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Mutant-selective AKT inhibition through 
lysine targeting and neo-zinc chelation

Gregory B. Craven1, Hang Chu2, Jessica D. Sun2, Jordan D. Carelli2, Brittany Coyne2, 
Hao Chen1, Ying Chen1, Xiaolei Ma2, Subhamoy Das2, Wayne Kong2, Adam D. Zajdlik2, 
Kin S. Yang2, Solomon H. Reisberg2, Peter A. Thompson2, J. Russell Lipford2 & Jack Taunton1 ✉

Somatic alterations in the oncogenic kinase AKT1 have been identified in a broad 
spectrum of solid tumours. The most common AKT1 alteration replaces Glu17 with  
Lys (E17K) in the regulatory pleckstrin homology domain1, resulting in constitutive 
membrane localization and activation of oncogenic signalling. In clinical studies, 
pan-AKT inhibitors have been found to cause dose-limiting hyperglycaemia2–6, which 
has motivated the search for mutant-selective inhibitors. We exploited the E17K 
mutation to design allosteric, lysine-targeted salicylaldehyde inhibitors with selectivity 
for AKT1 (E17K) over wild-type AKT paralogues, a major challenge given the presence 
of three conserved lysines near the allosteric site. Crystallographic analysis of the 
covalent inhibitor complex unexpectedly revealed an adventitious tetrahedral zinc 
ion that coordinates two proximal cysteines in the kinase activation loop while 
simultaneously engaging the E17K–imine conjugate. The salicylaldimine complex 
with AKT1 (E17K), but not that with wild-type AKT1, recruits endogenous Zn2+ in cells, 
resulting in sustained inhibition. A salicylaldehyde-based inhibitor was efficacious in 
AKT1 (E17K) tumour xenograft models at doses that did not induce hyperglycaemia. 
Our study demonstrates the potential to achieve exquisite residence-time-based 
selectivity for AKT1 (E17K) by targeting the mutant lysine together with Zn2+ chelation 
by the resulting salicylaldimine adduct.

AKT1 occupies a central node in the PI3K–AKT–mTOR signalling path-
way, which drives cell proliferation and survival. In unstimulated cells, 
AKT1 localizes to the cytoplasm in an autoinhibited state owing to an 
interaction between its pleckstrin homology and kinase domains7. 
Upstream activation of PI3K generates phosphatidylinositol- 
(3,4,5)-trisphosphate (PIP3), which serves as the primary ligand for the 
pleckstrin homology domain, relieving kinase autoinhibition while 
recruiting AKT1 to the plasma membrane8. Subsequent phosphoryla-
tion of AKT1 at Thr308 and Ser473 further activates the kinase domain 
and downstream signalling. This pathway is frequently upregulated 
in cancer by somatic genetic alterations and is an important target 
of current drug discovery efforts9. The most common oncogenic 
AKT1 alteration is Glu17 to Lys (E17K)1. Inversion of the electro-
static charge at this position leads to increased binding affinity for 
phosphatidylinositol-(4,5)-bisphosphate (PIP2), a relatively abundant 
membrane phospholipid, thereby stimulating pathological hyperac-
tivation of AKT1 (E17K)10,11. The somatic AKT1 E17K mutation occurs 
in cancers of the breast (6–8%)1,12, endometrium (4%)13 and meninges 
(12–31%)14,15 and in other solid tumours at lower frequencies (<2%). 
In addition, AKT1 (E17K) mutations have emerged as a secondary 
resistance mechanism in breast cancer patients treated with PI3Kα 
inhibitors16. Although ubiquitous heterozygous expression of AKT1 
(E17K) is embryonically lethal17, somatic mosaic mutations can give 
rise to progressive tissue overgrowth disorder Proteus syndrome18.

Clinical-stage AKT inhibitors bind to either the kinase active site 
or an allosteric pocket formed at the interface of the kinase and 
pleckstrin homology domains. Within the AKT family (AKT1, AKT2, 
AKT3), these binding sites are nearly identical. Consequently, few 
paralogue-selective AKT inhibitors have been reported. An orthos-
teric pan-AKT inhibitor, capivasertib, was recently approved in com-
bination with fulvestrant for metastatic hormone-receptor-positive 
breast cancer19. Moreover, both capivasertib and ipatasertib have 
shown modest efficacy in small-cohort studies of patients harbour-
ing AKT1 (E17K)-mutant tumours2–5. Despite these advances, hyper-
glycaemia has been a dose-limiting toxicity of all pan-AKT inhibitors 
tested so far. This side effect has been attributed to AKT2 inhibition 
on the basis of genetic evidence from mice and humans20–22. By con-
trast, AKT1 is genetically dispensable with respect to glucose homeo-
estasis23–25. Hyperglycaemia and other side effects have necessitated 
dose reductions of capivasertib6, potentially resulting in suboptimal 
levels of AKT1 (E17K) inhibition. Accordingly, there is an unmet need 
for AKT1 (E17K)-targeted drugs that minimally affect AKT2. Although 
covalent mutant-allele-specific inhibitors have been developed for 
KRAS (G12C)26–28, this strategy has not been applied to any oncogenic 
lysine mutant to our knowledge. Here, we use structure-based design to 
develop reversible salicylaldehyde inhibitors that covalently engage the 
mutant lysine of AKT1 (E17K). These inhibitors form an E17K-dependent 
zinc chelate, which results in prolonged target engagement in cells 
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and unprecedented residence-time-based selectivity over wild-type 
(WT) AKT paralogues.

The E17K mutation resides within the highly charged phospho-
inositide binding groove of the pleckstrin homology domain, which 
is remote from the kinase ATP binding site. By modelling the E17K 
mutation into the crystal structure of AKT1 in complex with the clini-
cal allosteric inhibitor ARQ092 (ref. 29), we observed that the mutant 
lysine could extend to within approximately 8 Å of the bound inhibitor 
(Fig. 1a). This suggested the possibility of trapping the ε-amine of Lys17 
with an electrophilic salicylaldehyde linked to a scaffold that occu-
pies the allosteric pocket. However, we noted three further lysines 
(Lys179, Lys276 and Lys297) within 7–10 Å of the allosteric pocket. 
Collectively, these lysines pose a major selectivity challenge, as they 
are conserved in all three AKT paralogues (AKT1, AKT2, AKT3) and 
could potentially form a covalent adduct with a salicylaldehyde-based 
inhibitor. Moreover, allosteric AKT inhibitors generally bind with 
lower affinity to AKT1 (E17K) than to WT AKT1 (sixfold lower in the 
case of ARQ092: AKT1 (WT), Kd = 8.6 nM; AKT1 (E17K), Kd = 42 nM)30, 
which further compounds the challenge of achieving selectivity for 
the E17K mutant.

Guided by computational modelling, we functionalized the imida-
zopyridine core found in ARQ092 with different linkers to a salicyla-
ldehyde, generating compounds 1–3 (Fig. 1b). We treated purified 
recombinant AKT1 (E17K or WT; 1 µM) with a fixed concentration of 
each compound (5 µM, 15 min) and quantified covalent adduct forma-
tion after brief exposure to NaBH4, which converts reversible imines 
to stable amines suitable for analysis by intact-protein mass spec-
trometry (Fig. 1c). Treatment with benzamide-linked salicylaldehyde 
1 produced an equilibrium mixture of 89% covalently modified and 
11% unmodified AKT1 (E17K). WT AKT1 was also covalently modified 
under these conditions, albeit to a lesser extent (41% modification 
at equilibrium). Preformed covalent complexes of salicylaldehyde 
1 bound to either E17K or WT AKT1 rapidly dissociated (dissociation 
half-time (t1/2) < 5 min) after the addition of a tenfold molar excess of 
ARQ092, confirming the specificity of the interaction but also imply-
ing a suboptimal covalent binding geometry (Fig. 1d). Extending the 
linker by one methylene unit (compound 2) markedly increased the 
residence time for AKT1 (E17K) relative to AKT1 (WT) (t1/2 = 71 min and 
6.8 min, respectively) and increased the extent of covalent modifica-
tion to 100% (Fig. 1c,d).

Replacing the amide linker with a secondary amine to give com-
pound 3 further increased the dissociation half-time for AKT1 (E17K), 
resulting in a residence-time-based E17K/WT selectivity ratio of 11.4 
(Fig. 1d). Differential scanning fluorimetry (DSF) measurements in 
the presence of compound 3 revealed enhanced thermal stabilization 
of AKT1 (E17K) relative to WT AKT1. By contrast, ARQ092 preferen-
tially stabilized WT AKT1 (Fig. 1e). Compound 3 showed even greater 
selectivity for AKT1 (E17K) over AKT2 in terms of both residence time 
and thermal stabilization (Extended Data Fig. 1a–c). This selectivity 
trend was further corroborated by biochemical kinase assays, in which 
compound 3 inhibited AKT1 (E17K) (half-maximal inhibitory concen-
tration = 0.6 nM; 10 µM ATP) with 28-fold and 103-fold selectivity over 
AKT1 (WT) and AKT2 (WT), respectively (Extended Data Fig. 1d).

Liquid chromatography and tandem mass spectrometry (LC–MS/MS) 
analysis of tryptic peptides derived from the NaBH4-reduced complex 
of AKT1 (E17K) and compound 3 confirmed that Lys17 is the predomi-
nant site of covalent modification, whereas compound 3 modified 
mainly Lys297 in WT AKT1 (Extended Data Fig. 1e,f). Although Lys297 
was disordered in the structure of AKT1 bound to ARQ092, modelling 
suggested that the ε-amine could also extend into the allosteric pocket 
(Fig. 1a). The preferential covalent engagement of Lys17 in the presence 
of Lys297, together with the increased residence time and thermal 
stability of the covalent AKT1 (E17K) complex compared to WT AKT1 
(Fig. 1d,e), suggests that the corresponding imine adduct with Lys17 
is more stable with respect to hydrolysis.

To demonstrate cellular AKT1 engagement, we first performed a 
thermal shift assay31 in BEAS-2B lung epithelial cells stably overexpress-
ing FLAG–AKT1 (E17K), FLAG–AKT1 (WT) or FLAG–AKT2 (WT). In cells, 
compound 3 stabilized AKT1 (E17K) (change in melting temperature 
(ΔTm) = 18.8 °C; Fig. 2a) to an even greater extent than the purified 
protein in buffer (ΔTm = 15.0 °C; Fig. 1e). The selectivity of compound 
3 for AKT1 (E17K) over WT AKT1 and AKT2, as determined by thermal 
stabilization, was also enhanced in cells (Fig. 2a and Extended Data 
Fig. 2) relative to buffer solution (Fig. 1e and Extended Data Fig. 1c). 
As expected, and in contrast to compound 3, ARQ092 preferentially 
stabilized WT AKT1 and AKT2 over AKT1 (E17K) in cells (Fig. 2a and 
Extended Data Fig. 2c).

We synthesized the salicylaldehyde probe 3-alkyne to directly 
assess covalent target engagement in cells (Fig. 2b and Extended Data 
Fig. 3a). The alkyne moiety enables visualization or affinity enrich-
ment of probe-modified proteins through copper-catalysed click 
conjugation to a fluorophore-azide or biotin-azide reagent32. Cells 
expressing FLAG–AKT constructs were treated with 3-alkyne (2 µM) 
for 45 min, and, after cell lysis, the imine adducts were reduced with 
NaBH4, subjected to click conjugation with rhodamine (TAMRA)-azide 
and analysed by in-gel fluorescence. Consistent with the results of 
intact-protein mass spectrometry, 3-alkyne rapidly modified AKT1 
(E17K) and WT AKT1/2 (t1/2 < 5 min, Extended Data Fig. 3b) in a manner 
that was prevented by ARQ092 pretreatment (Fig. 2c). Even without 
a washout step to accentuate residence-time-based discrimination, 
3-alkyne dose-dependently modified AKT1 (E17K) (half-maximal 
effective concentration (EC50) = 28 nM) with 2.4-fold increased 
potency over WT AKT1 and a striking 140-fold increased potency 
over AKT2 (Fig. 2d and Extended Data Fig. 3c). The observed selectiv-
ity for E17K over WT AKT1 was time dependent and further enhanced 
under washout conditions (Fig. 2e and Extended Data Fig. 3d–f). 
After treatment with 3-alkyne, cells were washed into medium con-
taining the potent competitor ARQ092 (5 µM), and the decrease in 
3-alkyne-modified FLAG–AKT was quantified over time. Dissocia-
tion of 3-alkyne from WT AKT1 and AKT2 occurred with half-times 
of 45 and 10 min, respectively, whereas covalent modification of 
AKT1 (E17K) decreased by less than 10% during the 3 h chase period 
(Fig. 2e). These results indicate that the residence-time-based selec-
tivity for AKT1 (E17K) over WT AKT1 was even greater in cells than 
with the purified proteins (Fig. 1d), mirroring the enhanced thermal 
stability conferred by compound 3 on cells (Figs. 1e and 2a). We con-
sider the mechanistic basis of these unexpected observations below  
(Fig. 5).

