly mutation of Asp370 or Lys52 abolished glycerol-stimulated PCr 
hydrolysis without affecting basal activity (Fig. 3e), identifying this 
distal pocket as necessary for inducible activation. We next solved 
the crystal structure of TNAP(D370G) bound to PCr at a resolution of 
2.1 Å. This structure revealed water molecules, but not glycerol, in this 
cavity, despite crystallization in the presence of glycerol (Fig. 3f and 
Supplementary Table 3). By contrast, glycerol persisted at the crown 
domain base of TNAP(D370G) (Fig. 3g), indicating that this site does 
not mediate inducible enzyme activation. The TNAP(D370G) active 
site remained intact and phosphate bound (Fig. 3g) but was more open 
than catalytically inactive TNAP(S110A), with Arg184 side-chain dis-
placement shifting the phosphate 1.2 Å from the metals, disrupting 
the PCr salt bridge and potentially facilitating phosphate release after 
hydrolysis (Extended Data Fig. 3h).

Collectively, our data indicate that the distal GPI anchor-adjacent 
surface pocket is the site where glycerol binds to mediate inducible 
TNAP activation. Whereas WT TNAP binds to glycerol at this site and 
is activated, TNAP(D370G) neither binds to nor responds. On this 
basis, we designate this distal site as the allosteric glycerol pocket—a 
control node for TNAP activity. The specificity of this activation was 
notable. Neither protein-stabilizing cosolvents nor closely related 
metabolites (glyceraldehyde, glyceric acid or ethylene glycol) acti-
vated TNAP (Extended Data Fig. 3i–k). Moreover, the glycerol pocket 
contained only water molecules when glycerol was replaced by ethylene 
glycol as the cryoprotectant (Extended Data Fig. 3l and Supplementary 
Table 3). Thus, glycerol activates TNAP through specific binding at a 
distal allosteric site.

Additive allosteric reduction of HDX
HDX-MS analysis of WT TNAP with glycerol, PCr or both revealed local-
ized changes in deuterium incorporation that mapped to regions 
proximal and distal to the glycerol pocket. A schematic of TNAP is 
shown for reference (Fig. 3h), with the regions affected by deuterium 
exchange modelled onto the structures we solved (Fig. 3i–n and Sup-
plementary Table 4). Glycerol alone modestly stabilized (decreased 
HDX) segments at the N terminus (α1–α2, amino acids Lys22–Gln44), 
α3–β2 (amino acids Gln76–Lys91), α5–β3 (amino acids Ala154–Ala179), 
α13–β8 (amino acids Lys361–Phe385) and the crown domain (amino 
acids Thr384–Gly416 and amino acids His438–Phe462) (Fig. 3i,j). PCr 
alone stabilized the loop connecting α3–β2 (amino acids Gln76–Lys91), 

the active site (amino acids Thr100–Asn124) and β6–α12 (amino acids 
Leu299–Glu314) (Fig. 3k,l). Notably, combined glycerol and PCr pro-
duced additive reductions in exchange across all regions affected 
individually (Fig. 3m,n).

The HDX-MS profiles of TNAP in the presence of glycerol reveal 
several structural insights. The very mild decreases in exchange at 
the Lys22–Gln44, Gln76–Lys91 and Ala154–Ala179 regions, and the 
crown domain occur at sites distant from the glycerol pocket. By con-
trast, reduced HDX at α13–β8 (amino acids Lys361–Phe385), which lies 
adjacent to the glycerol pocket, points to a localized effect of ligand 
binding. These findings indicate that glycerol binding induces coordi-
nated changes in backbone dynamics across both proximal and distal 
regions, consistent with allosteric regulation of TNAP activation. PCr 
binding alone produced additional alterations, yet the Gln76–Lys91 
loop was consistently affected by both glycerol and PCr despite their 
distinct binding sites, suggesting that this region may serve as a key 
regulatory element. Moreover, reduced HDX at the N terminus and 
crown domain supports their roles as potential allosteric hubs trans-
mitting conformational signals from glycerol and PCr binding. Thus, 
these coordinated alterations in backbone dynamics suggest that TNAP 
activation by glycerol is mediated by a reduction in conformational 
flexibility that stabilizes an activation-competent state.

Quantifying the FCC
The quantitative contribution of UCP1-independent thermogenesis 
has not been defined. Thus, we set out to measure the quantitative 
contribution of the FCC to energy expenditure using isolated mito-
chondria, intact brown adipocytes and in vivo physiological conditions. 
In mitochondria isolated from cultured brown adipocytes, glycerol 
markedly amplified creatine-dependent ADP-driven respiration and 
was required for creatine to elicit a sustained respiratory response 
(Extended Data Fig. 4a–d)—a defining feature of an energy-dissipating 
thermogenic pathway. When glycerol was present, TNAP inhibition 
specifically reduced ADP-stimulated respiration only in the pres-
ence of creatine (Extended Data Fig. 4e–g), but not in its absence 
(Extended Data Fig. 4e,f,h). This specificity demonstrates that TNAP 
preferentially hydrolyses PCr rather than ATP to drive the FCC. From 
these assays, we quantified an FCC activity of 5.0 ± 2.1 nmol min−1 mg−1 
mitochondrial protein, representing the TNAP-dependent portion 
of the sustained respiratory response that was driven by creatine 
(Extended Data Fig. 4i,j). By comparison, UCP1-dependent respira-
tion was 12.4 ± 3.4 nmol min−1 mg−1 mitochondrial protein (Extended 
Data Fig. 4k), indicating that the FCC provides around 40% of the 
thermogenic capacity relative to UCP1 in cultured brown adipocyte 
mitochondria. This value is probably conservative, as UCP1-dependent 
respiration was measured in the absence of purine nucleotides, which 
physiologically inhibit UCP1 and must be displaced by fatty acids dur-
ing thermogenic activation.

To assess the FCC under physiologically relevant conditions, we 
quantified glycerol and creatine concentrations in BAT from mice 

Fig. 3 | The structural basis of glycerol activation and substrate-induced 
changes in TNAP backbone dynamics. a, Ribbon diagram of the TNAP(S110A) 
dimer bound to PCr and glycerol, with protomers shown in different colours; 
PCr is shown as sticks, and glycerol and metal ions are shown as spheres.  
b, Magnified view of the Ca2+-binding site; coordinating side chains are shown 
as sticks. c, The TNAP(S110A) active site bound to PCr, highlighting coordination 
of the two metal ions and the glycerol molecule bound at the base of the crown 
domain. d, Magnified view of the glycerol pocket in TNAP(S110A) crystallized 
with PCr in the presence of glycerol, shown as a semitransparent surface over 
the ribbon diagram; glycerol and coordinating residues are labelled and shown 
as sticks. e, Glycerol-induced PCr hydrolysis by recombinant WT TNAP and 
TNAP(D370G), TNAP(D370A) and TNAP(K52S) variants. Data are shown for 
independent in vitro reactions (n = 3 per group). f, Magnified view of the 

glycerol pocket in TNAP(D370G) bound to PCr and crystallized with glycerol, 
shown in the same orientation and style as in d; water molecules lining the 
pocket are shown as red spheres. g, Magnified view of the TNAP(D370G) active 
site bound to PCr in the presence of glycerol, with the phosphate ion generated 
by PCr hydrolysis shown as sticks, in the same orientation and style as in c.  
h, Linear map showing key regions and secondary structural elements of TNAP. 
i,k,m, HDX MS difference profiles showing the relative differences in deuterium 
incorporation (D) between two states. TNAP + glycerol versus TNAP (i), TNAP +  
PCr versus TNAP (k) and TNAP + glycerol + PCr versus TNAP (m). j,l,n, Regions 
of HDX differences at 10 min are shown on the cartoon structure of TNAP and 
coloured according to the scale shown, showing the effect of glycerol ( j), PCr (l) 
and glycerol + PCr (n). Error bars represent mean ± s.e.m. Statistical analysis 
was performed using nonlinear regression (e).
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acclimatized to 30 °C or 6 °C, correcting for adipocyte diameter20, 
adipocyte number21 and tissue mass (Extended Data Fig. 5a). GC–MS 
analysis showed that glycerol levels ranged from 0.24 to 17.9 mM, 
increasing with cold exposure (Extended Data Fig. 5b,c) and falling 
within the range of concentrations that activate recombinant TNAP 
(Fig. 1c, Extended Data Figs. 1m and 3i,k). Creatine levels were then 
measured in vivo, where cellular levels are regulated by import through 
solute carrier family 6 member 8 (SLC6A8) and synthesis through gly-
cine amidinotransferase (GATM)22,23 (Extended Data Fig. 5d). To iso-
late the adipocyte-specific pool, we constructed adipocyte-selective 
Slc6a8;Gatm double-knockout (Slc6a8;GatmAdipoq-cre) mice and quanti-
fied creatine levels in the BAT relative to the controls. As expected, 
double-knockout mice exhibited reduced Slc6a8 and Gatm mRNA levels 
in the BAT (Extended Data Fig. 5e). Liquid chromatography coupled 
with MS (LC–MS) analysis, based on the differential creatine abun-
dance in BAT between double-knockout (Slc6a8;GatmAdipoq-cre) mice 
and littermate controls, revealed that parenchymal brown adipocytes 
contained 0.23 to 5.62 mM creatine, again with higher concentrations 
under cold conditions (Extended Data Fig. 5f–h).

Next, we quantified UCP1-dependent thermogenesis in BAT mito-
chondria to be 95.6 ± 12.2 nmol min−1 mg−1 mitochondrial protein, con-
sistent with previous reports using identical substrates24 (Extended 
Data Fig. 6a). In GDP-containing preparations, titration of the protono-
phore cyanide 4-trifluoromethoxy phenylhydrazone (FCCP) induced 
respiration comparable to purine nucleotide omission (Extended 
Data Fig. 6b), and around 25% of protonophore-stimulated respiration 
remained ADP-coupled, consistent with published values25 (Extended 
Data Fig. 6c,d). Having confirmed the quality of our preparations, 
we modelled FCC activity under physiological thermogenic condi-
tions, using moderate (mid-range) concentrations of glycerol (5 mM) 
and creatine (3 mM) concentrations measured in cold-acclimatized 
brown adipocytes (Extended Data Fig. 5c,h). Creatine potentiated 
ADP-dependent respiration, and TNAP inhibition selectively abolished 
the creatine-dependent sustained respiratory response, yielding an 
FCC rate of 5.7 ± 0.8 nmol min−1 mg−1 mitochondrial protein (Fig. 4a–c 
and Extended Data Fig. 6e). ADP-stimulated respiration in the absence 
of creatine was unaffected by TNAP blockade (Extended Data Fig. 6e), 
confirming FCC specificity. Physiologically, free fatty acids released 
during lipolysis must overcome purine nucleotide inhibition, particu-
larly by ATP, to engage UCP1-dependent leak respiration11. To model 
this, we used GDP as a surrogate for ATP, at concentrations approxi-
mating those in thermogenically activated brown adipocytes24,26,27, 
together with free palmitate levels reported to drive proton leak dur-
ing thermogenesis27. This yielded fatty-acid-induced respiration rates 
ranging from 9.8 ± 1.9 nmol min−1 mg−1 to 25.0 ± 2.8 nmol min−1 mg−1 
mitochondrial protein (Fig. 4d), with peak responses matching pre-
vious reports11,24,28–33. Under these conditions, FCC capacity reaches 
levels corresponding to around 23–37%, 25–50% and 40–60% of 
fatty-acid-induced leak respiration at 1, 3 and 5 mM GDP, respectively. 
These values align with recent in vivo studies demonstrating that the 
FCC operates alongside UCP1 and can independently sustain a sub-
stantial fraction of cellular and whole-body thermogenesis even in the 
absence of UCP1 (refs. 7,34).

FCC requires the TNAP glycerol pocket
To determine the contribution of the glycerol pocket to FCC-dependent 
thermogenesis, we engineered Alpl-deficient (knockout (KO)) brown 
adipocytes lacking TNAP activity (Extended Data Fig.  7a,b) and 
reintroduced into these cells (through adenoviral infection) either  
WT, catalytically dead (S110A) or allosteric glycerol pocket mutants 
(D370G and K52S) of TNAP (Extended Data Fig. 7c). After mitochondrial 
isolation (Fig. 4e), respirometry revealed that FCC-driven thermo-
genesis required TNAP activity and glycerol coordination by Asp370 
or Lys52 (Fig. 4f). Consistently, glycerol-induced PCr hydrolysis was 

observed only in control Alpl fl/fl brown adipocytes and in Alpl−/− brown 
adipocytes restored with WT TNAP, and not with catalytically inactive 
TNAP(S110A) or TNAP with allosteric glycerol pocket mutants (K52S or 
D370G) (Extended Data Fig. 7d). BAT glycerol levels were comparable 
between mice lacking Alpl in adipose tissue (AlplAdipoq-cre) and littermate 
control (Alpl fl/fl) mice (Extended Data Fig. 7e), indicating that TNAP does  
not regulate glycerol abundance in bulk tissue.

To investigate how thermogenic adipocytes support glycerol-driven 
FCC activation, we introduced empty adeno-associated virus (AAV) 
or TNAP variants (WT, S110A, K52S and D370G) into the BAT of mice 
genetically lacking Alpl in adipose tissue (AlplAdipoq-cre). In acutely puri-
fied mature brown adipocytes (Fig. 4g), TNAP variants were similarly 
expressed, with glycerol pocket mutants expressed at slightly higher 
levels, and UCP1 levels were comparable across groups (Extended 
Data Fig. 7f). Cells expressing WT TNAP exhibited significantly greater 
noradrenaline-stimulated thermogenesis compared with either control 
condition—empty AAV or the catalytically inactive TNAP(S110A) mutant, 
which were indistinguishable from one another—while basal and leak 
respiration were unchanged (Extended Data Fig. 7g–i). In WT-TNAP cells, 
around 40% of the noradrenaline response was ATP-linked, an effect 
similarly blunted in both empty AAV- and TNAP(S110A)-expressing 
cells (Extended Data Fig. 7j). To isolate the TNAP-dependent thermo-
genic contribution, we subtracted residual ATP-dependent oxygen 
consumption measured in empty AAV-infected cells, which matched 
responses in TNAP(S110A)-expressing cells (Extended Data Fig. 7j). As 
the TNAP glycerol-pocket mutants (D370G, K52S) retained substan-
tial basal catalytic activity, whereas TNAP(S110A) and empty AAV had 
none (Extended Data Fig. 7k), we normalized respiratory responses 
to glycerol-independent TNAP activity to control for differences in 
rescued TNAP variant expression. Glycerol-pocket mutants exhibited 
a >90% reduction in TNAP-mediated thermogenesis, comparable to 
catalytically inactive S110A or empty AAV controls, and markedly lower 
than TNAP-WT rescue and endogenous TNAP controls (Alpl fl/fl), which 
were indistinguishable from one another (Fig. 4h). Noradrenaline-stim-
ulated lipolysis and mitochondrial targeting were unchanged across 
TNAP variants (Extended Data Fig. 7l–n), indicating that noradrenaline 
engages thermogenesis through allosteric activation of the TNAP glyc-
erol pocket rather than altered substrate delivery or localization. Con-
sistent with this model, glycerol-induced TNAP activity was detected 
exclusively in control Alpl fl/fl brown adipocytes and in AlplAdipoq-cre brown 
adipocytes restored with WT TNAP, whereas those restored with the 
catalytically inactive TNAP(S110A) and empty AAV controls showed no 
detectable PCr hydrolytic activity (Extended Data Fig. 7o).