We used LAPC4-CR prostate cancer cells33, which are heterozygous 
for E17K-mutant AKT1 (Extended Data Fig. 4a,b), to identify the endog-
enous targets of 3-alkyne. Cells were treated with 3-alkyne (1 µM) or 
dimethyl sulfoxide (DMSO) in triplicate, and, following cell lysis, the 
imine adducts were reduced with NaBH4. After click conjugation to 
biotin-picolyl azide, modified proteins were enriched with neutravidin 
agarose, eluted and probed for AKT1 and AKT2 by immunoblotting. 
Consistent with the results in FLAG–AKT-overexpressing cells, endog-
enous AKT1 was strongly enriched by 3-alkyne in LAPC4-CR cells, 
whereas AKT2 was barely detected (Fig. 3a). A quantitative chemo-
proteomics approach was then used to identify the main cellular 
targets of 3-alkyne in an unbiased manner. After click conjugation and 
enrichment with neutravidin agarose beads, we performed on-bead 
trypsinization, TMT6 labelling and LC–MS/MS analysis (Fig. 3b and 
Supplementary Table 1). AKT1 was by far the most enriched protein 
from LAPC4-CR cells (3-alkyne versus DMSO fold change = 17.4; 
P = 9.67 × 10−7). AKT2 was also specifically enriched by 3-alkyne ver-
sus DMSO (fold change = 3.5; P = 1.26 × 10−3) but at a low fractional 
occupancy according to the immunoblotting results (Fig. 3a). For 
technical reasons, we were not able to identify a unique AKT1 pep-
tide containing Glu17 or Lys17 by LC–MS/MS analysis. Neverthe-
less, our unbiased chemoproteomic results indicate that 3-alkyne  
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Fig. 1 | Structure-based design and biochemical characterization of 
reversible covalent AKT1 (E17K) inhibitors. a, Model of AKT1 (E17K) in 
complex with ARQ092 (based on PDB 5KCV), highlighting proximal lysines.  
b, Chemical structures of salicylaldehydes 1–3. c, Deconvoluted intact-protein 
mass spectra of AKT1 (E17K or WT) (1 µM) treated with vehicle or 1–3 (5 µM, 37 °C, 
15 min) and then reduced with NaBH4 (10 mM, 5 min). d, Dissociation of preformed 
AKT1–ligand complexes (1 µM AKT1, 5 µM ligand) was initiated by the addition 
of excess ARQ092 (50 µM) with continuous incubation at 37 °C. At the indicated 

time points, the percentage of covalently modified AKT1 was determined by 
intact-protein mass spectrometry after quenching with NaBH4 (10 mM, 5 min). 
Duplicate measurements for each time point were plotted, and dissociation 
half-times were determined using an exponential decay function. e, The Tm of 
AKT1 (E17K or WT) (2 µM) treated with DMSO, 3 (10 µM) or ARQ092 (10 µM) was 
assessed by DSF (mean ± s.d., n = 3). Missing error bars indicate that the error 
was too small to be visualized. ΔTm was calculated relative to the DMSO control 
for each protein (mean ± s.d.). Cmpd, compound; PH, pleckstrin homology.
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challenged and lysed, and soluble FLAG–AKT1 levels were determined by dot 
blot. Tm values were determined by sigmoidal regression analysis (n = 3). ΔTm 
was calculated relative to the DMSO control for each protein (mean ± s.d.).  
b, Structure of 3-alkyne. c, BEAS-2B cells overexpressing the indicated FLAG–
AKT constructs were treated with ARQ092 (5 µM) or DMSO for 15 min and then 
with 3-alkyne (2 µM) for 45 min. After cell lysis and reduction with NaBH4 
(10 mM), labelled proteins were conjugated to TAMRA-azide and visualized  
by in-gel fluorescence. d, The indicated BEAS-2B cell lines were treated with 
increasing concentrations of 3-alkyne for 6 h. After cell lysis and reduction 

with NaBH4 (10 mM), labelled proteins were conjugated to TAMRA-azide and 
visualized by in-gel fluorescence. Data were normalized to the maximum signal 
(mean ± s.d., n = 3) and fitted with a sigmoidal regression. e, The indicated 
BEAS-2B cell lines were treated with 3-alkyne (2 µM for E17K and WT FLAG–
AKT1, 10 µM for FLAG–AKT2) for 4 h. The medium was replaced with ARQ092- 
containing medium (5 µM) to initiate competitive displacement. At the indicated 
time points, the cells were lysed and then reduced with NaBH4 (10 mM). The 
labelled proteins were conjugated to TAMRA-picolyl-azide and visualized by 
in-gel fluorescence. Data were normalized to the 0 h time point (mean ± s.d., 
n = 3) and fitted with an exponential decay. Missing errors bars indicate that the 
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Fig. 3 | Inhibition of AKT1 (E17K)-mediated signalling and cancer cell 
proliferation. a, LAPC4-CR cells were treated with 3-alkyne (1 µM) or DMSO 
for 2 h in biological triplicate, lysed, reduced with NaBH4 (10 µM) and conjugated 
with biotin-picolyl-azide. Biotinylated proteins were enriched with neutravidin 
agarose beads and analysed by immunoblotting. This experiment was performed 
once. b, Triplicate samples were prepared from LAPC4-CR cells treated with 
3-alkyne or DMSO as described in a. Neutravidin-enriched samples were 
trypsinized, TMT-labelled and analysed by mass spectrometry. The plot shows 
the log2 fold ratios of identified proteins (3-alkyne versus DMSO) and the 

corresponding P values (Student’s t-test, two-tailed, unpaired, parametric).  
c, LAPC4-CR or SkBr3 cells were treated with ARQ092 or compound 3 for  
72 h, and cell viability was assessed. Data (mean ± s.d., n = 4) were fitted with 
sigmoidal regression. d, LAPC4-CR and SkBr3 cells were treated with ARQ092 or 
compound 3 for 2 h, lysed and analysed by immunoblotting (loading controls:  
tAKT1, tPRAS40, GAPDH). This experiment was performed twice with similar 
results. e, Structure of compound 4. f, LAPC4-CR or SkBr3 cells were treated 
with compound 4 for 72 h, and cell viability was assessed. Data (mean ± s.d., n = 4) 
were fitted with sigmoidal regression.
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(and, by inference, the nearly identical compound 3) selectively modi-
fies endogenous AKT1 over AKT2 in LAPC4-CR prostate cancer cells 
expressing AKT1 (E17K). Treatment of LAPC4-CR tumour-bearing mice 
with 3-alkyne (30 mg per kg body weight (30 mg kg−1), intraperitoneal 
(i.p.) injection), followed by enrichment of modified proteins from 
tumour lysates, confirmed selective covalent engagement of AKT1 
over AKT2 in vivo (Extended Data Fig. 4c).

Owing to a lack of mutant-selective inhibitors, it was not previ-
ously possible to test whether pharmacological blockade of endog-
enous AKT1 (E17K) is sufficient to abolish oncogenic signalling. We 
therefore compared the effects of compound 3 and ARQ092 on cell 
viability and AKT signalling in LAPC4-CR cells. As a control, we evalu-
ated both inhibitors in SkBr3 breast cancer cells, which are WT for 
AKT1 and are known to be sensitive to pan-AKT inhibitors34. Exposure 
of LAPC4-CR cells to compound 3 for 72 h potently reduced cell viabil-
ity (EC50 = 20 nM), similar to the clinical pan-AKT inhibitor ARQ092 
(EC50 = 37 nM) (Fig. 3c). By contrast, SkBr3 cells were 50-fold less sen-
sitive to compound 3 (EC50 = 1.0 µM) but only 3-fold less sensitive 
to ARQ092 (EC50 = 106 nM). Previous studies have shown that addi-
tion of a non-native myristoylation sequence to AKT1 constitutively 
activates the kinase and is oncogenic35. Consistent with an on-target 
mode of action, the effects of compound 3 (and, to a lesser extent, 
those of ARQ092) were abolished in LAPC4-CR cells transduced with 
a myristoylated AKT1 construct lacking the E17K mutation (Extended 
Data Fig. 4d,e).

The effects of compound 3 on LAPC4-CR cell viability were cor-
related with acute inhibition of AKT signalling readouts, including 
phospho-PRAS40 (Fig. 3d and Extended Data Fig. 5a), an AKT substrate 
that contributes to mTORC1 activation and cancer cell survival36,37. 
Compound 3 also potently inhibited AKT signalling in E17K-mutant 
HBCx-2 breast cancer cells (Extended Data Fig. 5a). By contrast, the 
inhibitory effects on phospho-PRAS40 and other signalling readouts 
were reduced in AKT1 (WT)-expressing SkBr3 and MCF7 breast cancer 
cells (Fig. 3d and Extended Data Fig. 5a). The differential effects on AKT 
signalling were even more apparent when we measured the kinetics of 
phospho-PRAS40 recovery after compound 3 washout in LAPC4-CR and 
SkBr3 cells (Extended Data Fig. 5b,c). Overall, the increased potency of 
compound 3 towards E17K-mutant LAPC4-CR and HBCx-2 cells mirrored 
the increased thermal stability, potency and residence time towards 
E17K versus WT AKT1 and AKT2 (Fig. 2).

To enable in vivo studies, we developed fluorinated salicylaldehyde 4 
(Fig. 3e), a derivative of compound 2 with improved pharmacokinetics 
and residence-time-based selectivity compared with both compounds 
2 and 3 (Extended Data Fig. 6a–c). In a cellular nanoBRET assay using 
full-length AKT constructs38, compound 4 bound to AKT1 (E17K) more 
potently than compound 3 and showed greater selectivity over WT AKT1 
(2.5-fold) and AKT2 (24-fold) (Extended Data Fig. 6d). Strikingly, com-
pound 4 dissociated from purified WT AKT1 18-fold faster than AKT1 
(E17K) and showed greater potency towards E17K-mutant LAPC4-CR 
and HBCx-2 cells relative to SkBr3 and MCF7 cells (Fig. 3f and Extended 
Data Fig. 6b,e).

Treatment of LAPC4-CR tumour-bearing mice with a single dose of 
compound 4 (40 mg kg−1, i.p. injection) reduced phospho-AKT1 and 
phospho-PRAS40 levels in tumours collected at 2 h and 7 h postdose 
(80–90% inhibition, Extended Data Fig. 6f,g). After 24 h, complete 
recovery of both biomarkers was observed, suggesting that more 
frequent dosing would be required to provide sustained inhibition of 
AKT1 (E17K) signalling in tumours. Twice-daily dosing with compound 
4 (30 mg kg−1) significantly blocked LAPC4-CR tumour growth (Fig. 4a 
and Extended Data Fig. 7a–c), confirming that covalent inhibition 
of AKT1 (E17K) (and possibly WT AKT1) could mediate antitumour 
effects in mice. Oral administration of ARQ092 (100 mg kg−1)30 was 
also efficacious in the LAPC4-CR xenograft model. However, ARQ092 
was poorly tolerated relative to compound 4 and caused substantial 
weight loss (Extended Data Fig. 7d). Moreover, ARQ092 induced rapid 

elevation in blood glucose levels when administered to tumour-free 
mice at either 50 or 100 mg kg−1. By contrast, compound 4 (30 mg kg−1) 
had no effect on blood glucose (Fig. 4b), consistent with its decreased 
potency towards AKT2 (Extended Data Fig. 6d). In a homozygous 
E17K-mutant breast cancer model (HBCx-2 patient-derived xenograft), 
compound 4 also showed significant, dose-dependent tumour growth 
inhibition (75% at 20 mg kg−1; 96% at 30 mg kg−1; Fig. 4c and Extended 
Data Fig. 7e). By contrast, a WT AKT1 breast cancer xenograft model 
(BT-474) was less sensitive to compound 4, yet it was highly sensi-
tive to pan-AKT inhibitors ARQ092 and capivasertib (Extended Data 
Fig. 7f,g).

We obtained a 2.2-Å-resolution crystal structure of AKT1 (E17K) in 
complex with compound 3, which showed the anticipated imine bond 
between the salicylaldehyde and Lys17 (Extended Data Fig. 8a). Addi-
tional density suggested the presence of a tetravalent metal ion bound 
to the salicylaldimine through the phenol-O and the imine-N, along 
with Cys296 and Cys310 in the activation loop of the kinase domain. 
We tentatively identified the metal ion—which probably originated as a 
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mean ± s.e.m.) and TGI were determined as described in Methods. Student’s 
t-test (two-tailed, unpaired, parametric) was used to calculate P values without 
adjustments for multiple comparison tests. b, Male athymic nude mice were 
treated with a single dose of vehicle (i.p. injection), compound 4 (30 mg kg−1, i.p. 
injection), vehicle (p.o.) or ARQ092 (100 or 150 mg kg−1, p.o.), and blood glucose 
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Adjusted P values were calculated relative to the appropriate vehicle using a 
two-way repeat-measurement analysis of variance (ANOVA) with Holm–Šídák’s 
multiple comparisons test. NS, not significant. c, HBCx-2 tumour-bearing female 
mice were randomized to vehicle or compound 4 treatment (20 or 30 mg kg−1, 
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determined as described in Methods. Adjusted P values were calculated 
relative to the vehicle using ordinary one-way ANOVA with Dunnett’s multiple 
comparison test.
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trace contaminant in the crystallization buffer—as Zn2+ on the basis of 
its distinctive tetrahedral geometry and bond lengths39. Indeed, sim-
ple salicylimines40 have been shown to chelate Zn2+, which frequently 
coordinates cysteine and histidine in protein binding sites41. Crystal-
lization in the presence of added ZnSO4 (2 equivalents) provided a 
2.1 Å structure that recapitulated the same binding configuration but 
with improved electron density and B factors for the metal and ligand, 
consistent with stoichiometric Zn2+ coordination (Fig. 5a and Extended 
Data Figs. 8b and 9a). Crystallization of AKT1 (E17K) in complex with 
compound 4 produced a 1.9 Å structure with a similar Zn2+ binding 
configuration (Extended Data Fig. 8c,d).

Our initial residence time measurements were performed in the 
presence of ethylenediaminetetraacetic acid (EDTA). Thus, a slowly 
dissociating covalent complex with AKT1 (E17K) could form even in 
the absence of Zn2+ coordination (t1/2 ≈ 124 min; Fig. 1d). We deter-
mined the structure of the metal-free complex at 2.2 Å resolution 
after alkylation of Cys296 and Cys310 with iodoacetamide to prevent 
adventitious metal binding. This structure showed a similar binding 
pose for compound 3, albeit with the salicylaldehyde in a flipped 
orientation that maintained the imine bond with Lys17 (Fig. 5b and 
Extended Data Fig. 8e). The metal-free salicylaldimine exhibited a 
favourable coplanar geometry with an intramolecular hydrogen bond 
between the imine and the ortho-phenol (Fig. 5b), which probably 
contributes to its enhanced thermal stability and residence time42 
relative to that of the complex with WT AKT1. A cocrystal structure of 
WT AKT1 in complex with compound 3 (2.0 Å resolution) confirmed 
covalent bond formation between the salicylaldehyde and Lys297, 
consistent with the results of the LC–MS/MS analysis (Extended 
Data Fig. 1f). However, in contrast to the Lys17-derived imine, the 
Lys297-derived imine in WT AKT1 was rotated out of plane and did 
not form an intramolecular hydrogen bond with the phenol (Fig. 5c 
and Extended Data Fig. 8f). Although we cannot exclude an effect of 
the crystallization conditions (cysteine alkylation was required to 
obtain a high-resolution dataset), our structure provides a plausible 
explanation for the decreased thermal stability and residence time of 
compound 3 bound to WT AKT1 compared with AKT1 (E17K). Finally, 
we solved a cocrystal structure of AKT2 in complex with compound 
3 (2.0 Å resolution) in which electron density for the salicylaldehyde 
and Lys298 could not be resolved (Extended Data Fig. 8g,h), con-
sistent with the formation of a conformationally dynamic or rapidly 
equilibrating imine conjugate. Collectively, our cocrystal structures 
support a model in which compound 3 binds to the AKT1 (E17K) allos-
teric site and positions the salicylaldehyde in proximity to both Lys17 
and Lys297. Although reversible covalent bond formation may occur 
competitively with Lys297, the salicylaldimine–Lys17 conjugate is 
thermodynamically preferred.

Although the biological relevance of Zn2+ coordination was initially 
unclear, we considered that the formation of a tetravalent chelate con-
taining the salicylaldimine–Lys17 conjugate would be stabilizing. Using 
DSF, we assessed the thermal stability of AKT1 (E17K) after treatment 
with compound 3 and found that adding Zn2+ (5 equivalents) stabilized 
the complex by a further 7.8 °C (Extended Data Fig. 9b). This stabilizing 
effect was abolished with an AKT1 mutant (E17K, C296/310A) lacking 
the two cysteines bound to Zn2+ in our crystal structure. Addition of 
Zn2+ likewise had no effect on the stability of WT AKT1 bound to com-
pound 3. We assessed the effect of Zn2+ on residence time by diluting 
the preformed covalent complex of AKT1 (E17K)–compound 3 in the 
presence of excess ARQ092. The addition of ZnSO4 rendered the cova-
lent complex quasi-irreversible, whereas under metal-free conditions 
the complex dissociated with a half-time of 130 min (Fig. 5d). ZnSO4 
had no effect on the dissociation kinetics of compound 3 from AKT1 
(E17K, C296/310A). Notably, the dissociation kinetics of AKT1 (E17K)–
compound 3 in the presence of Zn2+ recapitulated the slow washout 
kinetics and enhanced thermal stability observed in cells (Fig. 2a,e and 
Extended Data Fig. 5b,c).

We used a cellular thermal shift assay (Fig. 2a) to test whether 
Zn2+ binding would stabilize the AKT1(E17K)–compound 3 complex 
in cells. Cotreatment of cells for 3 h with compound 3 and TPEN, a 
cell-permeable chelator that binds Zn2+ with femtomolar affinity43, 
resulted in significantly reduced FLAG–AKT1 (E17K) stability rela-
tive to treatment with compound 3 alone (Fig. 5e and Extended Data 
Fig. 10a). A similar effect was observed in the absence of TPEN when we 
assessed the thermal stability of FLAG–AKT1 (E17K, C296/310A), which 
lacked the critical cysteines involved in Zn2+ chelation (Fig. 5e). Taken 
together, these data strongly suggest that metal chelation by Cys296 
and Cys310 stabilizes the covalent complex formed by FLAG–AKT1 
(E17K) and compound 3 in cells.

To identify the bound metal unambiguously, we purified the com-
plex from cells with anti-FLAG beads, specifically eluted with excess 
FLAG peptide, and analysed the eluted material by inductively coupled 
plasma mass spectrometry (ICP-MS) to quantify five of the most abun-
dant biologically relevant transition metals (Mn, Fe, Co, Cu and Zn). 
Using this protocol, we obtained FLAG–AKT1 (E17K) and FLAG–AKT1 
(E17K, C296/310A) in >90% purity (Extended Data Fig. 10b) from cells 
treated with DMSO or compound 3 (2 µM for 2 h, in quadruplicate). 
Treatment of cells with compound 3 led to selective enrichment of Zn2+ 
with FLAG–AKT1 (E17K) but not the cysteine double mutant (Fig. 5f). 
Moreover, Zn2+ was not enriched with FLAG–AKT1 (E17K) purified from 
cells treated with DMSO instead of compound 3. Hence, covalent modi-
fication of Lys17 in AKT1 (E17K) by compound 3 in cells recruits Zn2+ in a 
Cys296/Cys310-dependent manner to form a stable chelate. Assembly 
of this ‘neo-zinc chelate’ results in prolonged inhibition of AKT1 (E17K) 
but not WT AKT1 or AKT2.

Discussion
This study reports covalent inhibitors that target the mutant oncopro-
tein AKT1 (E17K), with improved selectivity over WT AKT paralogues 
driven by exceptionally long residence times. The E17K alteration 
constitutively activates AKT1 kinase signalling and has been identi-
fied in a variety of solid tumour types. Although pan-AKT inhibitors 
have shown encouraging preliminary activity in a subset of patients 
with AKT1 (E17K) mutant tumours2–4, on-target toxicities (for instance, 
hyperglycaemia) have necessitated intermittent and/or reduced dos-
ing, probably resulting in suboptimal AKT1 (E17K) engagement6. By 
creating a unique nucleophile for targeted covalent inhibitors, the 
E17K alteration offers the potential for sustained kinase inhibition and 
improved selectivity over WT AKT paralogues. This opportunity never-
theless comes with significant challenges intrinsic to the development 
of lysine-targeted covalent inhibitors, including the vastly reduced 
nucleophilicity and higher prevalence of lysine relative to cysteine44.

To address these challenges, we used a structure-guided approach 
and exploited residence-time-based selectivity. The electrophilic 
salicylaldehyde in compound 3 preferentially forms a reversible 
imine conjugate with Lys17 in AKT1 (E17K), despite the presence of 
three other lysines within striking distance of the allosteric pocket, 
all of which are conserved in AKT1–3. The salicylaldehyde also effi-
ciently modifies Lys297 in WT AKT1. However, the resulting covalent 
complex is thermally less stable and dissociates more than ten times 
faster than the AKT1 (E17K) complex, even in the absence of Zn2+ chela-
tion. The relative hydrolytic stability of the imine adducts derived from 
Lys17 and Lys297, which approach the salicylaldehyde from different 
directions, can be rationalized on the basis of their structures. In the 
Zn2+-free cocrystal structure with AKT1 (E17K), the Lys17-derived salicy-
laldimine adopts an energetically favourable conformation with an 
intramolecular hydrogen bond between the imine and the phenol; 
notably, the imine bond is entirely shielded from solvent. By contrast, 
the Lys297-derived imine bond in WT AKT1 is more solvent-exposed 
and rotated out of plane, precluding intramolecular hydrogen 
bond formation. Our AKT1 (E17K) inhibitors show even greater 
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inhibition. a, Cocrystal structure of AKT1 (E17K) bound to salicylaldehyde 3 
(grey) in the presence of Zn2+ at 2.2 Å resolution. Yellow dashes, H bonds; 
orange dashes, π-stacking; black dashes, Zn2+ chelate. b, Cocrystal structure  
of iodoacetamide-labelled AKT1 (E17K) bound to salicylaldehyde 3 at 2.2 Å 
resolution (Zn2+-free). c, Cocrystal structure of AKT1 (WT) bound to 
salicylaldehyde 3 (grey) at 2.0 Å resolution. The dihedral angle (69°) for the 
aryl-imine C–C bond is indicated. d, Purified AKT1 mutants (1 µM) were treated 
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15 min. Dissociation of the covalent complex was initiated by adding ARQ092 
(50 µM) with continuous incubation at 37 °C, and the percentage of modified 
AKT1 was determined by mass spectrometry as described in Fig. 1d; n = 1.  
e, BEAS-2B cells stably expressing FLAG–AKT1 mutants were treated for 3 h 

with compound 3 (2 µM) and DMSO or TPEN (10 µM) and analysed by cellular 
thermal shift assay as in Fig. 2a. Tm values were determined by sigmoidal 
regression analysis (mean ± s.d., n = 3). Adjusted P values were calculated using 
ordinary one-way ANOVA with Tukey’s multiple comparison test. f, BEAS-2B 
cells stably expressing FLAG–AKT1 mutants were treated with DMSO or 
compound 3 (2 µM, 2 h). After cell lysis, FLAG–AKT1 was immunoprecipitated 
and eluted with FLAG peptide. Transition metals (Mn, Fe, Co, Cu and Zn) were 
quantified by ICP-MS using internal standards. Data are plotted as molar 
equivalents (mean ± s.d., n = 4) on the basis of estimated amounts of FLAG–
AKT1 in each sample (Extended Data Fig. 10b). Missing errors bars indicate that 
the error was too small to be visualized. P values were calculated using Student’s 
t-test (two-tailed, unpaired, parametric) without adjustments for multiple 
comparisons. IP, immunoprecipitation.
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selectivity over AKT2, reflected by the absence of acute blood glucose 
elevation in mice treated with compound 4. Applying the concept of 
residence-time-based selectivity to covalent inhibitor discovery—which 
requires an intrinsically reversible electrophile—may be especially 
advantageous for discriminating among the approximately 600,000 
lysines in the proteome, as shown in this study and previous work 
aimed at selectively targeting the conserved catalytic lysine of protein  
kinases45.