We next investigated the contribution of thermogenic adipocytes 
to TNAP-driven thermogenesis through the glycerol pocket in vivo. 
Given the compensatory interplay between UCP1 and futile cycles34, we 
introduced empty AAV or TNAP variants (WT, S110A, K52S or D370G) 
into the parenchymal brown adipocytes of inducible double-knockout 
mice lacking both Ucp1 and Alpl in all fat cells (iADKOAlpl;Ucp1) (Fig. 4i 
and Extended Data Fig. 8a–c). Uncorrected indirect calorimetry 
after noradrenaline injection showed that Alpl fl/flUcp1fl/fl controls and 
iADKOAlpl;Ucp1 double-knockouts rescued with WT AAV displayed the 
strongest thermogenic responses (Extended Data Fig. 8f). We also 
quantified the noradrenaline-induced component of thermogenesis, 
revealing that WT AAV restored this response in double-knockout mice 
to control levels (Fig. 4j). Consistent with loss of catalytic activity in 
TNAP(S110A), noradrenaline-stimulated responses were indistinguish-
able from the empty AAV controls (Fig. 4j). Although TNAP allosteric 
glycerol pocket mutants (K52S and D370G) were expressed at compara-
ble or higher levels and retained basal hydrolytic activity in the absence 
of glycerol (Extended Data Fig. 8c,d), neither restored thermogenesis. 
Instead, their responses were superimposable on catalytically dead 
TNAP(S110A) and empty AAV (Fig. 4j). While Alpl deletion modestly 
lowered endogenous Ckb mRNA, indicating coordinated regulation of 
FCC components, Ckb levels were indistinguishable across all rescued 
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TNAP-variant groups (Extended Data Fig. 8e), excluding CKB abun-
dance as a confounder. Together, these findings demonstrate that the 
glycerol pocket is essential for TNAP-mediated thermogenesis in vivo.

To independently validate these findings, we measured cold- 
induced energy expenditure in iADKOAlpl;Ucp1 mice genetically restored 
with TNAP variants (Extended Data Fig. 8g–i). Analysis of uncorrected 
energy expenditure at cold steady state revealed no differences 

between the groups (Extended Data Fig. 8j,k). However, when the 
cold-induced response was analysed by normalizing all groups to a 
common internal reference (AAV-WT), TNAP WT fully restored the 
acute cold-induced increase in energy expenditure in iADKOAlpl;Ucp1 
mice to levels observed in the WT controls (Alpl fl/flUcp1fl/fl) (Fig. 4k,l), 
confirming robust rescue of thermogenic capacity. By contrast, TNAP 
glycerol-pocket mutants—despite comparable Alpl expression, basal 
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TNAP activity and endogenous Ckb levels (Extended Data Fig. 8i,l,m)—
did not restore energy expenditure and phenocopied the catalytically 
inactive TNAP(S110A) mutant (Fig. 4k,l). Notably, the magnitude of 
the TNAP glycerol-pocket-dependent effect on energy expenditure 
was comparable to that reported for canonical thermogenic effec-
tors such as Ucp1, and essential lipolytic regulators including adeny-
lyl cyclase 3 (Adcy3) and CGI-58 (encoded by Abhd5)35–37. Food intake 
and locomotor activity did not differ among TNAP variant groups 
(Extended Data Fig. 8n,o). Together, these data establish the glycerol 
pocket as an essential determinant of TNAP-mediated thermogenesis in  
mitochondria, intact adipocytes and in vivo.

Mutations in the ALPL glycerol pocket
We hypothesized that the mechanism of TNAP activation identi-
fied in thermogenic adipocytes may also operate in other cell types. 
As reduced serum alkaline phosphatase, reflecting impaired TNAP 
activity, is the clinical hallmark of hypophosphatasia38, we focused 
on skeletal mineralization. To investigate the phenotypic impact 
of ALPL variants in humans, we performed gene burden analyses 
using whole-exome sequencing data from the UK Biobank (UKBB; 
n ≈ 500,000)39. Recognizing that variant grouping strategies affect the 
specificity of gene burden analyses40, we applied multiple classification 
tools informed by experimental and structural data to evaluate mis-
sense variants across TNAP domains (Extended Data Fig. 9a and Sup-
plementary Table 5). Deleterious variants in the glycerol pocket were 
strongly associated with lower plasma alkaline phosphatase activity 
and reduced bone mineral density (Fig. 5a,b, Extended Data Fig. 9b,c 
and Supplementary Table 6), aligning with TNAP’s well-established role 
in skeletal mineralization. Notably, the strength of these associations 
exceeded those of variants in any other domain except the active site 
(Fig. 5b and Supplementary Table 7). Additional associations included 
nominal elevations in plasma calcium and phosphate (Extended Data 
Fig. 9d,e and Supplementary Table 6), phenotypes that are consist-
ently observed in 15–20% of patients with hypophosphatasia, pre-
sumably attributable to impaired mineralization41. Supporting their 
pathogenicity, glycerol-pocket mutations are annotated in the ALPL 
mutation database (https://alplmutationdatabase.jku.at/) as causative 
for hypophosphatasia (Extended Data Fig. 9f). While other nominal 
associations were detected, none passed multiple-testing correction 
(Supplementary Tables 8 and 9), suggesting that most carriers exhibit 
milder, incompletely penetrant phenotypes. Notably, deleterious 
glycerol-pocket variants were nominally associated with reduced hip 
circumference (unadjusted for BMI), an effect not seen with variants in 

other TNAP domains, potentially reflecting altered pelvic bone struc-
ture. Nominal associations with HbA1c levels hint at a possible role for 
TNAP in glucose metabolism (Supplementary Table 8), although these 
findings require replication in larger cohorts. Sex-stratified analy-
ses revealed no additional associations (Supplementary Table 10). 
Z-statistic comparisons confirmed the outsized phenotypic impact 
of glycerol pocket mutations relative to other regions (Supplemen-
tary Table 7). These findings establish the glycerol pocket as a critical 
functional domain of TNAP and underscore the clinical significance 
of ALPL mutations in this region.

The glycerol pocket optimizes mineralization
TNAP promotes bone mineralization by hydrolysing phosphate esters 
to generate Pi. Although its main physiological substrate is PPi, a potent 
inhibitor of mineralization4,42, β-glycerophosphate is widely used in 
osteoblast cultures in vitro as a source of TNAP-dependent Pi release43. 
Hydrolysis of β-glycerophosphate by TNAP would release both Pi and 
glycerol, raising the possibility that the liberated glycerol could engage 
the glycerol pocket to allosterically activate TNAP. As TNAP is not 
restricted to the plasma membrane but can also be released extracel-
lularly on matrix vesicles or as a soluble enzyme1, this mechanism could 
operate in the mineralizing milieu of bone. Using a well-established 
osteoblast-driven mineralization assay42, we found that recombinant 
WT TNAP fully neutralized PPi inhibition of mineralization by day 8, 
whereas TNAP glycerol pocket mutants (K52S, D370G) significantly 
delayed mineralization and the catalytically inactive TNAP(S110A) did 
not rescue it (Fig. 5c,d and Extended Data Fig. 10a).

To examine this mechanism further, we purified WT human TNAP 
(hTNAP) and four glycerol pocket variants (N49K, N49I, F327C and F327L) 
associated with reduced bone mineral density in UKBB and annotated 
in ALPL mutation databases (ALPL gene variant database; Leiden Open 
Variation Database, https://www.lovd.nl/). Glycerol stimulated PPi 
hydrolysis by WT hTNAP but did not activate most mutants, except for 
hTNAP(N49K), which retained partial responsiveness (Extended Data 
Fig. 10b). Structural modelling showed that Asn49 stabilizes the Thr366–
Thr371 loop through a hydrogen-bond network essential for positioning 
Asp370 and shaping the pocket. N49K/I mutations disrupt this interac-
tion, whereas F327C/L mutations probably enlarge the pocket and reduce 
glycerol affinity (Extended Data Fig. 10c–e). In the absence of glycerol, 
mutant and WT enzymes hydrolysed PPi similarly, except for Asn49 vari-
ants, which showed reduced baseline activity (Extended Data Fig. 10f).  
To isolate the role of the glycerol pocket, we introduced hTNAP variants 
with equalized baseline enzyme activity (no glycerol) into osteoblast 

Fig. 4 | FCC contribution to thermogenesis. a, The respiratory rate at the state 
3–4 transition. Data are shown for biologically independent BAT mitochondrial 
preparations (n = 3 per group). b, The sustained respiratory rate after reaching 
state 4 in BAT mitochondria. Data are shown for biologically independent 
BAT mitochondrial preparations (n = 3 per group). c, FCC was quantified as  
the TNAP-dependent component of sustained creatine-stimulated respiration 
in BAT mitochondria. Data are shown for biologically independent BAT 
mitochondrial preparations (n = 3 per group). d, Respiration in response  
to palmitate with increasing GDP in BAT mitochondria. Data are shown for 
biologically independent BAT mitochondrial preparations (n = 3 per group).  
e, Diagram of mitochondrial (mito) isolation. The diagram was created using 
BioRender; Kazak, L. https://BioRender.com/5hnzdv2 (2026). f, Rescue of FCC 
by TNAP variants after TNAP(S110A) mitochondria reached state 4. Data are 
shown for biologically independent mitochondrial preparations from in vitro 
differentiated brown adipocytes (n = 4 per group). WT datapoints are colour-
matched to indicate paired sessions. g, Diagram of AAV rescue and brown 
adipocyte (BA) isolation. The diagram was created using BioRender. Kazak, L. 
https://BioRender.com/3oxjzad (2026). h, TNAP-dependent respiration in 
interscapular brown adipocytes isolated from 10–14-week-old male (black)  
and female (white) mice stimulated with noradrenaline (0.1 µM), corrected for 

ATP-dependent respiration measured in empty AAV-infected cells (Extended 
Data Fig. 7j) and glycerol-independent basal TNAP activity (Extended Data 
Fig. 7k). Data are shown for biologically independent brown adipocyte 
preparations isolated from interscapular BAT (n = 4 per group). i, Diagram of 
AAV rescue and noradrenaline BAT injection. The diagram was created using 
BioRender. Kazak, L. https://BioRender.com/jy08tig (2026). Tam, tamoxifen.  
j, Noradrenaline-stimulated whole-body energy expenditure in 12-week-old 
male control mice (Alplfl/flUcp1fl/fl, n = 16) and iADKOAlpl;Ucp1 mice expressing 
empty AAV, WT TNAP, TNAP(S110A), TNAP(K52S) or TNAP(D370G) (n = 10,  
9, 19, 12 and 11, respectively), acclimatized to 22 ± 1 °C. k,l, WT-normalized 
whole-body energy expenditure (k) and cold-induced whole-body energy 
expenditure (100–180 min after ramp to 6 °C: hatched box) (l) in 12-week-old 
male control mice (n = 6) or iADKOAlpl;Ucp1 mice expressing WT TNAP, TNAP(S110A), 
TNAP(K52S) or TNAP(D370G) (n = 10, 8, 8 and 8, respectively) acclimatized to 
22 ± 1 °C and housed for 5 days at 30 °C before cold (6 °C) exposure. Data are 
mean ± s.e.m. of biologically independent samples. Statistical analysis was 
performed using two-tailed Student’s t-tests (a and b), nonlinear regression (d), 
one-way ANOVA with Tukey’s post hoc test (f), one-way ANOVA with Dunnett’s 
post hoc test (h), two-way ANOVA with Tukey’s post hoc test ( j) and two-sided 
analysis of covariance (ANCOVA) with Bonferroni correction (l).

https://alplmutationdatabase.jku.at/
https://www.lovd.nl/
https://BioRender.com/5hnzdv2
https://BioRender.com/3oxjzad
https://BioRender.com/jy08tig
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cultures. WT hTNAP fully rescued mineralization from PPi inhibition by 
day 12, whereas all pocket mutants, except for hTNAP(N49K), showed 
impaired rescue, and the catalytically inactive hTNAP(S110A) mutant 
had no effect (Fig. 5e,f and Extended Data Fig. 10g). These findings 
demonstrate that glycerol-dependent allosteric activation through 
the glycerol pocket is essential for optimal regulation of mineralization 
by osteoblasts, providing a direct mechanistic link between ALPL muta-
tions in this domain and defective bone mineralization.

Discussion
Here we identify glycerol as an allosteric activator of TNAP, driving both 
UCP1-independent adipocyte thermogenesis and osteoblast-mediated 
mineralization. These findings define the activation mechanism of the 
FCC, quantify its substantial contribution relative to UCP1 and advance 
our understanding of energy-dissipating pathways, an area that is cen-
tral to the development of thermogenic fat-based therapeutics. Quanti-
tative analyses indicate that FCC-dependent respiration reaches around 
40% of the capacity of UCP1-dependent respiration in cultured brown 
adipocytes. In isolated BAT mitochondria, FCC-mediated respiration 
is quantitatively comparable to around 23–60% of fatty acid-induced 
leak respiration, depending on GDP and fatty acid concentrations. 