Several lines of evidence from structural, biophysical and cellular 
experiments indicate that the reversible AKT1 (E17K)–salicylaldimine 
complex is further stabilized by engaging a Zn2+ ion. This produces a 
chelate in which the imine-N and phenol-O atoms occupy two positions 
of the Zn2+ coordination sphere. Completion of the tetravalent chelate 
requires Cys296 and Cys310, which are fortuitously located on a proxi-
mal segment of the kinase activation loop adjacent to the allosteric 
pocket. Notably, the prolonged residence time and TPEN-sensitive 
thermal stability of the intracellular AKT1 (E17K)–3 complex mirrors the 
effect of adding stoichiometric Zn2+ to the biochemically reconstituted 
complex. These results, along with our ICP-MS analysis of immunopuri-
fied AKT1 (E17K), strongly suggest that the AKT1(E17K)–3 complex is sta-
bilized by endogenous Zn2+ chelation in cells. This chelation-enhanced 
stability translates to even greater selectivity over WT AKT1 and AKT2 
in cells, potentially reducing the likelihood of on-target toxicities 
observed with pan-AKT inhibitors.

Here, we report the formation of a ‘neo-zinc chelate’ comprising a 
reversible covalent inhibitor and a protein that does not otherwise 
bind Zn2+. Chelation-enhanced binding has been reported for a class of 
non-covalent inhibitors that recruit adventitious Zn2+ to the catalytic 
site of trypsin-like serine proteases46. More recently, endogenous 
Zn2+ chelation has been implicated in lactate binding to the SUMO 
hydrolase SENP1, which does not otherwise bind to transition met-
als47. In principle, a ligand design strategy in which lysine modifi-
cation by a salicylaldehyde moiety is coupled to Zn2+ recruitment 
by two proximal side chains (such as Cys or His) could be applied 
to other protein targets besides AKT1 (E17K), leading to enhanced 
potency and selectivity. This strategy could also be used to target 
lysines near functional metal binding sites, such as metalloenzymes 
or even structural or regulatory domains (for instance, zinc fingers) 
in which metal binding is either intrinsically weak or compromised 
by a pathogenic mutation.

Although further optimization is required to develop an orally 
bioavailable salicylaldehyde inhibitor of AKT1 (E17K), the recently 
approved salicylaldehyde-based drug voxelotor, which targets the 
amino-terminal amine of haemoglobin48,49, suggests that this is an 
achievable goal. These challenges notwithstanding, our study demon-
strates the feasibility of covalently targeting a mutant oncogenic lysine 
and inactivating the AKT1 (E17K)-driven growth of malignant tumours, 
without inhibiting AKT2 or inducing hyperglycaemia.
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Methods

Cell culture
All cell lines (except LAPC4-CR, HBCx-2 and Sf9) were obtained from 
ATCC, tested negative for mycoplasma contamination and were used 
without further authentication. BEAS-2B cells (ATCC, catalogue no. 
CRL-3588) were cultured in RPMI-1640 and GlutaMAX (Thermo Fisher 
Scientific, catalogue no. 61870036) supplemented with 10% fetal 
bovine serum (Axenia Biologix, catalogue no. F001). HEK293T cells 
(ATCC, catalogue no. CRL-3216) were cultured in Dulbecco’s modified 
Eagle medium (DMEM) and GlutaMAX (Thermo Fisher Scientific, 
catalogue no. 10569069) supplemented with 10% fetal bovine serum 
(Axenia Biologix, catalogue no. F001). LAPC4-CR cells6 (gift from 
M. C. Haffner) were cultured in RPMI-1640 and GlutaMAX (Thermo 
Fisher Scientific, catalogue no. 61870036) supplemented with 10% 
fetal bovine serum (Axenia Biologix, catalogue no. F001). SkBr3 cells 
(ATCC, catalogue no. HTB-30) were cultured in McCoy’s 5a and Glu-
taMAX (Thermo Fisher Scientific, catalogue no. 36600021) supple-
mented with 10% fetal bovine serum (Axenia Biologix, catalogue no. 
F001). HBCx-2 cells (XenTech) were cultured in Advanced DMEM/F12 
(Thermo Fisher Scientific, catalogue no. 10569069) supplemented 
with 8% fetal bovine serum (Axenia Biologix, catalogue no. F001), 
2 mM l-glutamine and 20 µM Rho-associated kinase inhibitor Y-27632. 
MCF7 cells (ATCC, catalogue no. HTB-22) were cultured in DMEM 
and GlutaMAX (Thermo Fisher Scientific, catalogue no. 10569069) 
supplemented with 10% fetal bovine serum (Axenia Biologix, cata-
logue no. F001). Cells were maintained in a humidified 37 °C incu-
bator with 5% CO2. Sf9 insect cells (Expression Systems, catalogue 
no. 94-001S) were cultured in ESF 921 Insect Cell Culture Medium 
(Expression Systems, catalogue no. 96-001-01) at 27 °C with shaking  
(125 rpm).

Assessing AKT1 modification
For the results shown in Fig. 1c and Extended Data Fig. 1a, recombi-
nant AKT1 (E17K), AKT1 (WT) or AKT2 (WT) (1 µM) was treated with 
DMSO or probes 1–3 (5 μM) in 25 mM HEPES (pH 8.0), 150 mM NaCl, 
5 mM EDTA, 1 mM TCEP (Tris(2-carboxyethyl)phosphine) at 37 °C 
for 15 min and then reduced with NaBH4 (10 mM, 5 min). The sam-
ple was diluted twofold with 50% MeCN, 0.5% trifluoroacetic acid 
(TFA) and analysed by intact-protein LC–MS (Waters Xevo G2-XS 
QToF). Data were acquired with an m/z scan range of 400–4,000, 
deconvoluted and quantified with Waters MassLynx (v.4.2) over a 
minimum of ten charge states, and plotted using GraphPad Prism  
(v.9.5.0).

For dissociation of preformed AKT–probe complexes (Fig. 1d and 
Extended Data Figs. 1b and 6c), AKT–probe complexes were pre-
formed by incubating recombinant AKT1 (E17K), AKT1 (WT) or AKT2 
(WT) (1 µM) with probes 1–4 (5 µM) in 25 mM HEPES (pH 8.0), 150 mM 
NaCl, 5 mM EDTA, 1 mM TCEP at 37 °C for 15 min. Dissociation was initi-
ated by addition of ARQ092 (50 µM) with continuous incubation at 
37 °C. Aliquots were removed at the indicated time points, quenched 
with NaBH4 (10 mM, 5 min), diluted twofold in 50% MeCN, 0.5% TFA, 
and analysed by intact-protein LC–MS (Waters Xevo G2-XS QToF). Data 
were acquired with an m/z scan range of 400–4,000, deconvoluted 
and quantified with Waters MassLynx (v.4.2) over a minimum of ten 
charge states. The percentage modification was plotted versus time, 
and dissociation kinetics were determined using an exponential decay 
function in GraphPad Prism (v.9.5.0).

To determine the effects of Zn2+ on dissociation kinetics (Fig. 5d), 
the AKT1–3 complex was preformed by incubating recombinant AKT1 
(E17K or E17K, C296/310A, 1 µM) with 3 (5 µM) in 25 mM HEPES (pH 8.0), 
150 mM NaCl, containing either 5 mM EDTA or 5 µM ZnSO4 at 37 °C for 
15 min. Dissociation was initiated by the addition of ARQ092 (50 µM) with 
continuous incubation at 37 °C. Aliquots were removed at the indicated 
time points and quenched with NaBH4 (10 mM, 5 min) and then diluted 

twofold in 50% MeCN, 0.5% TFA, and analysed by intact-protein LC–MS 
(Waters Xevo G2-XS QToF). Data were acquired with an m/z scan range of 
400–4,000, deconvoluted and quantified with Waters MassLynx (v.4.2) 
over a minimum of ten charge states. The percentage modification was 
plotted versus time, and dissociation kinetics were determined using 
an exponential decay function in GraphPad Prism (v.9.5.0).

Modified site identification by tryptic LC–MS/MS
Recombinant AKT1 (WT or E17K, 2 μM, 40 µl) was treated with com-
pound 3 (4 μM) in 25 mM HEPES (pH 8.0), 150 mM NaCl buffer at 37 °C 
for 15 min and then reduced with NaBH4 (5 mM, 5 min). The solution was 
diluted with 40 µl of 20 mM Tris (pH 8.0) and 2 mM CaCl2 buffer and 
sequentially incubated with dithiothreitol (DTT; 1 µl, 400 mM, 50 °C, 
30 min), iodoacetamide (4 µl, 200 mM, room temperature, 15 min), DTT 
(2.1 µl, 400 mM, room temperature, 15 min) and then sequencing-grade 
trypsin/Lys-C mix (Thermo Fisher Scientific, catalogue no. A41007) 
(1 µl, 0.5 mg ml−1, 37 °C, 18 h). The resulting peptides were acidified with 
2 µl formic acid, desalted with C18 Omix Tips (Agilent, catalogue no. 
A57003100) and eluted with 50% MeCN, 0.1% formic acid. The samples 
were dried down by SpeedVac and then analysed by LC–MS/MS.

Tryptic peptides were reconstituted in 100 μl of 0.1% TFA in water and 
analysed with an Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo 
Fisher Scientific) connected to an Ultimate 3000 RSLCnano system with 
0.1% formic acid in H2O as buffer A and 95% MeCN, 0.1% formic acid, as 
buffer B. Peptides (5 μl per injection) were separated on an EASY-Spray 
3 mm, 75 μm × 15 cm C18 column (Thermo Fisher Scientific, catalogue 
no. ES800) with the following LC settings: flow rate of 0.3 µl min−1, 
loading samples at 2% B for 12 min, then 2–31% B over 72 min and finally 
31–53% B over 2 min. Data were acquired in a data-dependent mode. 
MS1 scans were acquired at a resolution of 120 K with a m/z scan range 
of 200–1,500, a maximum ion injection time of 50 ms, charge states 
of 2–7 and a 30 s dynamic exclusion time. MS2 spectra were acquired 
through higher-energy collisional dissociation at a collision energy of 
30% in the orbitrap with an isolation width of 1.6 m/z.

The LC–MS/MS data were searched using FragPipe (v.19.1) with 
the MSFragger50 (v.3.7) and IonQuant51 (v.1.8.10) modules against 
the AKT1 (E17K) and AKT1 (WT) sequences appended with decoy 
and common contaminant sequences. Methionine oxidation, pro-
tein N-terminal acetylation and lysine–compound 3 (+524.2324 Da) 
were set as variable modifications, whereas carbamidomethylation of 
cysteine was set as a static modification. Label-free quantification was 
applied, and ‘stricttrypsin’ was selected as the digestion enzyme with 
a maximum of two missed cleavages. All other parameters were set as  
default.

Differential scanning fluorimetry
For the experiments shown in Fig. 1e and Extended Data Fig. 1c, recom-
binant AKT1 (E17K), AKT1 (WT) or AKT2 (WT) (2 µM) was treated with 
ARQ092 (10 µM), compound 3 (10 µM) or DMSO for 15 min in 25 mM 
HEPES (pH 8.0), 150 mM NaCl, 1 mM TCEP. After addition of SYPRO 
Orange (final concentration: 5×), the Tm was determined by measuring 
fluorescence (Bio-Rad C1000 Touch Thermal Cycler, FRET mode) over 
a temperature ramp (23–95 °C, 0.5 °C increments, 30 s per increment). 
The −d(fluorescence)/dT was plotted against T, and the minimum signal 
was used to define the Tm.

For the experiments shown in Extended Data Fig. 9b, recombinant 
AKT1 (WT, E17K or E17K,C296/310A) (2 µM) was treated with compound 3  
(10 µM) or DMSO for 15 min in 25 mM HEPES (pH 8.0), 150 mM NaCl, 
1 mM TCEP, in the presence or absence of ZnSO4 (10 µM). After addition 
of SYPRO Orange (final concentration: 5×), the Tm was determined by 
measuring fluorescence (Bio-Rad C1000 Touch Thermal Cycler, FRET 
mode) over a temperature ramp (23–95 °C, 0.5 °C increments, 30 s per 
increment). The −d(fluorescence)/dT was plotted against tempera-
ture in GraphPad Prism (v.9.5.0), and the minimum signal was used to 
define the Tm.

https://www.ncbi.nlm.nih.gov/nuccore/A41007
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Generation of BEAS-2B:FLAG–AKT stable cell lines
Plasmids for human AKT1 (residues 1–480) and AKT2 (residues 
1–481) were obtained from Addgene (catalogue nos: 9021 and 86623, 
respectively). The E17K and C296/310A mutations were generated 
by site-directed mutagenesis. AKT1 and AKT2 were cloned by Gibson 
assembly52 into a pHR lentiviral vector containing an CMV promoter, 
3xFLAG tag and IRES-GFP. Lentivirus was generated by transfecting 
HEK293T cells in six-well dishes with lipid complexes containing 1.5 μg 
AKT plasmid, 1.35 μg pCMV-dR8.91, 165 ng pMD2-G and 7.5 μl Mirus 
TransIT-LT1 (VWR, catalogue no. 10767-118) diluted in OPTI-MEM. 
Virus-containing medium was collected after 48 h and used for infec-
tions without further processing. BEAS-2B cells at 70% confluence 
in 6 cm dishes were treated with 8 μg ml−1 polybrene (Thermo Fisher 
Scientific, catalogue no. TR-1003-G) and 400 µl lentivirus. Forty-eight 
hours later, transduced cells were selected by addition of 2 μg ml−1 
puromycin (Invivogen, catalogue no. ant-pr-1) and incubated for 3 
days. Afterwards, cells were trypsinized and passaged in complete 
growth medium.

Cellular thermal shift assay
For the experiments shown in Fig. 2a and Extended Data Fig. 2, a 15 cm 
dish containing confluent BEAS-2B cells (FLAG–AKT1 (E17K), FLAG–
AKT1 (WT) or FLAG–AKT2 (WT)) was treated with DMSO, compound 3 
(2 µM) or ARQ092 (2 µM), and incubated at 37 °C for 2 h. The medium 
was aspirated, and then the cells were trypsinized in 2 ml trypsin/
EDTA. The trypsin was quenched with complete medium (8 ml), and 
the cells were pelleted and washed again with complete medium (8 ml). 
The medium was aspirated, and the cells (approximately 8 M) were 
resuspended in phosphate-buffered saline (PBS) 3 ml. The cells were 
aliquoted into PCR strips (100 µl per well) and heat-challenged for 
3 min using a thermocycler (Eppendorf Nexus Gradient) at 12 tem-
peratures from 35.0 to 77.5 °C. The cells were then freeze-thawed three 
times and clarified by centrifugation (21,000g, 15 min). The clarified 
lysates (60 µl) were mixed with 6X Laemmli sample buffer (20 µl) and 
heated at 95 °C for 5 min. Samples (2 µl) were loaded directly on to 
0.45 μm nitrocellulose membranes (Bio-Rad, catalogue no. 1620115) 
for dot-blot analysis. The membranes were blocked with 2% bovine 
serum albumin (BSA) in Tris-buffered saline with Tween-20 (TBST) at 
room temperature for 30 min and then probed with anti-FLAG primary 
antibody (Sigma-Aldrich, catalogue no. F1804) at room temperature for 
1 h and washed with TBST (3 × 5 min, room temperature). The second-
ary antibody (LI-COR, IRDye 800CW goat anti-mouse IgG, catalogue 
no. 926-32210) incubation was performed at room temperature for 
1 h. The membranes were washed with TBST (3 × 5 min, room tempera-
ture), scanned on an Odyssey infrared imager (LI-COR Biosciences) and 
analysed with ImageJ (v.1.53k). The FLAG intensities were normalized 
against the 35.0 °C data point, plotted against temperature and fitted 
with a sigmoidal regression in GraphPad Prism (v.9.5.0) for derivation 
of the Tm.

For the experiments shown in Fig. 5e, a 15 cm dish containing conflu-
ent BEAS-2B cells (FLAG–AKT1 (E17K or E17K,C296/310A)) was cotreated 
with compound 3 (2 µM) and either TPEN (10 µM) or DMSO at 37 °C for 
3 h. The medium was aspirated and the cells were trypsinized in 2 ml 
trypsin/EDTA. The trypsin was quenched with complete medium (8 ml), 
and the cells were pelleted and washed again with complete medium 
(8 ml). The medium was aspirated, and the cells (approximately 8 M) 
were resuspended in PBS (3 ml). The cells were aliquoted into PCR strips 
(100 µl per well) and heat-challenged for 3 min using a thermocycler 
(Eppendorf Nexus Gradient) over a temperature range (44.0–80.0 °C). 
The cells were then freeze-thawed three times and clarified by centrifu-
gation (21,000g, 15 min). The clarified lysates (60 µl) were mixed with 
6X Laemmli sample buffer (20 µl) and heated at 95 °C for 5 min. Samples 
(2 µl) were loaded directly on to 0.45 μm nitrocellulose membranes 
(Bio-Rad, catalogue no. 1620115) for dot-blot analysis. The membranes 

were blocked with 2% BSA in TBST at room temperature for 30 min and 
then probed with anti-FLAG primary antibody (Sigma-Aldrich, cata-
logue no. F1804, 1:2500 dilution) at room temperature for 1 h before 
being washed with TBST (3 × 5 min, room temperature). The secondary 
antibody (LI-COR, IRDye 800CW goat anti-mouse IgG, catalogue no. 
926-32210, 1:2500 dilution) incubation was performed at room tem-
perature for 1 h. The membranes were washed with TBST (3 × 5 min, 
room temperature), scanned on an Odyssey infrared imager (LI-COR 
Biosciences) and analysed with ImageJ (v.1.53k). The FLAG intensities 
were plotted against temperature, fitted with a sigmoidal regression 
and normalized to the extrapolated upper plateau value in GraphPad 
Prism (v.9.5.0) for derivation of the Tm.

In-gel fluorescence analysis of 3-alkyne labelling
For the experiments shown in Fig. 2c, BEAS-2B cells (parental, FLAG–
AKT1 (E17K), FLAG–AKT1 (WT) or FLAG–AKT2 (WT)) (in 1 ml medium, 
12-well dish, 70% confluence) were pretreated with ARQ092 (5 µM) or 
DMSO for 15 min then treated with 3-alkyne (2 µM) for 45 min (without 
washout of ARQ092 (5 µM) or DMSO). The medium was aspirated, and 
the cells were washed with PBS before being lysed in 100 µl of 0.1% 
NP-40, 50 mM HEPES (pH 8.0), 150 mM NaCl buffer. Freshly prepared 
NaBH4 solution (5 µl, 100 mM) was added to each sample. The samples 
were clarified by centrifugation (21,000g, 20 min). A 20 µl aliquot of 
each sample was conjugated with TAMRA-azide for 1 h using 3.6 µl of 
click cocktail, resulting in a final concentration of 1 mM CuSO4, 100 µM 
Tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) (from a 2 mM stock 
prepared in 1:4 DMSO/t-butyl alcohol), 100 µM TAMRA-azide (Click 
Chemistry Tools, catalogue no. 1245-5), 1 mM TCEP and 1% sodium 
dodecyl sulfate (SDS). Each sample was treated with 6X Laemmli sample 
buffer (7 µl) and heated at 95 °C for 5 min. The samples were resolved by 
SDS polyacrylamide gel electrophoresis (SDS–PAGE) and scanned for 
TAMRA fluorescence (Typhoon Imaging System, Molecular Dynamics). 
The gels were then transferred to 0.45 μm nitrocellulose membranes 
(Bio-Rad, catalogue no. 1620115), followed by blocking with 2% BSA 
in TBST at room temperature for 30 min. Membranes were probed 
with anti-FLAG primary antibody (Sigma-Aldrich, catalogue no. F1804, 
1:2500 dilution) at room temperature for 1 h and then washed with 
TBST (3 × 5 min, room temperature). The secondary antibody (LI-COR, 
IRDye 800CW goat anti-mouse IgG, catalogue no. 926-32210, 1:2500 
dilution) incubation was performed at room temperature for 1 h. The 
membranes were washed with TBST (3 × 5 min, room temperature), 
scanned on an Odyssey infrared imager (LI-COR Biosciences) and visu-
alized with ImageJ (v.1.53k).

For the experiments shown in Fig. 2d, BEAS-2B cells (FLAG–AKT1 
(E17K), FLAG–AKT1 (WT) or FLAG–AKT2 (WT)) (in 1 ml media, 12-well 
dish, 70% confluence) were treated with increasing concentrations of 
3-alkyne for 6 h. The medium was aspirated, and the cells were washed 
with PBS before being lysed in 100 µl of 0.1% NP-40, 50 mM HEPES 
(pH 8.0), 150 mM NaCl buffer. Freshly prepared NaBH4 solution (5 µl, 
100 mM) was added to each sample. The samples were clarified by 
centrifugation (21,000g, 20 min). A 20 µl aliquot of each sample was 
clicked with TAMRA-azide for 1 h using 3.6 µl of click cocktail, result-
ing in a final concentration of 1 mM CuSO4, 100 µM TBTA (from a 2 mM 
stock prepared in 1:4 DMSO/t-butyl alcohol), 100 μM TAMRA-azide 
(Click Chemistry Tools, catalogue no. 1245-5), 1 mM TCEP and 1% SDS. 
Each sample was treated with 6X Laemmli sample buffer (7 µl) and 
heated at 95 °C for 5 min. The samples were resolved by SDS–PAGE and 
scanned for TAMRA fluorescence (Typhoon Imaging System, Molecular 
Dynamics). The gels were then transferred to 0.45 μm nitrocellulose 
membranes (Bio-Rad, catalogue no. 1620115), followed by blocking 
with 2% BSA in TBST at room temperature for 30 min. Membranes were 
probed with anti-FLAG primary antibody (Sigma-Aldrich, catalogue no. 
F1804, 1:2500 dilution) at room temperature for 1 h and then washed 
with TBST (3 × 5 min, room temperature). The secondary antibody 
(LI-COR, IRDye 800CW goat anti-mouse IgG, catalogue no. 926-32210, 



1:2500 dilution) incubation was performed at room temperature for 
1 h. The membranes were washed with TBST (3 × 5 min, room tempera-
ture), scanned on an Odyssey infrared imager (LI-COR Biosciences) and 
quantified with ImageJ (v.1.53k). The fluorescence band intensity was 
normalized by the FLAG intensity, plotted against concentration and 
fitted with a sigmoidal regression in GraphPad Prism (v.9.5.0).