Experiments with glycerol-pocket mutants show that this allosteric 
site contributes around 30% of total thermogenesis in mature brown 
adipocytes and is required to restore noradrenaline- and cold-induced 
energy expenditure in double-knockout mice to WT levels, even in 
the absence of UCP1. These data align closely with previous estimates 
that around 30% of noradrenaline-stimulated respiration in mouse 
and golden hamster brown adipocytes is sensitive to atractylate and 
oligomycin2,44, and with mitochondrial studies in cold-acclimatized 
Wistar rat BAT showing that ATP synthesis accounts for around 30% 
of total ETC activity even after 5 weeks of cold exposure25. Consistent 
with a central role for the FCC, pharmacological inhibition of TNAP 
suppresses around 25–30% of the noradrenaline-driven thermogenic 
response2. These findings are reinforced by genetic models, where loss 
of Ckb or Alpl in adipocytes impairs adrenergic-stimulated metabo-
lism, and re-expression of WT, but not catalytically inactive or glycerol-
pocket mutant, TNAP proteins in inducible Ucp1/Alpl double-knockouts 
restores thermogenic capacity. Together with recent studies from our 
group and others7,34,45–49, these results establish that the FCC controls a 
substantial fraction of heat production alongside UCP1.

In brown adipocytes, intracellular glycerol accumulation during  
thermogenic stimulation, coupled with TNAP’s unique mitochondrial  
localization, enables FCC engagement. In osteoblasts, plasma- 
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Fig. 5 | Associations between ALPL coding variants and human phenotypes. 
a,b, β-Estimates for associations between ALPL variant masks from the primary 
domain-stratified analyses (from Supplementary Table 6) and plasma alkaline 
phosphatase activity (a) and heel bone mineral density (BMD) (b). Points 
represent β-estimates of association for given variant masks (right), with standard 
errors. The squares indicate associations significant after Bonferroni correction 
(P < 0.0016), filled circles indicate nominal significance (0.0016 < P < 0.05) and 
open circles indicate non-significance (P > 0.05). Variant groupings include 
protein-truncating variants (PTVs) and three missense masks: (1) CADD > 20 or 
REVEL > 0.5; (2) CADD > 20 and REVEL > 0.5; and (3) all missense variants; masks  
1 and 3 are shown here; PTVs and mask 2 are shown in Extended Data Fig. 9b,c.  
c, Representative von Kossa and Alizarin Red staining of mineral deposition in 

MC3T3-E1 osteoblast cultures after PPi-mediated inhibition and rescue with TNAP 
variants. d, Calcium quantification by Alizarin Red staining. Data are shown  
for biologically independent cell cultures (n = 4 per group). e, Representative  
von Kossa and Alizarin Red staining of MC3T3-E1 osteoblast cultures after  
PPi-mediated inhibition and rescue with UKBB-identified human TNAP variants.  
f, Calcium quantification by Alizarin Red staining for WT TNAP, and the 
TNAP(N49I), TNAP(N49K), TNAP(F327), TNAP(F327L) and TNAP(S110A) variants. 
Data are shown for biologically independent cell cultures (n = 16, 12, 8, 8, 12 and  
8 per group, respectively). Data are mean ± s.e.m. of biologically independent 
samples. Statistical analysis was performed using two-way ANOVA with Fisher’s 
least significant difference test (d) and one-way ANOVA with Fisher’s least 
significant difference test (f).
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membrane-anchored or extracellular TNAP may be activated by glyc-
erol released from neighbouring marrow adipocytes—a hypothesis 
that remains to be tested. The low Hill coefficient that we observed 
with recombinant TNAP suggests that glycerol does not operate as 
a binary on–off allosteric switch. Rather, it functions as a tuneable, 
concentration-dependent modulator of TNAP activity across the physi-
ological glycerol levels we measure in BAT, which fall in the millimolar 
range. This is characteristic of negative cooperativity, a regulatory 
mechanism common among enzymes that must remain responsive 
 over a broad range of allosteric metabolite concentrations50. We pro-
pose that this enables TNAP to sense intracellular glycerol levels and 
calibrate its activity to match nutrient catabolism and thermogenic 
demand.

The physiological importance of the glycerol pocket is reinforced 
by human genetics. ALPL variants in this domain are strongly associ-
ated with reduced plasma alkaline phosphatase activity and lower 
bone mineral density, effects rivalled only by mutations in the active 
site. Few gene burden analyses in population cohorts have compared 
protein functional domains, and this work highlights the power of 
domain-specific gene burden analyses to identify functionally critical 
substructures within proteins.

The broader implications may extend well beyond adipose and bone. 
The glycerol pocket is conserved across alkaline phosphatase isoforms, 
nominating parallel regulatory mechanisms in intestinal and placental 
enzymes. In liver and brain, where TNAP governs processes including 
bile production, LPS detoxification and vitamin B6 metabolism51–53, 
glycerol-dependent modulation may likewise tune enzyme function. 
Moreover, the allosteric network connecting the glycerol pocket to the 
active site suggests that mutations beyond direct glycerol-contacting 
residues could impair this mechanism, expanding the mutational land-
scape of hypophosphatasia and refining its clinical diagnosis.

Together, our findings identify the glycerol pocket as a metabolite-
sensitive allosteric site that integrates metabolic state with TNAP func-
tion. By linking adipocyte thermogenesis and skeletal mineralization 
through a common molecular mechanism, our work not only expands 
the conceptual framework of energy-dissipating pathways but also 
opens avenues for structure-guided design of TNAP activators, offer-
ing a targeted alternative to enzyme replacement therapy for skeletal 
disease, which currently requires burdensome tri-weekly injections6.
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Methods

Materials
SBI-425 (MedChemExpress, HY-124756) was stored at −80 °C and dis-
solved in dimethyl sulfoxide (DMSO) fresh before use. Creatine mono-
hydrate (Millipore Sigma, C3630) and sodium creatine phosphate 
dibasic tetrahydrate (Millipore Sigma, 27920) were stored at 4 °C and 
dissolved in assay buffer fresh before use. Glycerol was from Millipore 
Sigma (356350). L-(−)-malic acid (Millipore Sigma, M1000) was dis-
solved in water (pH 7.2) at 0.5 M, aliquoted and stored at −20 °C. Sodium 
pyruvate (Millipore Sigma, P2256) was dissolved in water (pH 7.2) at 
0.5 M and used fresh. Palmitic acid (Millipore Sigma, P0500) was dis-
solved in 100% ethanol fresh before use. GDP (Millipore Sigma, G7127) 
and ADP (Millipore Sigma, A2754) were dissolved in water (pH 7.2) at 
0.1 M, aliquoted and stored at −20 °C. FCCP (Millipore Sigma, C2920) 
was dissolved in DMSO at 0.5 M, aliquoted and stored at −20 °C. BSA, 
essentially fatty acid free (Millipore Sigma, A6003), was dissolved in 
water at 20%, aliquoted and stored at −20 °C. Pierce Anti-HA Magnetic 
beads (Thermo Fisher Scientific, 88836). d3 creatine (Cambridge Iso-
topes, DLM-1302) and glycerol-13C3 (Millipore Sigma, 489476) were 
dissolved in water for LC–MS and GC–MS.

Animals
Mouse experiments were performed according to procedures appro
ved by the Animal Resource Centre at McGill University and complied 
with guidelines set by the Canadian Council of Animal Care. Mice were 
born and housed in groups of 3–5 per cage at 22 ±1 °C until experimental 
intervention (at 6–12 weeks old). The photoperiod was fixed at 12 h–12 h 
light–dark, with lights on at 07:00, and the mice had ad libitum access to 
drinking water and a low-fat diet (2920X, Envigo) at 40–60% humidity. 
WT C57BL/6N mice were purchased from Charles River Laboratories 
(027). Adipoq-cre mice (B6;FVB-Tg(Adipoq-cre)1Evdr/J), 028020), main-
tained on a C57BL/6J background, were bred with Slc6a8fl/fl or Slc6a8fl/y 
mice23 and Gatmfl/fl mice22 to generate Slc6a8;Gatm double-knockout 
male mice (Slc6a8;GatmAdipoq-cre) and control (Slc6a8fl/y;Gatmfl/fl) male 
mice. CkbFLAG mice have been previously described9. Adipocyte-selective 
Alpl knockout mice (AlplAdipoq-cre) have been described previously3. Ucp1fl/fl  
(B6(129S4)-Ucp1tm1c(EUCOMM)Hmgu/KazlJ) are available at the Jackson Labora-
tory Repository (039539; http://jaxmice.jax.org/query). Alplfl/+ mice3 
were mated to Ucp1fl/+ mice34 to generate Alplfl/flUcp1fl/fl mice, which 
were then crossed to AdipoqCreERT2 mice54 (C57BL/6N, Jax, 025124) to 
generate: (1) inducible adipocyte-selective Alpl;Ucp1 double-KO mice 
(iADKOAlpl;Ucp1) and (2) control floxed mice (Alplfl/fl;Ucp1fl/fl). Mouse experi-
ments used age-matched littermates. For GC–MS and LC–MS analyses, 
mice aged 6–8 weeks were singly housed at 30 °C or 6 °C for 3 weeks in 
cages with ad libitum access to drinking water and a chow diet. Mice 
were euthanized by cervical dislocation and tissues were processed for 
mitochondrial isolation or immediately flash-frozen in liquid nitrogen 
and stored at −80 °C until further analysis. Experimental mice in each 
genotype were randomly assigned to treatment groups. Investiga-
tors were not blinded to experimental conditions, as the procedures 
required knowledge of group assignments for appropriate treatment 
administration. Sample sizes were predetermined based on effect size, 
s.d. and significance level required to attain statistical significance of 
P < 0.05 with a 90% probability on the basis of previous experiments 
using similar methodologies and were deemed sufficient to account 
for any biological/technical variability22,23,55,56. For experiments without 
predetermination, sample sizes were chosen on the basis of previous 
experience and published standards in the field. Sample sizes are indi-
cated for each experiment in the manuscript.

Inducible gene inactivation
Mice were housed at 22 ± 1 °C and maintained on a chow diet. At 6–9 
weeks of age, 3 days after AAV-FLEX infection, tamoxifen (T5648, 
Sigma-Aldrich) was administered through intraperitoneal (i.p.) 

injection. The tamoxifen was prepared as a 20 mg ml−1 solution in 
corn oil and delivered to experimental and control mice at a dose of 
75 mg per kg once daily for three consecutive days at room temperature 
(22 ± 1 °C). After completing the treatment, mice were given a 3 day 
recovery period at the same temperature.

RNA extraction
Total RNA was extracted from frozen mouse tissues using TRIzol Lysis 
Reagent (Life Technologies) and purified using RNeasy Mini spin col-
umns (Qiagen) according to the manufacturer’s instructions. RNA was 
quantified using the NanoDrop 8000 spectrophotometer (Thermo 
Fisher Scientific).

RT–qPCR
Purified RNA was reverse transcribed using a High-Capacity cDNA 
Reverse Transcription kit (Applied Biosystems) and the resultant 
cDNA was analysed using quantitative PCR (qPCR). In brief, 20 ng  
cDNA and 150 nmol of each primer were mixed with GoTaq qPCR Master 
Mix (Promega, A6002) in a 384-well format and amplified using the 
CFX384 real-time PCR system (Bio-Rad). Reaction conditions were as 
follows: initial denaturation at 95 °C for 3 min, then 39 cycles of dena-
turation at 95 °C for 5 s, annealing at 60 °C for 25 s and extension at 
72 °C for 20 s. Normalized mRNA expression was calculated using the 
ΔΔCt method, using Ppib as the reference gene. CFX Maestro 2017 was 
used for data collection. Primer sequences used for reverse transcrip-
tion–qPCR (RT–qPCR) were as follows: Ckb (forward, GCCTCACTCAG 
ATCGAAACTC; reverse, GGCATGTGAGGATGTAGCCC); Alpl coding 
sequence (forward, CCAACTCTTTTGTGCCAGAGA; reverse, GGCTAC 
ATTGGTGTTGAGCTTTT); Alpl 3′-UTR (forward, CATAGTCACGGCC 
AGTCCTC; reverse, TGGGAGTCTCATCCTGAGCA); Gatm (forward, 
ATGCCTGTGTCGCACCATTC; reverse, TTGCACATCTCTTCGACCTCA); 
Slc6a8 (forward, GTGTGGAGATCTTCCGCCAT; reverse, CCCGTGGAGAG 
CCTCAATAC); Pparg2 (forward, TGCCTATGAGCACTTCACAAGAAAT; 
reverse, CGAAGTTGGTGGGCCAGAA); Fabp4 (forward, AAGGTGAAG 
AGCATCATAACCCT; reverse, TCACGCCTTTCATAACACATTCC); Adipoq 
(forward, TGTTCCTCTTAATCCTGCCCA; reverse, CCAACCTGCACAAG 
TTCCCTT); Ucp1 (forward, ACTGCCACACCTCCAGTCATT; reverse, 
CTTTGCCTCACTCAGGATTGG); Ppib (forward, GGAGATGGCACAGG 
AGGAA; reverse, GCCCGTAGTGCTTCAGCTT).

Western blotting
Samples were prepared in lysis buffer (50 mM Tris, pH 7.4, 500 mM NaCl, 
1% NP-40, 20% glycerol, 5 mM ethylenediaminetetraacetic acid (EDTA), 
and 1 mM phenylmethylsulfonyl fluoride), supplemented with cOmplete 
EDTA-free protease inhibitor cocktail (Roche). The homogenates were 
centrifuged at 16,000g for 10 min at 4 °C, and the supernatants were 
used for subsequent analyses. Protein concentrations were determined 
using the bicinchoninic acid assay (Pierce). The quantity of protein 
lysate required for each antibody was determined empirically. Protein 
lysates were denatured in Laemmli buffer57, resolved by 10% Tris/glycine 
SDS–polyacrylamide gel electrophoresis, transferred to polyvinylidene 
difluoride membranes and blocked for 1 h using Tris-buffered saline 
containing 0.05% Tween-20 (TBST) and 5% milk powder. Primary antibod-
ies against VCL (Cell Signaling, 13901, 1:5,000), total-OXPHOS (Abcam, 
ab110413, 1:200), Flag (Cell Signaling, 2368, 1:1,000), TOM20 (Santa 
Cruz, sc-11415, 1:4,000), TOM70 (Santa Cruz, sc-390545, 1:1,000), cal-
nexin (Abcam, ab22595, 1:4,000), PMP70 (Abcam, ab3421, 1:500), UCP1 
(Abcam, ab10983, 1:2,000), CKMT2 (Abcam, ab189314, 1:1,000), TNAP 
(R&D Systems, AF2910, 1:200), TIM23 (BD Biosciences, 611222, 1:200), 
LONP1 (Abcam, ab103809, 1:1,500), CKB (Abclonal, ab12631, 1:1,000) and 
HSP60 (Abcam, ab46798, 1:10,000) were diluted in TBST, 5% BSA and 
0.02% sodium azide. Membranes were incubated with primary antibod-
ies overnight at 4 °C and with HRP-conjugated secondary antibodies anti-
rabbit (Promega, W4011), anti-mouse (Promega, W4021) or anti-goat HRP 
(Promega, V8051) (1:10,000) for 45 min at room temperature. The results  
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were visualized with enhanced chemiluminescence western blotting 
substrates (Bio-Rad) on the Chemidoc Imaging system (Bio-Rad).