For the experiments shown in Fig. 2e, BEAS-2B cells (FLAG–AKT1 (E17K), 
FLAG–AKT1 (WT) or FLAG–AKT2 (WT)) (in 1 ml media, 12-well dish, 70% 
confluence) were treated with 3-alkyne (2 µM for FLAG–AKT1 (E17K) and 
FLAG–AKT1 (WT), 10 µM for FLAG–AKT2 (WT)) for 4 h. The medium was 
aspirated and replaced with 1 ml medium containing 5 µM ARQ092 to 
initiate washout. After 0, 0.25, 0.5, 1 or 3 h, the medium was aspirated, 
and the cells were washed with PBS before being lysed in 100 µl of 0.1% 
NP-40, 50 mM HEPES (pH 8.0), 150 mM NaCl buffer. Freshly prepared 
NaBH4 solution (5 µl, 100 mM) was added to each sample. The samples 
were clarified by centrifugation (21,000g, 20 min). A 20 µl aliquot of 
each sample was clicked with TAMRA-picolyl-azide for 1 h using 3.6 µl of 
click cocktail, resulting in a final concentration of 1 mM CuSO4, 100 μM 
TBTA (from a 2 mM stock prepared in 1:4 DMSO/t-butyl alcohol), 100 μM 
TAMRA-picolyl-azide (Click Chemistry Tools, catalogue no. 1254), 1 mM 
TCEP and 1% SDS. Each sample was treated with 6X Laemmli sample 
buffer (6 µl) and heated at 95 °C for 5 min. The samples were resolved 
by SDS–PAGE and scanned for TAMRA fluorescence (Typhoon Imaging 
System, Molecular Dynamics). The gels were then transferred to 0.45 μm 
nitrocellulose membranes (Bio-Rad, catalogue no. 1620115), followed 
by blocking with 2% BSA in TBST at room temperature for 30 min. Mem-
branes were probed with anti-FLAG primary antibody (Sigma-Aldrich, 
catalogue no. F1804, 1:2500 dilution) at room temperature for 1 h and 
then washed with TBST (3 × 5 min, room temperature). The secondary 
antibody (LI-COR, IRDye 800CW goat anti-mouse IgG, catalogue no. 926-
32210, 1:2500 dilution) incubation was performed at room temperature 
for 1 h. The membranes were washed with TBST (3 × 5 min, room tempera-
ture), scanned on an Odyssey infrared imager (LI-COR Biosciences) and 
quantified with ImageJ (v.1.53k). The fluorescence band intensity was 
normalized by the FLAG intensity, plotted against time and fitted with 
an exponential decay in GraphPad Prism (v.9.5.0).

LAPC4-CR AKT1 (WT/E17K) zygosity determination
For genomic DNA isolation, amplicon PCR and sequencing (Extended 
Data Fig. 4a), a 35 mm dish of confluent LAPC4-CR cells was washed 
with PBS and lysed in 350 µl QuickExtract DNA Extraction Solution 
(Lucigen, catalogue no. QE0905T). A 50 µl aliquot of the extract was 
transferred into a PCR tube and heated sequentially to 65 °C (15 min), 
68 °C (15 min) and 98 °C (10 min) on a thermocycler (Eppendorf Nexus 
Gradient), and the DNA concentration was measured to be 58 ng µl−1. 
An amplicon covering AKT1 exon 2 was generated by PCR using the 
following primers (forward: TGACCTCTAACTGTGGACGC; reverse:  
CAAGGGGATACTTACGCGCC) using Phusion High-Fidelity DNA 
Polymerase (New England Biolabs) on a thermocycler (Eppendorf  
Nexus Gradient): 98 °C (130 s), 25× (98 °C (10 s), 58 °C (15 s), 72 °C  
(60 s)), 72 °C (5 min). The PCR product was purified using a QIAquick 
PCR Purification Kit (Qiagen, catalogue no. 28104), sequenced by 
QuintaraBio (sequencing primer: TCGCTGGCCCTAAGAAACAG) and  
analysed with SnapGene Viewer (v.6.2).

For RNA extraction, cDNA reverse transcription, transcript PCR 
and sequencing (Extended Data Fig. 4b), the RNA from a 35 mm dish 
of confluent LAPC4-CR cells was extracted using the RNeasy mini kit 
(Qiagen, catalogue no. 74104) protocol. In brief, the cells were washed 
with PBS, lysed in 250 µl of RLT buffer and clarified by centrifugation 
(21,000g, 3 min), and the supernatant was treated with 300 µl of 70% 
ethanol. The mixture was applied to an RNeasy column and washed 
sequentially with 700 µl RWI buffer and 500 µl RPE buffer. The RNA 
was eluted in 30 µl of water to give 3.9 µg of RNA. To generate cDNA 
from the RNA, a high-capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, catalogue no. 4368814) was used. The transcription kit 

reaction components were mixed with 1.3 µg of RNA in a PCR tube (20 µl 
final volume), and the transcription was performed on a thermocycler 
(Eppendorf Nexus Gradient) by heating sequentially to 25 °C (10 min), 
37 °C (120 min) and 85 °C (5 min). An amplicon covering part of AKT1 
transcript variant 4 was generated by PCR (forward primer: ATGGAC 
AGGGAGAGCAAACG; reverse primer: ACAGGTGGAAGAACAGCTCG) 
using Phusion High-Fidelity DNA Polymerase (New England Biolabs) on 
a thermocycler (Eppendorf Nexus Gradient): 98 °C (130 s), 25× (98 °C 
(10 s), 58 °C (15 s), 72 °C (60 s)), 72 °C (5 min). The PCR product was 
purified using a QIAquick PCR Purification Kit (Qiagen, catalogue no. 
28104), sequenced by QuintaraBio (sequencing primer: TGCATCAGA 
GGCTGTGGCCAG) and analysed with SnapGene Viewer (v.6.2).

3-alkyne target engagement in LAPC4-CR cells
LAPC4-CR cells (one confluent 10 cm dish per condition) were treated 
with DMSO or 3-alkyne (1 µM) at 37 °C for 2 h in triplicate. The cells were 
washed with PBS (Thermo Fisher Scientific, catalogue no. 10010049) 
and then lysed in 1 ml of 100 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% 
NP-40 buffer containing the complete EDTA-free protease inhibitor 
cocktail (Sigma-Aldrich, catalogue no. 11873580001). Lysates were 
clarified by centrifugation (16,000g, 4 °C, 15 min), and then imine 
reduction was performed by adding 10 mM NaBH4 for 30 min on 
ice. Protein concentrations were quantified by BCA assay (Thermo 
Fisher, catalogue no. 23225) and normalized to 1 mg ml−1. For each 
sample, 1 ml of lysate was taken forward for pull-down western blot 
analysis (Fig. 3a), and another 1 ml of lysate was taken forward for  
pull-down tryptic mass spectrometry analysis (Fig. 3b).

For the pull-down western blot (Fig. 3a), lysates (1 ml) were incubated 
with 25 µl of high-capacity NeutrAvidin agarose beads (Thermo Fisher 
Scientific, catalogue no. 29204) at 4 °C for 1 h to remove endogenous 
biotinylated proteins. Beads were removed by filtration using Mini 
Bio-Spin columns (Bio-Rad, catalogue no. 7326207). The superna-
tants were reacted with 102 µl of click chemistry cocktail, resulting 
in a final concentration of 1% SDS, 100 µM biotin-picolyl azide, 1 mM 
TCEP, 100 µM TBTA (from a 2 mM stock prepared in 1:4 DMSO/t-butyl 
alcohol) and 1 mM CuSO4. After incubation at room temperature for 
90 min, the proteins were precipitated by addition of 10 ml of prechilled 
acetone and incubation overnight at −20 °C. The precipitated proteins 
were pelleted by centrifugation (4,000g, 4 °C, 20 min), resuspended 
in cold MeOH and repelleted. The pellets were solubilized in 10% SDS 
in PBS, diluted to a final detergent concentration of 0.6% SDS, 1.0% 
NP-40, in PBS and then incubated with 40 µl of high-capacity NeutrA-
vidin agarose beads (Thermo Fisher Scientific, catalogue no. 29204) 
for 2 h at 4 °C. The beads were then transferred to Mini Bio-Spin col-
umns (Bio-Rad, catalogue no. 7326207) and washed with 1% NP-40, 0.1% 
SDS in PBS (6 × 1 ml). The beads were transferred to microcentrifuge 
tubes and eluted by addition of 50 µl of 6X Laemmli sample buffer 
with heating to 95 °C for 5 min. Samples were resolved by SDS–PAGE 
and transferred to 0.45 μm nitrocellulose membranes (Bio-Rad, cata-
logue no. 1620115), followed by blocking with 2% BSA in TBST at room 
temperature for 30 min. Membranes were then incubated with pri-
mary antibodies (AKT1: Cell Signaling Technology, catalogue no. 2938, 
1:1,000 dilution; AKT2: Cell Signaling Technology, catalogue no. 3063, 
1:1,000 dilution) at 4 °C overnight and washed with TBST (3 × 5 min, 
room temperature). Secondary antibody (LI-COR, IRDye 800CW goat 
anti-rabbit IgG, catalogue no. 926-32211, 1:10,000 dilution) incubation 
was performed at room temperature for 1 h. Membranes were washed 
with TBST (3 × 5 min, room temperature), scanned on an Odyssey infra-
red imager (LI-COR Biosciences) and analysed with ImageJ (v.1.53k).

For the pull-down tryptic mass spectrometry (Fig. 3b), lysates (1 ml) 
were incubated with 25 µl of settled high-capacity NeutrAvidin agarose 
beads (Thermo Fisher Scientific, catalogue no. 29204) at 4 °C for 1 h to 
remove endogenous biotinylated proteins. Beads were removed by fil-
tration using Mini Bio-Spin columns (Bio-Rad, catalogue no. 7326207). 
The supernatants were reacted with 102 µl of click chemistry cocktail, 
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resulting in a final concentration of 1% SDS, 100 µM biotin-picolyl 
azide, 1 mM TCEP, 100 µM TBTA (from a 2 mM stock prepared in 1:4 
DMSO/t-butyl alcohol) and 1 mM CuSO4. After incubation at room 
temperature for 90 min, the proteins were precipitated by addition 
of 10 ml of prechilled acetone and incubation overnight at −20 °C. The 
precipitated proteins were pelleted by centrifugation (4,000g, 4 °C, 
20 min), resuspended in cold MeOH and repelleted. The pellets were 
solubilized in 10% SDS in PBS, diluted to a final detergent concentra-
tion of 0.6% SDS, 1.0% NP-40, in PBS and then incubated with 40 µl 
of settled high-capacity NeutrAvidin agarose beads (Thermo Fisher 
Scientific, catalogue no. 29204) for 2 h at 4 °C. The beads were then 
transferred to Mini Bio-Spin columns (Bio-Rad, catalogue no. 7326207) 
and washed sequentially with 1% NP-40, 0.1% SDS in PBS (6 × 1 ml), 
PBS + 5 mM TCEP (3 × 1 ml), PBS + 10 mM iodoacetamide (2 × 1 ml), 
PBS + 5 mM TCEP (2 × 1 ml), PBS (2 × 1 ml) and finally digestion buffer 
(1 ml; 100 mM HEPES (pH 8.0), 2 mM CaCl2). The beads were trans-
ferred to microcentrifuge tubes and resuspended in 50 µl digestion 
buffer. On-bead digestion was performed at 37 °C overnight by adding 
1 μg sequencing-grade trypsin/Lys-C mix (Thermo Fisher Scientific, 
catalogue no. A41007). The beads were pelleted by centrifugation, 
and the supernatant was removed. The beads were further washed 
with 50 µl digestion buffer, and the supernatants were combined. 
The resulting peptides were acidified with 2 µl formic acid, desalted 
with C18 Omix Tips (Agilent, catalogue no. A57003100) and eluted 
with 50% MeCN, 0.1% formic acid. The samples were dried down by 
SpeedVac for TMT labelling. TMT labelling was performed with the 
TMT 6-plex kit (Thermo Scientific, catalogue no. 90061) according 
to the manufacturer’s instructions with minor modifications. Briefly, 
peptides were reconstituted in 10 µl of 30% MeCN in 200 mM HEPES 
buffer (pH 8.5). TMT reagents were reconstituted in 20 µl of MeCN per 
vial, and 1.3 µl of this stock solution was added to each sample for 1 h 
at room temperature. Reactions were quenched by adding 1.2 µl of 5% 
hydroxylamine and incubated at room temperature for 15 min, followed 
by addition of 1.3 µl of 5% TFA to acidify the solution. TMT-labelled 
samples were pooled, dried by SpeedVac and desalted using C18 Omix 
Tips (Agilent, catalogue no. A57003100). Peptides were eluted with 50% 
MeCN and 0.1% TFA and dried by SpeedVac. Samples were analysed by  
LC–MS/MS.