Creatine- and PCr-stimulated NADH oxidation in lysates
A coupled enzymatic reaction (pyruvate kinase and lactate dehydroge-
nase) was used to determine creatine kinase activity (as determined by 
ATP utilization by native creatine kinase in the biological sample). The 
absorbance at 340 nM was measured to determine the ATP turnover rate 
using the BioTek Synergy H1 plate reader in kinetic mode. The assay was 
performed at 25 °C under the following conditions: coupling substrates 
were added together (5 mM ATP, 4 mM PEP, 0.45 mM NADH), along with 
assay buffer (20 mM MgCl2, 100 mM KCl, 50 mM Tris pH either at 7.2  
or 9.0 (noted in the figure legends)) and 10 mM creatine. For KM deter-
mination, the creatine concentration was varied between 0 and 10 mM. 
Approximately 100 μg of total native protein was used to determine 
creatine kinase activity from either whole cell extracts, mitochondrial 
extracts, or post-mitochondrial supernatants. To assay creatine cycling 
(PCr-stimulated NADH oxidation), 40 μg of mitochondrial protein lysate 
was pre-incubated with assay buffer and either 10 mM creatine or 10 mM 
PCr for 40 min before adding coupling substrates to initiate the reaction.

Cloning, expression and purification of TNAP variants
Full-length mouse Alpl was purchased from Biobasic. We subcloned 
residues Phe18–Gly501 of mTNAP (UniProt: P09242) into the pFast-bac 
dual vector (a gift from B. Nagar) downstream of the polyhedrin pro-
moter. The endogenous signal peptide (residues 1–17) was replaced 
with a melittin signal peptide (MKFLVNVALVFMVVYISYIYADGS) to 
enable protein secretion from Sf9 insect cells infected with recom-
binant baculovirus. Recombinant TNAP also included a C-terminal 
6×His tag for purification purposes. TNAP variants were generated by 
site-directed mutagenesis and verified by Sanger sequencing (Génome 
Québec Innovation Centre).

Protein expression was performed at 27 °C for 66 h in I-Max medium 
(Wisent). Proteins were isolated with Ni-NTA beads (Thermo Fisher Sci-
entific). Contaminants were removed with wash buffer (20 mM HEPES 
pH 8.0, 0.2 M NaCl, 2 mM MgCl2, 25 µM ZnCl2, 10 mM imidazole), then 
TNAP was eluted from the beads with 250 mM imidazole and dialysed 
using a 30 kDa molecular weight cut-off concentrator (Cytiva) into stor-
age buffer (20 mM HEPES pH 8.0, 0.2 M NaCl, 2 mM MgCl2, 25 µM ZnCl2 
and 10% glycerol) and stored at −80 °C. To ensure complete glycerol 
removal for functional assays, TNAP was first buffer-exchanged over a 
micro bio-spin column P-6 (Bio-Rad) equilibrated with 20 mM HEPES 
pH 8.0, 0.15 M NaCl, 2 mM MgCl2 and 25 µM ZnCl2, then resolved over 
a Superdex 200 Increase 3.2/300 GL column (Cytiva) equilibrated with 
the same buffer. For structural studies, TNAP variants were subjected 
to size-exclusion chromatography using the Superdex 200 Increase 
10/300 GL column (Cytiva) equilibrated with 50 mM Tris pH 8.0, 0.15 M 
NaCl, 2 mM MgCl2 and 25 µM ZnCl2.

TNAP activity
Recombinant TNAP was dialysed into storage buffer (20 mM HEPES, 
pH 8.0, 2 mM MgCl2, 25 μM ZnCl2, 150 mM NaCl). BAT mitochondrial 
lysates were solubilized at 4.8 mg ml−1 in lysis buffer (50 mM Tris, pH7.5, 
500 mM NaCl, 1% NP-40, 2 mM EDTA). Recombinant TNAP (40 ng) or 
mitochondrial protein lysate (90–100 μg) was added to a reaction 
buffer (100 mM HEPES, pH 7.2, 40 mM MgCl2, 10 mM PCr (or various 
PCr concentrations for Michaelis–Menten determination), 0.2 mM 
7-methyl-6-thioguanosine (MESG), 0.1 U PNP) supplemented with or 
without 1 mM glycerol (or various ligand concentrations for Hill deter-
mination). The absorbance at 360 nM was measured using the BioTek 
Synergy H1 plate reader pre-equilibrated to 37 °C in kinetic mode. For 
general confirmation of TNAP activity, and to determine TNAP basal 
activity levels in lysates and for use in osteoblast-regulated mineraliza-
tion assays, a standard assay using p-nitrophenyl phosphate (p-NPP) as 
substrate was used (SIGMAFAST, Millipore Sigma, N1891) where 1 U of 

TNAP is defined as the quantity required to hydrolyse 1 μmol of p-NPP 
per min at 37 °C (ref. 42).

Brown adipocyte immortalization and differentiation
Stromal vascular cells from BAT were infected with retrovirus (pBabe-
Neo largeT; Addgene, 1780), passaged four times and frozen as 
immortalized stocks. Parental cell lines were tested empirically for 
differentiation capacity. Brown pre-adipocytes were grown to post-
confluency and differentiated with adipogenic cocktail (1 μM rosigli-
tazone, 0.5 mM 3-isobutyl-1-methylxanthine, 5 μM dexamethasone, 
0.114 μg ml−1 insulin, 1 nM triiodothyronine and 125 μM indomethacin). 
Cells were re-fed every 48 h with maintenance cocktail (1 μM rosigli-
tazone and 0.5 μg ml−1 insulin). Adipocytes were fully differentiated 
6 days after initial exposure to the adipogenic cocktail. TNAP-knockout 
preadipocytes were generated from Alplfl/fl immortalized preadipocytes 
using Cre-recombinase-expressing adenovirus and limiting dilution, 
as previously described9.

Mitochondrial isolation from in vitro differentiated brown 
adipocytes
Two 15-cm dishes of differentiated adipocytes were gently scraped 
in 6 ml of hypotonic buffer (20 mM HEPES, pH 7.8, 5 mM KCl, 1.5 mM 
MgCl2, 1 mg ml−1 fatty acid-free BSA), and placed onto ice for 10 min. 
Cells were homogenized on ice by 25 strokes with a tight-fitting Dounce 
homogenizer, and rapidly equilibrated to 1× MSH buffer (210 mM man-
nitol, 70 mM sucrose, 20 mM HEPES, pH 7.8) using a 2.5× MSH stock. 
The homogenate was spun at 8,500g for 10 min at 4 °C and the fat layer 
was discarded. The pellet was resuspended in 1× MSH buffer and spun 
at 600g for 5 min at 4 °C to pellet the nuclei and cell debris. The post-
nuclear supernatant was spun at 8,500g for 10 min at 4 °C. The pelleted 
mitochondria were resuspended in storage buffer (100 mM KCl and 
20 mM K-TES, pH 7.2) and the total protein was quantified using the 
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23225).

Mitochondrial isolation from BAT
BAT was excised from eight mice, minced in 10 ml of MSH buffer 
(210 mM mannitol, 70 mM sucrose, 20 mM HEPES, pH 7.8, and 2 mg ml−1 
fatty acid-free BSA) and homogenized on ice with a mechanical Pot-
ter–Elvehjem homogenizer (15 strokes). The homogenate was spun at 
8,500g for 10 min at 4 °C and the fat layer was discarded. The pellet was 
resuspended in MSH buffer and spun at 600g for 5 min at 4 °C to pellet 
the nuclei and cell debris. The post-nuclear supernatant was spun at 
8,500g for 10 min at 4 °C to pellet the mitochondria. Mitochondria were 
resuspended in storage buffer (100 mM KCl and 20 mM K-TES pH 7.2) 
and the total protein was quantified using the Pierce BCA Protein Assay 
Kit (Thermo Fisher Scientific, 23225).

Protease protection assays
Mitochondria (0.4 mg) were treated with 5 μg trypsin in MSH buffer 
(210 mM mannitol, 70 mM sucrose, 20 mM HEPES, pH 7.8) in a final vol-
ume of 200 μl and rotated end over end for 20 min at room temperature. 
The reactions were spiked with FBS (25 μl) to inhibit the trypsin, the 
samples were spun at 10,000g for 2 min at 4 °C to pellet mitochondria 
and the supernatant was removed. The mitochondria were washed 
twice in MSH buffer by rotating the tubes 180° and spinning at 10,000g 
for 2 min at 4 °C to pellet the mitochondria on the other sides of the 
tubes. Mitochondrial pellets were lysed to a final concentration of 
5 μg μl−1 in adipocyte lysis buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 1% 
IGEPAL, 20% glycerol, and 2 mM EDTA), supplemented with protease 
and phosphatase inhibitor cocktail tablets (Roche). The samples were 
stored at −80 °C until further analysis by western blotting.

Calculation of ADP:creatine stoichiometry (FCC)
A Clark-type electrode (Rank Bros) was used to determine futile cre-
atine cycling using limited creatine. To this end, 10 μM creatine (7 nmol 
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in a 0.7 ml reaction volume) was added to 0.25 mg brown adipocyte 
mitochondria in respiration buffer (125 mM sucrose, 20 mM K-TES, 
pH 7.2, 2 mM MgCl2, 1 mM EDTA, 4 mM KH2PO4, 4% fatty acid-free BSA, 
10 mM pyruvate, 5 mM malate and 1 mM GDP) and 70 nmol ADP was 
added to initiate ADP-dependent respiration. Pilot experiments were 
conducted to determine the length of time and ADP concentration 
(100 μM) required to reach state 4 respiration, when the respiratory 
rate post-ADP addition matched the rate pre-addition. Once these 
parameters were established, the total nmol of oxygen consumed 
was measured over this time, based on the oxygen consumption rate 
(measured in nmol min−1). The excess oxygen consumed by creatine 
supplementation was used to determine the super-stoichiometric 
action of creatine by quantifying ADP liberation based on a phospho-
rus/oxygen ratio of 2.7. The data (Fig. 2d) represent the number of 
moles of liberated ADP (measured as the creatine-dependent change 
in ADP-dependent O2 consumption) over the moles of added creatine. 
Rank Brothers Dual Digital model 20: Picolog 6 data logging software 
was used for data collection.

Quantitative thermogenic contribution of the FCC in 
mitochondria
A Clark-type electrode was used to determine the quantitative contribu-
tion of futile creatine cycling in mitochondria isolated from cultured 
brown adipocytes or BAT. Mitochondria (0.075 mg) were added to 
respiration buffer (125 mM sucrose, 20 mM K-TES, pH 7.2, 2 mM MgCl2, 
1 mM EDTA, 0.5 mM KH2PO4, 4% fatty acid-free BSA, 10 mM pyruvate and 
5 mM malate) supplemented with 1, 3 or 5 mM GDP. The total volume 
in the respiration chamber was 0.7 ml, and 280 nmol (400 μM) ADP 
was added to initiate ADP-dependent respiration. For mitochondria 
isolated from cultured cells, the respiration buffer was supplemented 
with creatine and/or glycerol (1 mM each) or vehicle (respiration buffer). 
For mitochondria isolated from BAT, the respiration buffer was sup-
plemented with 5 mM glycerol and/or 3 mM creatine. SBI-425 was used 
at a final concentration of 10 μM. All reported respiratory rates were 
normalized to the state 2 respiratory rate (defined as the mitochondrial 
oxygen consumption rate before ADP addition). Rank Brothers Dual 
Digital model 20: Picolog 6 data logging software was used for data 
collection.

Quantifying the thermogenic contributions of UCP1 in 
mitochondria
A Clark-type electrode was used to determine the quantitative con-
tributions of UCP1 in mitochondria isolated from cultured brown 
adipocytes or BAT. Mitochondria (0.075 mg) were added to respira-
tion buffer (125 mM sucrose, 20 mM K-TES, pH 7.2, 2 mM MgCl2, 1 mM 
EDTA, 0.5 mM KH2PO4, 0.1% fatty acid-free BSA, 10 mM pyruvate and 
5 mM malate) supplemented with 1 mM, 3 mM or 5 mM GDP. The total 
volume in the respiration chamber was 0.7 ml. Palmitate was titrated 
during the respiratory trace (see the ‘Calculating free palmitate con-
centrations’ section). All of the recorded respiratory rates were nor-
malized to the state 2 respiratory rate (defined as the mitochondria’s 
oxygen consumption rate before ADP addition). Rank Brothers Dual 
Digital model 20: Picolog 6 data logging software was used for data  
collection.

Calculating free palmitate concentrations
To estimate free fatty acid concentrations in the respiration chamber, 
we applied a widely used24,58,59 equation established to relate the  
equilibrium binding of palmitate to BSA60. In brief, the equation is as 
follows: v mv b ce[FFA]( ) = + + kv, where v is the molar ratio of nominal 
palmitate to BSA, m, b, c and k are taken from the relationship between 
free fatty acid concentrations and v60, and e is the Euler’s constant. We 
used 0.1% fatty acid-free BSA (Sigma-Aldrich, A6003, molecular mass 
of 66,000 g mol−1) in the respiration buffer, which equated to 15.15 mM. 
The nominal concentrations of palmitate added were 20, 40, 60, 80, 

100 and 150 mM, which resulted in free palmitate concentrations of 
0.0068, 0.017, 0.04, 0.13, 0.52 and 22.41 mM, respectively.

Adenovirus production for Alpl overexpression and silencing
For overexpression of TNAP, mouse Alpl ORF was cloned into pENTR-
dTOPO according to the manufacturer’s instructions (Invitrogen; 
K2400-20), and point mutations (S110A, D370G, K52S) were gener-
ated through site-directed mutagenesis. Constructs were Gateway 
cloned into pAD-V5-DEST, and adenovirus was prepared according to 
the manufacturer’s instructions (Invitrogen; V493-20). For Alpl silenc-
ing, adenovirus was prepared as described previously3,9.

AAV production for Alpl overexpression
After PCR amplification, Alpl was cloned in the reverse orientation as 
SalI-HindIII fragments, into pAAV-CA-FLEX (Addgene, 38042) that had 
been linearized with HindIII and SalI. AAV was prepared as described 
previously61, and was concentrated using AAVanced Concentration 
Reagent according to the manufacturer’s protocol (System Biosciences, 
AAV100A-1). The concentrated virus was flash-frozen in liquid nitrogen 
and stored at −80 °C until further use. Titration of virus was carried out 
with PureLink Viral RNA/DNA Mini Kit (Invitrogen, 12280050) accord-
ing to the manufacturer’s instructions. The DNA extracted from viral 
samples was quantified by qPCR against a standard curve of linearized 
pAAV-CA-FLEX. The following primers were used: forward, CGCTGCTTT 
AATGCCTTTGTA; reverse, GGGCCACAACTCCTCATAAA.

Surgical iBAT injection with AAV
Mice were anaesthetized using isoflurane (2.5% isoflurane at 0.8 l 
oxygen per min). Before surgery, the mice received an injection of 
500 μl saline and carprofen (20 mg.kg−1). Fur directly above inter-
scapular BAT (iBAT) was shaved and disinfected with BAXEDIN (2% 
(w/v) chlorhexidine gluconate in 70% (v/v) isopropyl alcohol). Once 
deep anaesthesia was achieved, a small incision was made above the 
iBAT, parallel to the spinal column. The iBAT was then separated from 
the subcutaneous tissue by blunt dissection. The iBAT was held in 
place while four AAV injections or saline for controls (Alplfl/flUcp1fl/fl) 
were administered to each lobe (10 μl per lobe, equivalent to 1 × 1011 
to 1.5 × 1011 viral infectious units). The incision site was treated with a 
local analgesic (lidocaine) and sutured. Mice were given daily injections 
of carprofen for the following 2 days, and their health was monitored 
after surgery for 1 week.

Preparation of Avertin
To prepare the Avertin stock solution, 25 g of 2,2,2-tribromoethanol 
(Millipore Sigma, T48402) was dissolved in 15.5 ml of tert-amyl alco-
hol (Millipore Sigma, 152463). The mixture was heated to 50 °C until 
completely dissolved while being shielded from light. For the working 
solution (20 mg ml−1), 0.5 ml of the stock solution was diluted in 39.5 ml 
of sterile isotonic saline. The solution was then heated to 40 °C until 
fully dissolved, filtered using a 0.2-μm filter and stored at 4 °C for up 
to 4 months before use.

In vivo noradrenaline-induced energy expenditure
Mice were anaesthetized using an i.p. injection of Avertin (0.5 g kg−1 
body weight, diluted in isotonic saline, administered at 25 μl g−1 body 
weight). Anaesthetized mice were then placed into individual metabolic 
cages (Promethion high-definition behavioural phenotyping system, 
Sable Systems International) set to 33 °C. Each experiment included 
data collection from four mice simultaneously. After anaesthesia, mice 
were positioned in the prone position within the metabolic cages. 
After an initial 8 min baseline measurement of energy expenditure, 
the cages were briefly opened for subcutaneous administration of 
noradrenaline (Sigma-Aldrich, A9512) diluted in isotonic saline to a 
final concentration of 0.1 mg ml−1. Each mouse received 200 μl of the 
solution, corresponding to a dose of 20 μg (60 nmol) noradrenaline, 



injected above the iBAT. Data analysis was performed using the 1-min 
One-Click Macro (v.2.53.2).

Cold-induced whole-body energy expenditure
iADKOAlpl;Ucp1 mice overexpressing TNAP variants were housed in indi-
vidual metabolic cages (Promethion high-definition behavioural phe-
notyping system, Sable Systems International) set to 30 °C for 5 days 
with a 12 h–12 h light–dark schedule (light from 07:00 to 19:00). For 
cold-mediated thermogenesis, metabolic parameters were measured 
for 4 h at 30 °C (20–40% humidity), then the incubator temperature was 
reduced in the morning (at zeitgeber time 0 (ZT0)) to 6 °C with no ramp 
(taking approximately 75 min to reach 6 °C) and measurements contin-
ued for an additional 3 h. To quantify cold-induced whole-body energy 
expenditure, we first calculated the mean basal energy expenditure (EE; 
−240 to −120 min at 30 °C) of the WT-rescue (AAV-WT) group, which 
served as the common experimental reference. For each experimental 
group, the difference between its mean basal EE and the mean basal EE 
of the WT-rescue group was then calculated. This group-level offset 
was subsequently subtracted from every EE measurement of all mice 
within that group across the entire time course, thereby adjusting basal 
EE across groups to the WT-rescue reference while preserving within-
group interanimal variability. Cold-induced energy expenditure was 
quantified during the steady-state cold period (100–180 min after the 
start of ramp down to 6 °C, denoted by the hatched box), and group 
differences in the cold-evoked response were assessed using ANCOVA 
with body weight included as a covariate. Mice had ad libitum access 
to drinking water and a chow diet (3.1 kcal g−1 energy density) with 24%, 
16% and 60% of calories from protein, fat and carbohydrate, respec-
tively (2920X, Envigo) throughout the experiment. Data analysis was 
performed using the 1 min One-Click Macro (v.2.53.2).

Quantification of the FCC in mature brown adipocytes
A Clark-type electrode (Rank Brothers) was used to measure oxy-
gen consumption in mature brown adipocytes. DMEM/F12 (Gibco, 
11320033) with 10% FBS (Millipore Sigma) was added to the chamber 
and allowed to equilibrate with atmospheric oxygen. Then, 10,000 
cells were then introduced into the chamber (final volume of 0.7 ml), 
maintained at 37 °C, covered with a plunger and continuously stirred. 
The initial rate of cellular respiration, before the addition of a thermo-
genic activator, was termed the basal respiration. Noradrenaline was 
added at a final concentration of 0.1 μM to stimulate respiration, and 
5 μM oligomycin (Oligo) was added to assess ATP-linked respiration. 
The ATP-linked respiration rate in empty AAV-expressing cells was 
subtracted from all the groups to quantify TNAP-dependent respira-
tion. To isolate the thermogenic contribution of the glycerol pocket, 
TNAP-dependent respiration was corrected by basal TNAP activity, 
as assessed by p-NPP hydrolysis without glycerol from the cell lysates 
of the same cell preparations undergoing respirometry analysis. Cor-
rection was performed by normalizing the p-NPP hydrolysis rates to 
WT-infected cells, which was set to 1. The Rank Brothers Dual Digital 
model 20: Picolog 6 data logging software was used for data collection.

Glycerol concentration determination in BAT
Glycerol quantification was performed using GC–MS. Ice-cold 80% 
methanol containing glycerol-13C3 as an internal standard was added 
to 10 mg of pulverized BAT and four ceramic beads (2.8 mm; Omni 
International) and was lysed by bead beating for 3 cycles of 2 min at 
30 Hz on an Eppendorf TissueLyser. The samples were centrifuged at 
14,000 rpm for 10 min at 1 °C, and the supernatant was dried using a 
vacuum centrifuge at 4 °C (LabConco), followed by derivatization, as 
previously described62.

Creatine concentration determination in BAT
Creatine quantification was performed using LC–MS. All LC–MS-grade 
solvents and salts were purchased from Thermo Fisher Scientific: 

water, acetonitrile, methanol, formic acid, ammonium acetate and 
ammonium formate. Authentic metabolite standards were purchased 
from Sigma-Aldrich. Ice-cold 50% methanol (1,140 μl) containing  
d3-creatine as an internal standard and ice-cold acetonitrile (660 μl) 
were added to 10 mg of pulverized BAT and four ceramic beads (2.8 mm 
diameter). The samples were lysed by bead beating for 2 min at 30 Hz 
on the Eppendorf TissueLyser. The resulting slurries were transferred 
to 5 ml Eppendorf tubes, to which 1,800 μl of dichloromethane and 
600 μl of water (both ice-cold) were added. The samples were vor-
texed for 1 min and incubated on ice for 10 min, then centrifuged at 
3,082g for 10 min at 4 °C. The upper aqueous phase was transferred to 
a new tube and dried using a vacuum centrifuge at 4 °C (LabConco). 
The samples were resuspended in 30 μl of water and analysed using  
LC–MS.

The relative creatine concentrations were measured using the 
6470 triple quadrupole mass spectrometer equipped with a 1290 
ultra high-pressure LC system (Agilent Technologies). Chromatogra-
phy separation was achieved using a Scherzo SM-C18 column (3 μm, 
3.0 × 150 mm). The chromatography gradient started at 100% mobile 
phase A (5 mM ammonium acetate in water) with a 5 min gradient to 
100% B (200 mM ammonium acetate in 20% acetonitrile/80% water) 
at a flow rate of 0.4 ml min−1. This was followed by a 5 min hold time at 
100% mobile phase B and a subsequent re-equilibration time (6 min) 
before the next injection. To ensure proper instrumental duty cycle, 
the samples were injected twice, for nucleotide and deoxynucleotide 
analyses (5 μl per injection).

Multiple reaction monitoring transitions were optimized using 
creatine (132.1 → 44.2 and 90.0) and d3-creatine (135.1 → 47.2 and 
93.0) standards. An Agilent JetStream electrospray ionization 
source was used in positive ionization mode with a gas temperature 
and flow of 300 °C and 5 l min−1, respectively, a nebulizer pressure 
of 45 p.s.i. and a capillary voltage of 3,500 V. Absolute concentra-
tions were determined from external calibration curves prepared 
in water containing d3-creatine as an internal standard to correct 
for matrix effects. Data were analysed using MassHunter Quan-
titative Analysis software (Agilent Technologies, v.10.0, build  
10.0.707.0).

Calculation of intracellular metabolite concentrations
BAT metabolite concentrations were calculated using the total 
moles of a metabolite within 10 mg of BAT, the total weight of the 
BAT (106 ± 20.28 mg; Supplementary Fig. 6a), the total number of 
adiponectin+ brown adipocytes per sample (assuming 25 million 
adipocytes per BAT depot in mice21) and the volume of brown adi-
pocytes, calculated using the equation of a sphere and a range of 
reported diameters (between 10 and 25 μm)20. In brief, the number 
of moles of glycerol in each sample was calculated by comparison 
to a glycerol standard curve. For GC–MS, samples were extracted 
in ice-cold 80% methanol and derivatized. Glycerol-13C3 was used 
as an internal standard in all the samples and the standard curve, 
and the ratio of glycerol/glycerol-13C3 was used for quantification. 
Creatine abundance was quantified by LC–MS in the same man-
ner: samples were extracted in ice-cold 50% methanol contain-
ing d3-creatine as the internal standard, and the ratio of creatine/
d3-creatine was used for quantification. The difference in creatine 
levels in bulk BAT between adipocyte-selective Slc6a8;Gatm double-KO 
mice (Slc6a8;GatmAdipoq-cre) and control mice (Slc6a8 fl/yGatm fl/fl) was 
deemed to be the levels of creatine within only parenchymal brown  
adipocytes.

Metabolite measurements in BAT from warm- and cold-exposed 
mice
BAT metabolites were measured using GC–MS and LC–MS, as indi-
cated above, using a library of 271 metabolites, of which 150 were  
detected.
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Metabolite measurements in cultured brown adipocytes
Brown adipocyte metabolites were measured using GC–MS, as indi-
cated above, using a library of 40 metabolites, of which 38 were 
detected.

Crystallization and structure determination
Crystals of TNAP(S110A) (70 µM) bound to either PCr (10 mM), ATP 
(10 mM) or PPi (10 mM) were obtained in 0.15 M phosphate/citrate 
pH 4.0, 0.2 M NaCl, 0–30 mM phosphate, 0–5% glycerol and 14–16% 
PEG 10,000. Crystals of TNAP(D370G) with PCr were obtained in the 
same conditions. Before data collection, crystals were cryo-protected 
by adding either 20% glycerol or 20% ethylene glycol and flash-frozen 
in liquid nitrogen. Data were collected at a temperature of 100 K using 
the CMCF-BM beamline of the Canadian Light Source and MxDC soft-
ware (wavelength 1.18 Å). The data were processed using DIALS63. The 
structure was determined by molecular replacement using a model 
of the mouse TNAP monomer generated with Phyre2 (ref. 64). Itera-
tive cycles of model building and refinement were performed using 
COOT65 and Phenix66, resulting in models with >95% of their residues 
in the most favourable regions of the Ramachandran plot and none in 
disallowed regions (Supplementary Table 3). To determine the identi-
ties of the metal ions bound to the active site, we collected a dataset 
at the zinc absorption edge (9.67 KeV, corresponding to a wavelength 
of 1.2822 Å) and confirmed that only one Zn2+ ion was present in each 
active site. POLDER maps67 were calculated using Phenix to confirm 
the presence of PCr, ATP and PPi in the active site, as well as the five 
glycerol molecules found in the TNAP(S110A) structure bound to PCr.

Measuring TNAP activity by 31P NMR
31P and 1H NMR spectra were acquired on a Varian VNMRS 500 MHz 
NMR spectrometer. Each spectrum was recorded in 0.6 ml of aqueous 
solution sample in a 5 mm NMR tube at 25 °C, with a spectral width of 
50 kHz, relaxation delay of 1 s and scan number of 64. The reaction 
buffer (50 mM Tris, pH 9.0, 10 mM glycerol, 10 mM PCr and 0.025 µM 
recombinant TNAP) was made up in deuterated water. MestReNova 
(v.14.2.1) was used for NMR data processing and analysis. The phos-
phorus in PCr, Pi and glycerol phosphate (Gro3P or Gro1P) resonates at 
−3.18, 2.6 and 4.4 ppm, respectively. For continuous PCr phosphatase 
activity measurement, each reaction was initiated by mixing 10 mM PCr 
with 0.025 mM recombinant TNAP in an NMR tube immediately before 
recording the 31P and 1H NMR spectra at 0 min. 31P NMR spectra were 
acquired every 2.5 min until 50% of the PCr was hydrolysed (80 min), 
at which point we acquired 31P and 1H NMR spectra. The progressing 
reaction remained in the NMR tube at 25 °C between measurements for 
the entire time course. The rate of PCr hydrolysis over 40 min (linear 
phase) was used to determine the Kcat of TNAP.

Measuring glycerol-13C3 by NMR
Two-dimensional heteronuclear single quantum coherence (HSQC) 
spectra were acquired using the 600 MHz Bruker AVIIIHD NMR spec-
trometer equipped with a cryogenically cooled TCI probe. Experiments 
were performed at 298 K using a constant-time (CT) 13C HSQC pulse 
sequence to improve resolution of 13C–1H correlations and minimize 
J-modulation effects. The CT delay was set to 13.3 ms. Spectra were col-
lected with 64 scans, a 1H sweep width of 9,615 Hz sampled over 1,536 
complex points, and a 13C sweep width of 4,529 Hz with 128 increments. 
A 25% non-uniform sampling scheme was applied in the indirect (13C) 
dimension to reduce the acquisition time while maintaining spectral 
quality.