LC–MS/MS analysis of TMT-labelled samples
TMT-labelled tryptic peptides were reconstituted in 70 μl of 5% DMSO, 
0.1% TFA in water and analysed on a Orbitrap Eclipse Tribrid Mass Spec-
trometer (Thermo Fisher Scientific) connected to an Ultimate 3000 
RSLCnano system with 0.1% formic acid in H2O as buffer A and 95% 
MeCN, 0.1% formic acid as buffer B. Peptides (5 µl per injection, two 
injections) were separated on an EASY-Spray 3 mm, 75 μm × 15 cm 
C18 column (Thermo Fisher Scientific, catalogue no. ES800) with 
the following LC settings: flow rate of 0.3 µl min−1, loading samples 
at 4% B for 20 min, then 4–7% B over 5 min, 7–35% B over 130 min, 
35–95% B over 5 min and finally 95% B for 10 min. Data were acquired 
in a data-dependent mode. MS1 scans were acquired at a resolution 
of 120K with a m/z scan range of 400–1,600, a maximum ion injection 
time of 50 ms, charge states of 2–6, and a 60 s dynamic exclusion time. 
MS2 spectra were acquired through collision-induced dissociation at a 
collision energy of 35%, in the ion trap with an AGC target of 1e4, isola-
tion width of 0.7 m/z and maximum ion injection time set to ‘auto’. For 
real-time search, MS2 spectra were searched against the Homo sapiens 
reviewed Swiss-Prot FASTA database with the digestion enzyme set 
to trypsin. Methionine oxidation was set as a variable modification, 
whereas carbamidomethylation of cysteine and TMT modification 
were set as constant modifications. For MS3 acquisition, a synchronous 
precursor selection of ten fragments was acquired in the orbitrap for 
a maximum ion injection time of 105 ms with an AGC target of 1.5e5. 
MS3 spectra were collected at a resolution of 50K with higher-energy 
collisional dissociation collision energy of 55%.

The LC–MS/MS data were searched using MaxQuant53 (v.1.6.7.0) 
against the HUMAN reviewed Swiss-Prot FASTA database. Under 
‘Group-specific parameters’, ‘type’ was set as ‘Reporter ion MS3’,  
‘Isobaric labels’ was set as ‘6plex TMT’ and the reporter ion isotopic  
distributions were incorporated to correct for impurities during syn-
thesis of the TMT reagents according to the manufacturer’s specifi-
cations. Methionine oxidation and protein N-terminal acetylation 
were set as variable modifications, whereas carbamidomethylation 
of cysteine was set as a static modification. Trypsin was selected as 
the digestion enzyme with a maximum of two missed cleavages. All 
other parameters were set as default. Modified sites with localization 
probability ≥0.75 were selected for further analysis. For TMT 6-plex 
samples, TMT intensities in each channel were normalized such that 
the median TMT intensity values (based on all modified sites) were 
equivalent across all six channels.

3-alkyne target engagement in LAPC4-CR xenografts
Specific-pathogen-free homozygous male athymic nude mice were 
used (Envigo). The animal study was approved by the Institutional 
Animal Care and Use Committee (IACUC) of Terremoto Biosciences. 
LAPC4-CR cells (1 × 106) were mixed with 70% Matrigel and subcutane-
ously implanted to the flank area of the animals (0.1 ml per mouse). 
Tumours were grown to a size of ≥180 mm3 before dosing. Compound 
3-alkyne was formulated in a vehicle consisting of 5% (v/v) DMSO, 20% 
(v/v) PEG400, 20% (v/v) Cremophor EL and 55% (v/v) water immediately 
before dosing. A single dose of 3-alkyne at 30 mg kg−1 or vehicle was 
administered to mice by i.p. injection (n = 4). Mice were euthanized 
4 h after administration, and tumours were subsequently collected 
and flash-frozen in liquid nitrogen.

Tumour tissues (75–125 mg) were homogenized using a Tissue-Tearor 
(BioSpec model 985370-395) on ice in 1 ml of buffer comprising 
100 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% NP-40 with phosphatase 
inhibitors (5 mM sodium fluoride, 1 mM sodium pyrophosphate, 1 mM 
β-glycerophosphate, 1 mM sodium orthovandanate) and complete 
EDTA-free protease inhibitor cocktail (Sigma-Aldrich, catalogue no. 
11873580001). Proteins were clarified by centrifugation (21,000g, 4 °C, 
10 min). Protein concentrations were quantified by BCA and normalized 
to 1 mg ml−1. Tumour lysates (1 ml) were treated with 55 µl of 100 mM 
NaBH4 in PBS and further clarified by centrifugation (21,000g, 4 °C, 1 h). 
Each aliquot was treated with 180 µl of click chemistry cocktail, result-
ing in a final concentration of 1% SDS, 100 μM biotin-picolyl azide, 1 mM 
TCEP, 100 μM TBTA (from a 2 mM stock prepared in 1:4 DMSO/t-butyl 
alcohol) and 1 mM CuSO4. After incubation at room temperature for 
90 min, the proteins were precipitated using acetone (10 ml) at −20 °C 
overnight. After centrifugation (21,000g, 4 °C, 15 min), the pellets were 
washed with cold methanol and repelleted. The pellets were solubi-
lized by sonication in 20% SDS in PBS (75 µl) at 37 °C, diluted to a final 
detergent concentration of 1% SDS, 1% NP-40 in PBS and clarified by 
centrifugation (21,000g, 4 °C, 30 min). The lysate (900 µl) was incubated 
with 30 µl of high-capacity NeutrAvidin agarose beads (Thermo Fisher 
Scientific, catalogue no. 29204) overnight at 4 °C. The beads were then 
transferred to Mini Bio-Spin columns (Bio-Rad, catalogue no. 7326207) 
and washed with 1% NP-40, 0.1% SDS in PBS (6 × 0.5 ml). The beads were 
transferred to microcentrifuge tubes and eluted by addition of 70 µl 
of 6X Laemmli sample buffer with heating to 95 °C for 5 min. Samples 
were resolved by SDS–PAGE and transferred to 0.45 μm nitrocellulose 
membranes (Bio-Rad, catalogue no. 1620115) followed by blocking with 
2% BSA in TBST at room temperature for 30 min. Membranes were then 
incubated with primary antibodies (AKT1: Cell Signaling Technology, 
catalogue no. 2938, 1:1,000 dilution; AKT2: Cell Signaling Technology, 
catalogue no. 3063, 1:1,000 dilution) at 4 °C overnight and washed with 
TBST (3 × 5 min, room temperature). Secondary antibody (LI-COR, IRDye 
800CW goat anti-rabbit IgG, catalogue no. 926-32211, 1:10,000 dilution) 
incubation was performed at room temperature for 1 h. Membranes 
were washed with TBST (3 × 5 min, room temperature), scanned on 



an Odyssey infrared imager (LI-COR Biosciences) and analysed with  
ImageJ (v.1.53k).

Generation of LAPC4-CR stable cell lines
AKT1 (WT) was cloned by Gibson assembly4 into a pHR lentiviral vector 
containing a CMV promoter, 3xFLAG tag and IRES-GFP (see ‘Generation 
of BEAS-2B: FLAG–AKT stable cell lines’). An N-terminal myristoylation 
sequence (MGSSKSKPKDPSQR) was introduced by PCR. The ‘empty  
vector’ control comprised the pHR lentiviral vector containing a CMV 
promoter and GFP. Lentivirus was generated by transfecting HEK293T 
cells in six-well dishes with lipid complexes containing 1.5 μg pHR 
plasmid, 1.35 μg pCMV-dR8.91, 165 ng pMD2-G and 7.5 μl of Mirus 
TransIT-LT1 (VWR, catalogue no. 10767-118) diluted in OPTI-MEM. 
Virus-containing medium was collected after 48 h and used for infec-
tions without further processing. LAPC4-CR cells at 70% confluence 
in 6 cm dishes were treated with 8 μg ml−1 polybrene (Thermo Fisher  
Scientific, catalogue no. TR-1003-G) and 800 µl lentivirus and centri-
fuged for 30 min (840g, 37 °C). After 72 h incubation at 37 °C, trans-
duced cells were selected by addition of 5 μg ml−1 puromycin (Invivogen, 
catalogue no. ant-pr-1) and incubated for 7 days. Afterwards, cells were 
trypsinized and passaged in complete growth medium.

Cell viability assay
For experiments shown in Fig. 3c,f, Cells (10,000 LAPC4-CR cells per 
well, 5000 SkBr3 cells per well) were seeded into white 96-well plates 
(CELLSTAR, catalogue no. 655083) in 120 µl media and incubated over-
night to adhere. Inhibitor dilutions were prepared at 10× in medium 
with 1% DMSO. Inhibitor dilutions (13.3 µl) were added to each well (final 
DMSO concentration: 0.1%) and incubated at 37 °C for 72 h. Alamar 
blue (14.8 µl, 1 mg ml−1 in water) was added to each well, followed by 
incubation at 37 °C for 90 min. Fluorescence intensity (excitation/
emission: 540/580 nm) was read using a CLARIOstar Plus plate-reader 
(BMG Labtech), and the percentage cell viability was derived by nor-
malization against the maximum signal. The cell viability was plotted 
against inhibitor concentration, and the EC50 value was determined 
using sigmoidal regression in GraphPad Prism (v.9.5.0).

Western blot biomarker analysis
For the dose–response experiments shown in Fig. 3d and Extended Data 
Fig. 5a, cells (0.5 M per well, SkBr3, LAPC4-CR, HBCx-2 and MCF7) were 
seeded in 12-well dishes. The adhered cells were treated with a dose of 
compound 3 or ARQ092 for 2 h at 37 °C. The cells were washed with PBS 
(Thermo Fisher Scientific, catalogue no. 10010049) and lysed in 0.1% 
NP-40, 50 mM HEPES (pH 8.0), 150 mM NaCl + phosphatase inhibitors 
(5 mM NaF, 1 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 
1 mM sodium orthovanadate). The lysates were clarified by centrifuga-
tion (21,000g, 4 °C, 20 min). The clarified lysates (60 µl) were mixed 
with 20 µl of 6X Laemmli sample buffer, heated to 95 °C for 5 min and 
analysed by western blotting.

For the washout shown in Extended Data Fig. 5b, cells (0.5 M per well, 
SkBr3 or LAPC4-CR) were seeded in 12-well dishes. The adhered cells 
were treated with compound 3 (2 µM) for 2 h at 37 °C. The medium 
was replaced with compound-free medium to initiate washout. After 
0, 0.33, 1, 3, 8 or 24 h, the cells were washed with PBS (Thermo Fisher 
Scientific, catalogue no. 10010049) and lysed in 0.1% NP-40, 50 mM 
HEPES (pH 8.0), 150 mM NaCl + phosphatase inhibitors (5 mM NaF, 
1 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM sodium 
orthovanadate). The lysates were clarified by centrifugation (21,000g, 
4 °C, 20 min). The clarified lysates (60 µl) were mixed with 20 µl of 
6X Laemmli sample buffer, heated to 95 °C for 5 min and analysed by 
western blotting.

For the western blot analysis, samples were resolved by SDS–PAGE 
and transferred to 0.45 μm nitrocellulose membranes (Bio-Rad, 
catalogue no. 1620115), followed by blocking with 2% BSA in TBST at 
room temperature for 30 min. Membranes were then incubated with 

primary antibodies (AKT1: Cell Signaling Technology, catalogue no. 
2938, 1:1,000 dilution; pAKT1 (pS473): Cell Signaling Technology, 
catalogue no. 9018, 1:1,000 dilution; PRAS40: Cell Signaling Tech-
nology, catalogue no. 2691, 1:1,000 dilution; pPRAS40 (pT246): Cell 
Signaling Technology, catalogue no. 2997 1:1,000 dilution; tS6RP: 
Cell Signaling Technology, catalogue no. 2317, 1:1,000 dilution; pS6RP 
(pS235/236): Cell Signaling Technology, catalogue no. 4858, 1:1,000 
dilution; tGSK3b: Cell Signaling Technology, catalogue no. 12456, 
1:1,000 dilution; pG3K3b (pS9): Cell Signaling Technology, catalogue 
no. 5558, 1:1,000 dilution; GAPDH: Santa Cruz Biotechnology, catalogue 
no. 32233, 1:1,000 dilution) at 4 °C overnight and washed with TBST 
(3 × 5 min, room temperature). Secondary antibody (LI-COR, IRDye 
800CW goat anti-rabbit IgG, catalogue no. 926-32211, 1:10,000 dilution; 
LI-COR, IRDye 680RD goat anti-rabbit IgG, catalogue no. 926-68071, 
1:10,000 dilution; LI-COR, IRDye 680RD goat anti-mouse IgG, catalogue 
no. 926-68070, 1:10,000 dilution) incubation was performed at room 
temperature for 1 h. Membranes were washed with TBST (3 × 5 min, 
room temperature), scanned on an Odyssey infrared imager (LI-COR 
Biosciences) and analysed with ImageJ (v.1.53k).