UKBB phenotype processing and quality control
The UKBB is a prospective population study of around 500,000 peo-
ple of European genetic ancestry aged 40–69 years (at recruitment) 
that has generated comprehensive genetic profiling data, including 

WES and array genotyping and deep phenotypic data, such as blood 
biomarkers and anthropometric measures39,68,69. We used these data 
to assess the phenotypic impacts of predicted deleterious variations 
within ALPL (Extended Data Fig. 9a). All phenotypes included in the 
analysis were extracted from the baseline study visit. Anthropometric 
traits (height, sitting height, body mass index (BMI), total fat percent-
age by impedance) were included. The waist-to-hip ratio (WHR) was cal-
culated as the ratio of the waist and hip circumferences. BMI-adjusted 
values for WHR, waist circumference and hip circumference were cal-
culated by adjusting values by BMI, age and age2 in a linear regression 
model, separately by sex. We also examined systolic and diastolic blood 
pressure levels, calculated as the mean of two automatic readings taken 
for each measurement. We assessed the association with circulating 
alkaline phosphatase (alp) activity, the protein for which ALPL/TNAP 
encodes. Moreover, we considered the following blood biomarkers: 
bone related: calcium (ca) and phosphate (phos); glycaemic: HbA1c 
and random glucose; lipid: triglycerides (tg), high-density lipoprotein 
(HDL) cholesterol and low-density lipoprotein (LDL) cholesterol; liver 
related: gamma glutamyl transferase (ggt), alanine transaminase (alt), 
aspartate amino transferase (ast). All blood biomarkers except for 
HbA1c were measured in the serum. Biomarkers that were not normally 
distributed were log transformed. Individuals with values more than 
5 s.d. away from a trait’s median value were set to missing. For triglyc-
erides and HDL and LDL cholesterol, we excluded individuals who 
reported taking lipid lowering medications. For HbA1c, individuals 
who were diagnosed with diabetes at the time of measurement were 
excluded. All traits were normalized using inverse rank normal trans-
formation so all effect sizes in the downstream analyses are comparable 
across phenotypes.

Genomic data quality control and annotation
We conducted all genotype quality control and downstream analyses 
on the UKBB Research Analysis Platform (RAP; https://ukbiobank.
dnanexus.com). For WES data, we used the pre-processed .bgen files 
provided on the RAP and filtered variants to only include those with 
>90% genotypes (<10% missingness) and read depth (DP) > 10, using 
a helper file provided by DNAnexus on the RAP. We used the ENSEMBL 
Variant Effect Predictor (VEP; v.104) to annotate ALPL variants of inter-
est70, and the REVEL71, CADD72 and LOFTEE73 plugins for variant anno-
tation. We also extracted the predicted impacts of missense variants 
identified by AlphaMissense74. ALPL variants were sorted into the fol-
lowing gene burden analysis categories based on their annotations 
(Supplementary Table 11): Missense: any variant where a single base 
pair substitution results in an amino acid change. Four categories of 
missense variants were assessed: (1) all: all missense variants, regardless 
of predicted impact; loose: missense variants with a CADD score > 20 or 
REVEL score > 0.5; stringent: missense variants with a CADD score > 20 
and REVEL score > 0.5; AlphaMissense pathogenic: missense variants 
predicted to be ‘likely pathogenic’ by AlphaMissense. PTVs: vari-
ants predicted to result in protein truncation, classed by the VEP as 
frameshift, stop gain or splice-site variants. Synonymous: single base 
pair substitutions that do not change the amino acid. For the genotype 
array data, which were used as a reference to estimate relatedness in 
the rare variant burden analysis (see below), we performed quality con-
trol and variant filtering using Plink2 (ref. 75) (v.2.00a3.1LM) with the 
DNAnexus Swiss Army Knife tool (v.4.9.1), using the following options 
to filter the data for input into REGENIE: --mac 100 --maf 0.01 --hwe 
1e-15 --mind 0.1 --geno 0.1. The array single-nucleotide polymorphisms 
that met these criteria were used as an inclusion list for rare variant 
burden analysis.

Rare variant burden analysis
Rare variant burden analysis was conducted for all ALPL variants with 
a minor allele frequency <1% that could be categorized into the vari-
ant classes described above (Supplementary Table 11) using REGENIE 
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(v.3.1.1)76 with the DNAnexus Swiss Army Knife tool (v.4.9.1), a two-step 
process that accounts for relatedness, population structure and poly-
genicity. First, we used step 1 to fit a model for each phenotype using 
a subset of genetic variants directly genotyped by the array. This ena-
bles the identification of phenotype variances attributable to genetic 
effects and generates leave-one-chromosome-out predictors for each 
trait. In both steps, models were adjusted for age, age2, sex and the 
first 10 genetic principal components (PCs derived from the genotype 
array data). In step 1, we included an additional covariate to account 
for the type of genotyping array. In step 2, we included adjustments 
for the exome sequencing batch and the LOCO predictor generated  
in step 1.

In step 2, association analyses were performed in individuals of Euro-
pean genetic ancestry in the UKBB with WES and genotype array data 
(n = 421,787) for each trait of interest. The final sample sizes of traits 
varied due to differences in missingness. Variant sets were defined as 
described above, including all variants with a minor allele frequency 
(MAF) < 1%. Separate analyses were performed for variants in residues in 
homologous amino acid positions to the residues in the glycerol pocket 
(Asn49, Lys52, Asn53, Arg321, Gly326, Phe327, Ser367, Asp370, Thr371), 
and other functional domains of interest (Supplementary Table 5), 
and the remainder of variants outside of these ALPL domains grouped 
as a ‘rest_of_TNAP’ group. Analyses were additionally conducted for 
the full gene body: all sites. We also conducted the same analyses not 
restricting by MAF and in addition only considering common variants 
(MAF > 1%) to determine the contribution of more common variation 
on phenotypes of interest (Supplementary Table 12).

We conducted our analyses in two stages. In the first, we focused on 
traits that are clinically relevant to patients carrying pathogenic ALPL 
mutations—plasma alkaline phosphatase activity and traits related 
to bone mineralization (heel bone mineral density and circulating 
calcium and phosphate levels). We considered significant associa-
tions at a Bonferroni significance threshold (P < 0.0016) accounting 
for the number of phenotypes tested (n = 4) and number of gene 
burden masks assessed across both domains of interest (n = 4; total 
n tests = 32). Associations were considered nominally significant if 
0.0016 < P < 0.05, and not significant if P > 0.05. In the second stage, 
we also assessed the associations of ALPL variant masks with other 
traits, particularly nominally significant (P < 0.05) variants in the 
glycerol pocket, to identify possible associations with a wider range 
of anthropometric and blood biomarker traits. This was to identify 
if there are any additional phenotypes associated with ALPL loss of 
function at the population level that were not reported in patient 
cohorts. We conducted further sensitivity analyses stratified by sex 
to identify any possible sexually dimorphic associations in both analysis  
stages.

To compare the effect estimates identified for different domains of 
interest on the four primary phenotypes of interest we also calculated 
the z-statistic and corresponding P values for this comparison, to com-
pare the relative impact of these to the ‘all sites’ and ‘rest of TNAP’  
variant groups. The z-statistic was calculated as follows: z =

β̂ − β̂

SE + SE

1 2

β1ˆ
2

β2ˆ
2

.

Osteoblast differentiation and mineralization assays in vitro
Murine calvarial osteoblasts (MC3T3-E1, subclone 14) were provided 
by R. T. Franceschi. MC3T3-E1, subclone 14 was authenticated based on 
capacity to differentiate into osteoblasts with a collagen-rich matrix 
and mineralization77. The cells were cultured in a humidified incubator 
at 37 °C with 5% CO2 in a modified minimum essential medium (MEM) 
(Thermo Fisher Scientific, Gibco) supplemented with 10% FBS (Thermo 
Fisher Scientific, Hyclone), along with 1% penicillin–streptomycin, 
1% L-glutamine and 0.225 mM L-aspartic acid (Thermo Fisher Scien-
tific, Gibco). All cultures were conducted in 24-well cell culture plates 
(Sarstedt) at a plating density of 50,000 cells per cm2. Cell differentia-
tion and mineralization were initiated 24 h after plating by replacing 

the medium with fresh MEM including 10% FBS, 50 µg ml−1 ascorbic acid 
(AA) (Sigma-Aldrich, A4034) and 10 mM β-glycerophosphate (β-GP) 
(Sigma-Aldrich, G9422) for baseline control mineralization conditions. 
The medium was changed every 48 h until the end of the experiment 
on day 12 (ref. 77). For mineralization inhibition experiments, starting 
from day 4, MEM was further supplemented with either 5.0 µM sodium 
pyrophosphate tetrabasic (PPi) (Sigma-Aldrich, P8010) alone or in 
combination with mouse WT TNAP or various mouse mutant TNAPs 
(K52S, D370G and S110A, used at 5 U ml−1 final concentration) or with 
human WT or various human mutant TNAPs (N49I, N49K, F327C, F327L 
and S110A, used at a final concentration of 3 U ml−1).

Assessment of osteoblast cell culture mineralization by von 
Kossa staining
Mineral was visualized in culture plates by von Kossa staining at each 
timepoint (days 8, 10 and 12). The cultures were rinsed once with 1× 
PBS and then fixed for 10 min with 95% ethanol at 37 °C. After fixation, 
the cultures were hydrated several times with distilled H2O. In vitro 
mineralization was detected by incubating the cells with a 5% silver 
nitrate solution (Thermo Fisher Scientific, S181-25) for 1 h at 37 °C, 
followed by exposure to bright light after rinsing with distilled H2O. 
The black-stained mineralized regions were recorded using an Epson 
Perfection 2400 Photo scanner77.

Assessment of osteoblast cell culture mineralization and 
calcium content by Alizarin Red staining
Cultures were rinsed once with 1× PBS and fixed with 70% ethanol for 
1 h at −20 °C. After rinsing with distilled H2O, the mineral in the cultures 
was stained with 40 mM Alizarin Red S (pH 4.2) (Sigma-Aldrich, A5533) 
for 10 min at room temperature, followed by rinsing five times with 
distilled water and once with 1× PBS for 15 min. After air drying, the 
stained cultures were photographed using an Epson Perfection 2400 
Photo scanner. For stain quantification to assess mineral deposition, 
the stain was then dissolved for each timepoint (day 8, 10 and 12) in 
10% (w/v) cetylpyridinium chloride (CPC) (Sigma-Aldrich, C5460) in 
10 mM sodium phosphate solution (pH 7.0) for 15 min and then trans-
ferred to a 96-well plate. Absorbance at 562 nm was measured using a 
spectrophotometer (Tecan INFINITE 200 PRO).

HDX–MS analysis
TNAP variants were buffer exchanged into equilibration buffer (20 mM 
HEPES, 200 mM NaCl, 2 mM MgCl2, pH 8.0 in H2O) using 30 kDa Amicon 
Ultra centrifugal filters (Sigma-Millipore) before HDX-MS analysis. 
Full-length recombinant TNAP (residues 17–498) stock solutions were 
prepared at a concentration of 30 μM for HDX-MS analyses. Deuterium 
labelling was initiated by a 19-fold dilution into D2O buffer (20 mM 
HEPES, 200 mM NaCl, 2 mM MgCl2, 25 mM ZnCl2, pH 8.0). Labelling was 
performed at 20 °C and quenched at designated timepoints by adding 
an equal volume of ice-cold quench buffer (2 M GnHCl, 0.8% formic acid, 
pH 2.23). For the WT TNAP and TNAP(D404A) comparison, labelling 
timepoints were 10 s, 1 min, 10 min, 1 h and 4 h. For TNAP alone and 
in the presence of substrates, timepoints included 10 s, 1 min, 5 min, 
10 min, 30 min and 1 h. Substrate incubations were performed as fol-
lows. For TNAP with glycerol, the protein was pre-incubated with 5 mM 
glycerol for 10 min and 10% (v/v) glycerol was maintained in the D2O 
labelling buffer. For TNAP with PCr, 5 mM PCr was pre-incubated for 
10 min, and 5 mM PCr was also maintained in the D2O buffer. For TNAP 
incubated with both glycerol and PCr, 5 mM of each was pre-incubated 
with the protein and maintained at 10% and 5 mM, respectively, in the 
D2O labelling buffer. Online protein digestion was performed using an 
Affipro pepsin column held at 15 °C and resultant peptides were trapped 
and desalted on a VanGuard Pre-column trap for 3 min at 100 μl min−1. 
Peptides were then eluted from the trap and separated using a 5–35% 
gradient of acetonitrile over 6 min at a flow rate of 100 μl min−1 using 
an ACQUITY UPLC HSS T3 1.8 μm, 1.0 mm × 50 mm reversed-phase 
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column. Both the desalting and separation columns were housed in 
a Waters HDX cooling chamber that was held at 0 °C. Mass spectra 
were analysed using the Waters SELECT SERIES Cyclic IMS operated 
in HDMSE. Peptide identification was performed from replicates of 
undeuterated control samples using PLGS v.3.0.3 (Waters) as described 
in Supplementary Table 4. The peptides identified in PLGS were then 
analysed in DynamX v.3.0 (Waters) with a minimum products per amino 
acid cut-off of 0.25 and at least two consecutive product ions (Supple-
mentary Table 4). Those peptides meeting initial filtering criteria were 
further processed by DynamX 3.0. The relative deuterium incorpora-
tion of each peptide was calculated for each timepoint and condition 
tested by subtracting the centroid mass of the undeuterated from the 
deuterated form. The resulting values were used to produce the graphs 
of deuterium uptake and the difference maps. The average deuterium 
incorporation error for each peptide was at or below ±0.25 Da. The 
deuterium levels were not corrected for back exchange and therefore 
indicated as relative78.

Statistical analyses
Statistical analyses were performed with GraphPad Prism 10. Data 
analyses were performed using Microsoft Office Excel (v.16.56). Data are 
mean ± s.e.m. of biologically independent samples. We used unpaired 
two-tailed Student’s t-tests for pairwise comparisons and one-way and 
two-way ANOVA for multiple comparisons involving two independ-
ent variables, with P < 0.05 considered statistically significant. The 
specific n values noted in each figure legend represent independent 
biological replicates.

Statistics and reproducibility
Sample sizes (biological replicates) for each experiment are reported 
in the figure legends. The numbers of experimental repetitions were 
as follows: Fig. 1e: 2 times; Fig. 2e,f: 2 times; Fig. 3i,k,m: 2 times; Fig. 5c: 
4 times; Fig. 5e: 8 times; Extended Data Fig. 1e: 2 times; Extended Data 
Fig. 1k: 1 time; Extended Data Fig. 1s: 2 times; Extended Data Fig. 2a–c:  
2 times; Extended Data Fig. 4a,e: 4 times; and Extended Data Fig. 7c,f,m: 
2 times.

Materials and resources availability
Please address correspondence and requests for materials, resources, 
and reagents to the corresponding author. All materials generated in 
this study are available from the corresponding author with a com-
pleted material transfer agreement.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the 
Article and its Supplementary Information. Any additional informa-
tion required to reanalyse the data reported in this Article is avail-
able from the corresponding author on request. Atomic coordinates 
and structure factors have been deposited in the Protein Data Bank 
under accession codes 10TV (TNAP(S110A) with PCr and glycerol), 
10TW (TNAP(D370G) with glycerol), 10TX (TNAP(S110A) with PPi 
and glycerol), 10TY (TNAP(S110A) with PPi and ethylene glycol), 
10TZ (TNAP(S110A) with ATP and glycerol). HDX MS proteomics data 
have been deposited to the ProteomeXchange Consortium via the 
PRIDE79 partner repository with the dataset identifier PXD067887. All 
individual-level data in the UKBB study are publicly available to bona 
fide researchers through the UKBB data access protocol. Information 
about registration for access to the data is available online (https://
www.ukbiobank.ac.uk/enable-your-research/apply-for-access). Source 
data are provided with this paper.

Code availability
The code for the analyses of UKBB data included in this manuscript 
is freely available at GitHub (https://github.com/comp-med/tnap- 
alpl-ukb) and permanently archived at Zenodo (https://doi.org/10.5281/
zenodo.18606385)80.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Glycerol-induced TNAP activation and mitochondrial 
transit. a, Alpl mRNA levels after 24 h stimulation with noradrenaline (1 μM) 
(n = 6/group). b, Size-exclusion chromatography of catalytically inactive TNAP 
(S110A, solid) and wild-type TNAP (WT, dashed) on Superdex 200; elution 
volumes correspond to 156 (1), 142 (2), 114 (3), and 62 (4) kDa, with a Coomassie-
stained gel of purified recombinant TNAP-WT shown. c, Glycerol levels during 
buffer exchange of purified recombinant TNAP-WT (n = 3/group). d, TNAP-
dependent hydrolysis of phosphocreatine (PCr, 10 mM), with inhibition by SBI-
425 (10 μM) (n = 3/group). e, Coomassie-stained polyacrylamide gel of purified 
recombinant TNAP variants. f, Enzymatic activity of TNAP variants toward 
distinct substrates (10 mM each; n = 3/group). g, Hydrolysis of phosphorylated 
metabolites by recombinant TNAP-WT (n = 3/group). h, Michaelis–Menten 
kinetics of inorganic phosphate (Pi)-stimulated purine nucleoside phosphorylase 
(PNP) activity (n = 3/group). i, Ligand (1 mM)-induced PNP activity using Pi (150 μM) 
(n = 3/group). j, NA-regulated metabolites in brown adipocytes (n = 3/group).  
k, glycerol-13C3 heteronuclear single quantum coherence (HSQC). l, glycerol-13C3 
1 mM)-induced PCr hydrolysis by recombinant TNAP-WT (n = 3/group).  
m, Hydrolysis of pyrophosphate (PPi) by recombinant TNAP-WT (n = 3/group).  

n, Kinetic parameters for recombinant TNAP-WT hydrolysis of multiple 
substrates (n = 3/group, from Fig. 1d). o, Michaelis–Menten kinetics of PCr 
hydrolysis by recombinant TNAP-WT in the absence or presence of glycerol 
(n = 3/group). p, Accumulation of Pi and glycerol phosphate (Glycerol-P) during 
PCr (10 mM) hydrolysis by recombinant TNAP-WT measured by 31P NMR  
(from Fig. 1e). q-r, Glycerol (1 mM)–induced PCr hydrolysis in (q) mouse and (r) 
human brown adipocyte mitochondrial lysates mediated by endogenous 
TNAP, defined as portion of hydrolysis inhibited by SBI-425 (10 µM), at pH 7.2  
(mouse, n = 3/group; human, n = 3/group). s, Schematic and immunoblot  
of rapid HA-affinity mitochondrial purification (I, input; F, flowthrough;  
M, mitochondria). Created in BioRender. Kazak, L. (2026) https://BioRender.
com/7kh1mnl. t, GC–MS analysis of glycerol in rapidly purified mitochondria 
(black trace) and a glycerol standard (blue trace). Data are presented as mean 
values ± SEM of biologically independent samples. a, d, l, q, r, two-tailed 
Student’s t-tests; i, multiple two-tailed Student’s t-tests; j, Nominal p-values 
were adjusted for multiple comparisons using the Benjamini-Hochberg false 
discovery rate (FDR) method; m, o, non-linear regression.

https://BioRender.com/7kh1mnl
https://BioRender.com/7kh1mnl
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Extended Data Fig. 2 | TNAP-dependent FCC activation in brown adipocyte 
mitochondria. a-c, Protease protection assays of mitochondria isolated from 
(a) brown adipose tissue (BAT), (b) heart, and (c) liver of CkbFLAG mice housed at 
room temperature (22 °C ± 1 °C). d, RT-qPCR of immortalized brown adipocytes 
following Alpl silencing (n = 4/group). e, Western blot analysis of mitochondria 
isolated from immortalized brown adipocytes following Alpl silencing. f, NADH 
oxidation in mitochondrial extracts from immortalized brown adipocytes 
initiated with limiting creatine (2 nmol) at pH 7.2 (n = 3/group). g, Western blot 

analysis of cytosolic fractions from control and TNAP-depleted Ckbfl/fl brown 
adipocytes; mitochondrial extracts from Ckbfl/fl and cytosolic extracts from 
Ckb−/− brown adipocytes serve as controls for subcellular enrichment and  
CKB antibody validation, respectively. h, Creatine (Cr)- and phosphocreatine 
(PCr)-driven NADH oxidation in cytosolic lysates from immortalized brown 
adipocytes (n = 3/group). Data are presented as mean values ± SEM of biologically 
independent samples. d, h, f, two-way analysis of variance (ANOVA; Fisher’s least 
significance difference (LSD)).



Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Structure-function analysis of TNAP. a, Active-site 
residues of TNAP-S110A bound to phosphocreatine (PCr) shown as sticks;  
the anomalous electron density map (contoured at 5σ) calculated from data 
collected at the Zn2+ anomalous scattering edge (9.67 KeV) is shown as a purple 
mesh. b, Comparison of PCr (left), ATP (centre), and PPi (right) binding modes  
in the TNAP-S110A active site; PCr- and ATP-bound structures contain an 
additional phosphate ion. Bottom panels show polder omit maps for each 
ligand bound to both protomers, contoured at 6σ (PCr, PPi) or 3σ (ATP).  
c, Close-up views of five glycerol molecules in the TNAP-S110A–PCr structure, 
coloured as in Fig. 3a, with polder omit maps contoured at 6σ; coordinating 
residues are labelled and hydrogen bonds shown as dashed lines. d-e, Glycerol-
induced PCr (3 μM) hydrolysis by (d) recombinant TNAP-WT and TNAP-D248A 
or (e) recombinant TNAP-WT and TNAP-D404A (n = 3/group). f, Michaelis-
Menten kinetics of PCr hydrolysis by recombinant TNAP-WT and TNAP-D404A 
(n = 3/group). g, Mutation-induced changes in TNAP backbone dynamics, 

shown as a linear map of secondary structural elements and HDX–MS difference 
profiles (TNAP-D404A minus TNAP-WT), with regions of differential deuterium 
incorporation mapped onto the TNAP structure. h, Superposition of PCr-bound 
TNAP-S110A (white) and TNAP-D370G (brown) active sites, highlighting 
hydrogen-bond networks coordinating PCr (TNAP-S110A) or the leaving 
phosphate ion (TNAP-D370G); Zn2+ and Mg2+ ions are shown as purple and green 
spheres, respectively. i, Effects of cosolvent ligands on PCr hydrolysis by 
recombinant TNAP-WT (n = 3/group). j, Michaelis-Menten kinetics of PCr 
hydrolysis by recombinant TNAP-WT in the presence of cosolvents (1 mM) (n = 3/
group). k, PCr hydrolysis by recombinant wild-type mouse TNAP (n = 3/group).  
l, Close-up of the Glycerol Pocket in TNAP-S110A bound to PCr when glycerol is 
replaced by ethylene glycol in the cryoprotectant, shown in the same orientation 
and style as Fig. 3d,f. Data are presented as mean values ± SEM of biologically 
independent samples. d-f, i, j, k, non-linear regression.
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Extended Data Fig. 4 | The FCC in cultured brown adipocyte mitochondria. 
a, Representative oxygen consumption traces following addition of ADP  
(280 nmol). The transition from state 3 to state 4 respiration (s3-s4) is indicated 
by the hashed box labelled, and sustained state 4 respiration by the box labelled 
“sustained”. Conditions: vehicle (Veh), glycerol (Gly, 1 mM), and creatine  
(Cr, 1 mM). b, Instantaneous O2 consumption rates during the s3-s4 transition 
from Extended Data Fig. 4a (n = 4/group). c, Cr-dependent O2 consumption  
rates from Extended Data Fig. 4b (n = 4/group). d, Sustained Cr-dependent  
O2 consumption rates derived from Extended Data Fig. 4a (n = 4/group).  
e, Representative oxygen consumption traces as in Extended Data Fig. 4a, with 
glycerol present in all conditions (1 mM) and TNAP inhibition by SBI-425 (10 µM). 
f, Instantaneous O2 consumption rates during the s3-s4 transition from 

Extended Data Fig. 4e (n = 4/group). g, Cr-dependent O2 consumption rates from 
Extended Data Fig. 4f (n = 4/group). h, O2 consumption rates during ADP 
titration in the absence or presence of SBI-425 (0.2 mM ADP, n = 4, 0; 0.4 mM 
ADP, n = 4, 4; 0.5 mM ADP, n = 6, 4; 1 mM ADP, n = 6, 4; 1.5 mM ADP, n = 5, 4; 2 mM 
ADP, n = 6, 4). i, Sustained Cr-dependent O2 consumption rates derived from 
Extended Data Fig. 4e (n = 4/group). j, FCC quantified as the TNAP-dependent 
component of sustained Cr-stimulated respiration derived from Extended Data 
Fig. 4i (n = 4/group). k, GDP-inhibitable O2 consumption rates (n = 4/group).  
Data are presented as mean values ± SEM of biologically independent samples. 
b, f, two-way ANOVA (Fisher’s LSD); c, d, g, i, two-tailed Student’s t-tests; h, k, 
non-linear regression.
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Extended Data Fig. 5 | Glycerol and creatine quantification in interscapular 
brown adipocytes. a, BAT weights (n = 7). b, Absolute glycerol quantification in 
BAT at 30 °C and 6 °C by GC–MS, using Glycerol-13C3 as an internal standard with 
a glycerol standard curve run in parallel (black circles) (n = 5/group). c, Brown 
adipocyte glycerol concentrations within bulk BAT derived from Extended Data 
Fig. 5b (n = 5/group). d, Schematic of creatine synthesis and transport in brown 
adipocytes. Created in BioRender. Kazak, L. (2026) https://BioRender.com/
gklaigz. e, RT-qPCR of the total BAT RNA from Slc6a8;GatmAdipoqCre double-
knockout and Slc6a8fl/y;Gatmfl/fl control mice at 30 °C and 6 °C (n = 4 and  
5/group). f, Absolute creatine quantification in BAT at 30 °C and 6 °C by  

LC–MS, using d3-creatine as an internal standard with a creatine standard curve  
run in parallel (black circles) (30 °C and 6 °C: n = 3 and 5/group). g, Creatine 
concentration within bulk BAT of Slc6a8;GatmAdipoqCre double-knockout and 
Slc6a8fl/y;Gatmfl/fl control mice as a function of adipocyte diameter and brown 
adipocyte number at 30 °C and 6 °C (n = 3 and 5/group). h, Brown adipocyte 
creatine concentrations within bulk BAT calculated from the difference 
between Slc6a8;GatmAdipoqCre double-knockout and Slc6a8fl/y;Gatmfl/fl control 
mice in Extended Data Fig. 5g (30 °C and 6 °C: n = 3 and 5/group). Data are 
presented as mean values ± SEM of biologically independent samples.

https://BioRender.com/gklaigz
https://BioRender.com/gklaigz


Extended Data Fig. 6 | Leak-, protonophore-, and ADP- stimulated BAT 
mitochondria respiration. a-c, O2 consumption rates with titrations of (a) 
GDP (n = 5/group), (b) FCCP (n = 5/group), and (c) ADP (n = 3/group). d, Maximal 
O2 consumption rates with ADP, FCCP, and GDP titration (n = 3, 5, and 5/group). 

e, Instantaneous O2 consumption rates during the s3-s4 transition (n = 4/group). 
Data are presented as mean values ± SEM of biologically independent samples. 
a-c, non-linear regression; e, two-way ANOVA (Fisher’s LSD).
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Extended Data Fig. 7 | Contribution of the Glycerol Pocket to FCC-mediated 
thermogenesis. a, Alpl mRNA levels in immortalized brown adipocytes  
(n = 4/group). b, TNAP-dependent PCr hydrolysis in whole-cell lysates from 
immortalized brown adipocytes, defined as the SBI-425–sensitive fraction 
(10 µM) at pH 7.2 (n = 4/group). c, Western blot analysis of mitochondrial lysates 
from in vitro-differentiated immortalized brown adipocytes lacking TNAP 
(Alpl−/−), and rescued by adenoviral expression of TNAP variants (WT, S110A, 
K52S, and D370G). d, TNAP-dependent PCr hydrolysis in mitochondrial lysates 
from Alpl−/− brown adipocytes rescued with TNAP variants, assayed in the 
absence or presence of glycerol (1 mM) (n = 4/group). e, BAT glycerol levels in 
10–12 week-old male Alplfl/fl mice or AlplAdipoqCre mice (n = 8/group). f, Western 
blot analysis of mature brown adipocytes from 10–12 week-old male Alplfl/fl and 
AlplAdipoqCre mice rescued with empty AAV or AAV-mediated expression of TNAP 
variants (WT, S110A, K52S, and D370G). g, Basal-subtracted O2 consumption 
rates in interscapular brown adipocytes from male (black circles) and female 
(white circles) mice following noradrenaline stimulation (0.1 µM) (n = 4/group). 
h, Basal (unstimulated) oxygen consumption rates in interscapular brown 

adipocytes (n = 4/group). i, Basal-subtracted leak respiration, defined as the 
oligomycin-insensitive (5 µM) component of noradrenaline-stimulated 
thermogenesis (n = 4/group). j, Basal-subtracted ATP-linked respiration, 
defined as the oligomycin-sensitive (5 µM) component of noradrenaline-
stimulated thermogenesis (n = 4/group). k, p-Nitrophenyl phosphate (p-NPP) 
hydrolysis by TNAP in lysates from rescued mature brown adipocytes.  
l, Noradrenaline-stimulated (0.1 µM) glycerol release from AlplAdipoqCre BAT 
restored with AAV-TNAP variants (WT, S110A, K52S, and D370G) (n = 4/group). 
m-n, (m) Western blot analysis and (n) TNAP activity in whole-tissue and 
mitochondrial fractions from tamoxifen-treated control (Alplfl/fl;Ucp1fl/fl)  
and iADKOAlpl;Ucp1 male mice expressing AAV-TNAP variants (n = 4/group).  
o, TNAP-dependent PCr hydrolysis in interscapular brown adipocyte lysates 
from Alplfl/fl or AlplAdipoqCre mice rescued with TNAP variants, assayed in the 
absence or presence of glycerol (1 mM) (n = 4/group). Data are presented as mean 
values ± SEM of biologically independent samples. a, b, two-tailed Student’s  
t-tests; d, n, o, two-way ANOVA (Šidák post-hoc test); e, g-l, multiple two-tailed 
Student’s t-tests.



Article

e Ckb mRNA

0.0

0.5

1.0

2.0

C
kb

 m
R

N
A

(re
fe

re
nc

ed
 to

 P
pi

b)

1.5

P
 =

 6
e-

6

P
 =

 1
.7

e-
3

P
 =

 2
.6

e-
7

P
 =

 8
.4

e-
8

a Ucp1 mRNA

0.0

0.5

1.0

2.0

U
cp

1 
m

R
N

A
(re

fe
re

nc
ed

 to
 P

pi
b)

b Alpl mRNA (3’UTR)

Al
pl

 m
R

N
A

(re
fe

re
nc

ed
 to

 P
pi

b)

0.0

0.5

1.0

2.0

1.5

c Alpl mRNA (CDS)

0

50

100

150

200

250

P = 0.93

Al
pl

 m
R

N
A

(re
fe

re
nc

ed
 to

 P
pi

b)

P = 0.024

P = 8.3e-4

0

10

20

30

TNAP-dependent 
p-NPP hydrolysis (BAT)

TN
AP

-d
ep

en
de

nt
 

p-
N

PP
 h

yd
ro

ly
si

s 
(n

m
ol

/m
in

/m
g)

d

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

W
T

S1
10

A

D
37

0G

K5
2S

TNAP-dependent 
p-NPP hydrolysis (BAT)

TN
AP

-d
ep

en
de

nt
 

p-
N

PP
 h

yd
ro

ly
si

s 
(n

m
ol

/m
in

/m
g)

l

P = 0.02
P = 3.6e-3

P = 0.89
P = 0.99

0

50

100

150

200

Uncorrected whole-body
energy expenditurej

0.15

0.45

0.60

0.75

0.90

U
nc

or
re

ct
ed

 
w

ho
le

-b
od

y 
en

er
gy

ex
pe

nd
itu

re
 (k

ca
l/h

r) 30°C 6°C

0.30

S110A
K52S
D370GWT

Flox

m
Ckb mRNA

0.0

0.5

1.0

1.5

C
kb

 m
R

N
A

(re
fe

re
nc

ed
 to

 P
pi

b)

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

W
T

S1
10

A

D
37

0G

K5
2S

P
 =

 0
.0

1

P
 =

 8
e-

3

P
 =

 0
.5

3

P
 =

 0
.1

Cumulative movement
during steady state

EE in the cold

o

0

2

4

6

8

C
um

ul
at

iv
e 

m
ov

em
en

t
 (m

et
er

s)

P = 0.964

P
 =

 0
.9

99

P
 =

 0
.3

79

P
 =

 0
.8

96

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

W
T

S1
10

A

D
37

0G

K5
2S

C
um

ul
at

iv
e 

fo
od

 in
ta

ke
(k

ca
l)

Cumulative food intake
during steady state 

EE in the cold

n

P = 0.116

P
 =

 0
.9

99

P
 =

 0
.9

99

P
 =

 0
.9

65

0.00

0.25

0.50

0.75
1.6
1.7
1.8

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

W
T

S1
10

A

D
37

0G

K5
2S

g Ucp1 mRNA

0.0

0.5

1.0

1.5
U

cp
1 

m
R

N
A

(re
fe

re
nc

ed
 to

 P
pi

b)

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

W
T

S1
10

A

D
37

0G

K5
2S

P
 =

 1
e-

15

P
 =

 1
e-

15

P
 =

 1
e-

15

P
 =

 1
e-

15

i Alpl mRNA (CDS)

0

50

100

150

200

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

W
T

S1
10

A

D
37

0G

K5
2S

Al
pl

 m
R

N
A

(re
fe

re
nc

ed
 to

 P
pi

b)

P = 0.95

P = 0.86
P = 0.99

h Alpl mRNA (3’UTR)

P
 =

 6
.7

e-
3

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

W
T

S1
10

A

D
37

0G

K5
2S

P
 =

 4
.5

e-
3

P
 =

 5
.7

e-
3

P
 =

 0
.1

5

0.0

0.5

1.0

1.5

Al
pl

 m
R

N
A

(re
fe

re
nc

ed
 to

 P
pi

b)

f Uncorrected whole-body energy expenditure
NA

0

0.12

0.20

0.52

-4 4 2016128

W
ho

le
-b

od
y 

en
er

gy
 

ex
pe

nd
itu

re
 (k

ca
l/h

r)

Time (minutes)

WT

S110A
K52S
D370G

Flox
iADKOAlpl;Ucp1

Alplfl/fl;Ucp1fl/fl

Empty

F(1, 27) = 4.56P = 0.042
Empty vs. S110A

F(1, 23) = 1.39P = 0.251

F(1, 26) = 17.2P = 3.2e-4
F(1, 19) = 8.48P = 8.9e-3
F(1, 18) = 19.84P = 3e-4

F(1, 17) = 55.97P = 8.9e-7

WT vs. all groups

0.28

0.36

0.44

W
T

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

S1
10

A

D
37

0G
K5

2S

Em
pt

y
P

 =
 1

e-
15

P
 =

 1
e-

15

P
 =

 1
e-

15

P
 =

 1
e-

15

P
 =

 1
e-

15

1.5

P
 =

 5
.6

e-
11

P
 =

 8
.6

e-
8

P
 =

 3
.5

e-
6

P
 =

 0
.0

25

P
 =

 2
.7

e-
7

W
T

Al
pl

fl/
fl ;U

cp
1fl/

fl
iADKOAlpl;Ucp1

S1
10

A

D
37

0G
K5

2S

Em
pt

y

P = 0.99

P = 0.91

W
T

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

S1
10

A

D
37

0G
K5

2S

Em
pt

y

P
 =

 2
.5

e-
5

W
T

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

S1
10

A

D
37

0G
K5

2S

Em
pt

y

P = 1.8e-3
P = 4.4e-6

P = 7.2e-8

P = 0.46
P = 0.93

-240 -120 0
Time (minutes)

120

k Uncorrected cold-induced
whole-body energy expenditure

WT
S110A
K52S
D370G

Flox
iADKOAlpl;Ucp1

Alplfl/fl;Ucp1fl/fl

WT vs. all groups
F(1, 13) = 0.47P = 0.5063

F(1, 15) = 4.3P = 0.0558
F(1, 15) = 5.24P = 0.0371

F(1, 15) = 1.15P = 0.29960.60

0.70

0.80
0.85
0.90

0.75

0.65

U
nc

or
re

ct
ed

 c
ol

d-
in

du
ce

d 
w

ho
le

-b
od

y 
en

er
gy

ex
pe

nd
itu

re
 (k

ca
l/h

r)

26 27 28 29 30 31 32 33
Body Weight (g)

W
T

Al
pl

fl/
fl ;U

cp
1fl/

fl

iADKOAlpl;Ucp1

S1
10

A

D
37

0G
K5

2S

Em
pt

y

saline

Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Genetic TNAP variant restoration in iADKOAlpl;Ucp1 
mice. a-b, Endogenous (a) Ucp1 and (b) Alpl mRNA levels in tamoxifen-treated 
control (Alplfl/fl;Ucp1fl/fl: n = 16) and iADKOAlpl;Ucp1 male mice expressing either 
empty virus (Empty: n = 10) or TNAP variants (WT: n = 9; S110A: n = 19; K52S: 
n = 12; D370G: n = 11) acclimated to RT (22 °C ± 1 °C). c-e, (c) Alpl mRNA levels, (d) 
TNAP activity, and (e) Ckb mRNA levels in BAT from mice in Extended Data 
Fig. 8a,b. f, Uncorrected noradrenaline-stimulated whole-body energy 
expenditure in 12-week-old male control mice (Alplfl/fl;Ucp1fl/fl, n = 16) and 
iADKOAlpl;Ucp1 mice expressing empty AAV, WT TNAP, TNAP(S110A), TNAP(K52S) 
or TNAP(D370G) (n = 10, 9, 19, 12 and 11, respectively), acclimatized to 22 ± 1 °C. 
g-i, Endogenous (g) Ucp1 and (h, i) Alpl mRNA levels in tamoxifen-treated 
control (Alplfl/fl;Ucp1fl/fl: n = 6) and iADKOAlpl;Ucp1 male mice expressing TNAP 
variants (WT: n = 10; S110A: n = 8; K52S: n = 8; D370G: n = 8) acclimated to RT 

(22 °C ± 1 °C). j-k, ( j) Uncorrected energy expenditure of 12-week-old male 
control (Alplfl/fl;Ucp1fl/fl: n = 6) and iADKOAlpl;Ucp1 mice expressing TNAP variants 
(WT: n = 10; S110A: n = 8; K52S: n = 8; D370G: n = 8) acclimated to RT (22 °C ± 1 °C) 
and housed at 30 °C for five days before cold (6 °C) exposure and (k) energy 
expenditure averaged over 100 min steady-state (100–180 min following start 
of ramp-down to 6 °C). l-m, BAT (l) TNAP activity and (m) Ckb mRNA levels in 
mice from Extended Data Fig. 8g–i. n-o, (n) Cumulative food intake and (o) 
movement of mice during the final 100 min of cold exposure from Extended 
Data Fig. 8m. Data are presented as mean values ± SEM of biologically 
independent samples. a-e, One-way ANOVA (Tukey’s post-hoc test); f, two-way 
ANOVA (Fisher’s LSD); g-i, l-o, One-way ANOVA (Tukey’s post-hoc test); k, analysis 
of covariance (ANCOVA; two-sided, Bonferroni).
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Extended Data Fig. 9 | Pathogenic human ALPL variants in the Glycerol 
Pocket. a, Workflow of our genetic analyses of ALPL coding variants in the UKBB. 
Created in BioRender. Williamson, A. (2026) https://BioRender.com/oe50906. 
b-c, Beta estimates for associations between domain-stratified ALPL variant 
masks (Supplementary Table 6) and (b) plasma alkaline phosphatase activity  
or (c) heel bone mineral density (BMD) (alkaline phosphatase: N = 402,160;  
heel bone mineral density: N = 241,320). Variant groupings include protein- 
truncating variants (PTVs) and three missense masks: (1) CADD > 20 or 
REVEL > 0.5, (2) CADD > 20 and REVEL > 0.5, and (3) all missense variants  
without deleteriousness filtering; PTVs and mask 2 are shown here, with masks 1 
and 3 shown in Fig. 5a,b. d-e, Beta estimates for associations between domain- 
stratified ALPL variant masks and (d) plasma calcium or (e) plasma phosphate 

(phosphate: N = 367,874; calcium: N = 368,088). f, Table showing the position and 
nucleotide variants in ALPL found in the UKBB (VarID, column 1), the amino acid 
location of the variation in TNAP (Position, column 2), the change in TNAP amino 
acid sequence as a result of the nucleotide variation (amino acid change, column 3), 
and the associated phenotypes found in the ALPL variant database (https://
alplmutationdatabase.jku.at/) from mutations at the sites identified in the UKBB 
(Pathogenicity of amino acid change, column 4). Not observed indicates variants 
in the UKBB that were not identified in the ALPL variant database. Data are 
presented as mean values ± SEM of biologically independent samples. In b-e, 
error bars indicate standard error; squares denote associations significant 
after Bonferroni correction (P < 0.0016), filled circles nominal significance 
(0.0016 < P < 0.05), and open circles non-significance (P > 0.05).

https://BioRender.com/oe50906
https://alplmutationdatabase.jku.at/
https://alplmutationdatabase.jku.at/


Extended Data Fig. 10 | Pathogenic human TNAP variants activity and 
mineralization. a, Calcium quantification by Alizarin red staining of osteoblast 
mineralization following PPi inhibition and rescue with mouse TNAP-WT (n = 4/
group). b, Glycerol-induced PPi hydrolysis by recombinant human TNAP-WT, 
Glycerol Pocket mutants (D370A, K52S), and UKBB variants, normalized to 
activity at 0 mM glycerol (n = 3/group). c, Close-up of the Glycerol Pocket in TNAP-
S110A bound to PCr and crystallized with glycerol, shown as a semitransparent 
surface over the ribbon diagram; glycerol and coordinating residues are shown as 
sticks with hydrogen bonds indicated. d-e, Side views of the Glycerol Pocket, as in 

Extended Data Fig. 10c, illustrating (d) closure of the pocket base by F327 and (e) 
and enlargement upon mutation to cysteine. f, Michaelis-Menten kinetics of PPi 
hydrolysis by recombinant human TNAP-WT, Glycerol Pocket mutants (D370A 
and K52S), and UKBB variants, with kinetic parameters shown (n = 3/group).  
g, Calcium quantification by Alizarin red staining of osteoblast mineralization 
following PPi inhibition and rescue with human TNAP-WT (n = 16/group). Data  
are presented as mean values ± SEM of biologically independent samples.  
a, g, two-way ANOVA (Fisher’s LSD); b, f, linear regression.
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