Pharmacokinetics
For the experiments shown in Extended Data Fig. 6c, all mouse manipu-
lations were performed in accordance with the IACUC of Pharmaron. 
Male nude mice (nu/nu) were treated once with compound 3 or 4 (for-
mulated in 5% (v/v) DMSO, 20% (v/v) PEG400, 20% (v/v) Cremophor EL 
and 55% (v/v) water), at a dose of 30 mg kg−1 by i.p. injection (n = 3). Blood 
plasma was sampled at 0.25, 0.5, 1, 2, 4, 6, 8, 12 and 24 h postdose. To a 
20 µl aliquot of plasma, 30 µl of 4% formic acid was added, followed by 
shaking for 20 s. The samples were incubated at 50 °C for 10 min and 
then mixed with 100 µl of 5 mM ammonium acetate in 90% acetonitrile 
with 0.1% acetic acid containing carbamazepine or dexamethasone as 
internal standard. The mixture was shaken for 15 min and subsequently 
centrifuged (3,220g, 15 min). The analyte concentration in the super-
natant was determined by MRM (LC–MS/MS), and pharmacokinetic 
parameters were calculated (mean, n = 3). Analyte separation was per-
formed using a DGU-20A5R HPLC (Shimadzu) equipped with a HALO 
90A AQ-C18 (2 µm, 3 × 30 mm) column using a 5–95% gradient of MeCN 
in water (+0.1% FA). Mass analysis was performed using an API 4000 
Triple Quad mass spectrometer (Applied Biosystems).

Cellular NanoBRET
Live cell target engagement assays were performed as described accord-
ing to a published protocol38 with minor modifications. HEK293 cells 
were transfected (Promega FuGene, catalogue no. E2311) with plas-
mids encoding full-length AKT1 (E17K), AKT1 (WT) and AKT2 (WT) 
kinase-NanoLuciferase fusion proteins (Promega, catalogue nos: 
NV2411, NV2421, NV1031). Cells were then treated with serial dilu-
tions of compound and 300 nM (approximate EC50 concentration) of 
fluorescently tagged ATP-competitive tracer (Promega, tracer K-10, 
catalogue no. N2840). After incubation for 2 h at 37 °C, luciferase sub-
strate and extracellular luciferase inhibitor were added to all wells, 
and luminescent intensity at 460 nm and 600 nm were measured on a 
multimode plate-reader (PerkinElmer Envision). The E600/E460 ratio was 
calculated to give the tracer engagement signal (BRET). Half-maximal 
inhibitory concentration values were calculated by fitting BRET values 
to a log(inhibitor) versus response Hill equation.

LAPC4-CR tumour biomarker study
All mouse manipulations were performed in accordance with the IACUC 
of the University of California, San Francisco. LAPC4-CR cells (1 × 106) 
were implanted into athymic male nude mice (nu/nu) at 8 weeks old. 
Tumours were grown to a size of ≥400 mm3 before dosing. Compound 
4 was formulated in a vehicle consisting of 10% (v/v) DMSO, 20% (v/v) 
PEG400, 20% (v/v) Cremophor EL and 50% (v/v) water immediately 
before dosing. A single dose of compound 4 at 40 mg kg−1 or vehicle was 
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administered to mice by i.p. injection (dose volume: 10 ml kg−1). Eutha-
nasia was performed 2, 7 or 24 h after administration, and tumours were 
subsequently collected and flash-frozen in liquid nitrogen.

Tumour tissues (75–125 mg) were homogenized using a Tissue-Tearor 
(BioSpec model 985370-395) on ice in 1 ml of buffer comprising 
100 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% NP-40 with phosphatase 
inhibitors (5 mM sodium fluoride, 1 mM sodium pyrophosphate, 1 mM 
β-glycerophosphate, 1 mM sodium orthovandanate) and the EDTA-free 
complete EDTA-free protease inhibitor cocktail (Sigma-Aldrich, cat-
alogue no. 11873580001). Proteins were clarified by centrifugation 
(21,000g, 4 °C, 30 min). Protein concentrations were quantified by 
BCA and normalized to 5 mg ml−1. Aliquots (150 µl) of each lysate were 
mixed with 50 µl of 6X Laemmli sample buffer and heated to 95 °C for 
5 min. Samples were resolved by SDS–PAGE and transferred to 0.45 μm 
nitrocellulose membranes (Bio-Rad, catalogue no. 1620115), followed 
by blocking with 2% BSA in TBST at room temperature for 30 min. 
Membranes were then incubated with primary antibodies (AKT1: Cell 
Signaling Technology, catalogue no. 2938, 1:1,000 dilution; pAKT1 
(pS473): Cell Signaling Technology, catalogue no. 9018, 1:1,000 dilu-
tion; PRAS40: Cell Signaling Technology, catalogue no. 2691, 1:1,000 
dilution; pPRAS40 (pT246): Cell Signaling Technology, catalogue no. 
2997, 1:1,000 dilution; GAPDH: Santa Cruz Biotechnology, catalogue 
no. 32233, 1:1,000 dilution) at 4 °C overnight and washed with TBST 
(3 × 5 min, room temperature). Secondary antibody (LI-COR, IRDye 
800CW goat anti-rabbit IgG, catalogue no. 926-32211 1:10,000 dilution; 
LI-COR, IRDye 680RD goat anti-rabbit IgG, catalogue no. 926-68071, 
1:10,000 dilution; LI-COR, IRDye 680RD goat anti-mouse IgG, catalogue 
no. 926-68070, 1:10,000 dilution) incubation was performed at room 
temperature for 1 h. Membranes were washed with TBST (3 × 5 min, 
room temperature), scanned on an Odyssey infrared imager (LI-COR 
Biosciences) and analysed with ImageJ (v.1.53k).

Tumour growth inhibition studies
LAPC4-CR CDX model. Specific-pathogen-free homozygous 
male athymic nude mice were used (Envigo). Mice were given food 
and water ad libitum and housed in microisolator cages under 
specific-pathogen-free conditions with a controlled light–dark cycle 
(12 h circadian cycle of artificial light) and controlled room tempera-
ture and humidity (30–70%). Animals (6 to 8 weeks old) were tagged 
with microchips (RapID Lab) for identification. The animal study was 
approved by the IACUC of Terremoto Biosciences. LAPC4-CR cells were 
mixed with 70% Matrigel and subcutaneously implanted into the flank 
area of the animals (0.1 ml per mouse). Tumour growth and body weight 
were measured twice per week after cell implantation. For experiments 
shown in Fig. 4a, when the tumour size reached approximately 180 mm3, 
mice were randomized into two groups. Compound 4, formulated in 
5% (v/v) DMSO, 20% (v/v) PEG400, 20% (v/v) Cremophor EL and 55% 
(v/v) water, was administered by i.p. injection at a dose of 30 mg kg−1 
to 12 mice, and a vehicle control was administered to ten mice, using a 
twice-daily regimen for 5 days per week over the course of 3 weeks, with 
a dosing volume of 10 ml kg−1. For experiments shown in Extended Data 
Fig. 7d, when the tumour size reached approximately 180 mm3, mice 
were randomized into two groups: ARQ092 (ten mice) or vehicle control 
(ten mice). ARQ092, formulated in 10% (v/v) N,N-dimethylacetamide 
(DMA) and 90% (v/v) water, at a dose of 100 mg kg−1 or a vehicle control 
was administered orally (p.o.) using a once-daily regimen. The humane 
end point was 20% body weight loss, and the entire ARQ092 arm was ter-
minated when 50% of the animals in the group reached this threshold.

HBCx-2 PDX model. Specific-pathogen-free homozygous female 
athymic nude mice were used (Envigo). Mice were given food and 
water ad libitum and housed in individually ventilated cages under 
specific-pathogen-free conditions with a controlled light–dark cycle 
(12 h circadian cycle of artificial light) and controlled room temperature 
and humidity (30–70%). All animals were identified by a unique pattern 

using an RFID chip numbering system. The animal study was performed 
in accordance with French legislation concerning the protection of lab-
oratory animals and in accordance with a valid license for experiments 
on vertebrate animals, issued by the French Ministry of Higher Educa-
tion, Research and Innovation (APAFIS#29136-2020121415204532v1). 
The HBCx-2 triple-negative breast cancer patient-derived xenograft 
model (homozygous AKT1 E17K mutation)54 was passaged from donor 
tumours when tumours reached 1800 mm3. Tumours were cut into frag-
ments of approximately 20 mm3 and implanted into the interscapular 
area of the animals at 6 weeks of age. Mice were randomized into three 
groups with eight mice per group. Compound 4, formulated in 5% (v/v) 
DMSO, 20% (v/v) PEG400, 20% (v/v) Cremophor EL and 55% (v/v) water, 
was administered by i.p. injection at a dose of 20 or 30 mg kg−1, along 
with a vehicle control, using a twice-daily regimen for 21 consecutive 
days, with a dosing volume of 10 ml kg−1.

BT-474 CDX model. Specific-pathogen-free female BALB/c nude 
mice 6–8 weeks old (Vital River) were used. Mice were given food and 
water ad libitum and housed in individually ventilated cages under 
specific-pathogen-free conditions with a controlled light–dark cycle  
(12 h circadian cycle of artificial light) and controlled room temperature 
and humidity (30–70%). Animals were identified with cage cards and 
ear tags. This animal study was approved by the IACUC of GenenDesign. 
BT-474 cells were cultured in DMEM with 10% fetal bovine serum. Each 
mouse received 5 × 106 cells in medium mixed 1:1 with Matrigel at a total 
volume of 100 µl. Three days before cell implantation, 17β-estradiol 
pellets (0.25 mg, 60-day release, made in-house with Beewax) were 
implanted into mice subcutaneously at the back/neck area. When 
tumours reached 155–219 mm3 in volume, mice were randomized into 
four groups with ten mice in each group and treated as follows: vehicle 
(5% (v/v) DMSO, 20% (v/v) PEG400, 20% (v/v) Cremophor EL and 55% 
(v/v) water), twice daily (b.i.d.), i.p.; compound 4, formulated in 5% (v/v) 
DMSO, 20% (v/v) PEG400, 20% (v/v) Cremophor EL and 55% (v/v) water 
at 30 mg kg−1, b.i.d., i.p.; ARQ092, formulated in 10% (v/v) DMA, 90% 
(v/v) water at 100 mg kg−1, p.o., every day; or capivasertib, formulated 
in 10% (v/v) DMSO, 22.5% (w/w) (2-hydroxypropyl)-β-cyclodextrin,  
67.5% (v/v) water at 150 mg kg−1, b.i.d., p.o. All treatments were admin-
istered for 21 consecutive days.

Antitumour activity was assessed by tumour growth inhibition (TGI). 
TGI was defined as (1 − ΔT/ΔC) × 100, where ΔT/ΔC is the ratio of the 
change in mean tumour volume of the treated group (ΔT) and that 
the control group (ΔC). TGI was determined on the basis of the last 
measurement when all the animals in the vehicle group still survived.

The maximal tumour size end point permitted by the IACUC pro-
tocols was when tumour size exceeded 20 mm in any one direction, 
when tumours interfered with normal behaviour, or when ulceration or 
necrosis occurred (these limits were not exceeded in any of the experi-
ments). Animals were euthanized if their body weight loss reached 20% 
or they reached a body condition score of 2 or less.

Blood glucose study
Eight-week-old male athymic nude mice (Envigo) were used to assess 
blood glucose levels. Before the study, animals were quarantined for at 
least 7 days and had free access to a normal diet throughout the study 
period. Five mice per group were treated once with the i.p. vehicle (5% 
(v/v) DMSO, 20% (v/v) PEG400, 20% (v/v) Cremophor EL and 55% (v/v) 
water), p.o. vehicle (10% (v/v) DMA, 90% (v/v) water), compound 4 at 
a dose of 30 mg kg−1 (i.p.) or ARQ092 at a dose of 50 or 100 mg kg−1 
(p.o.). Blood samples were collected by tail vein lancet puncture at 
various time points: 0, 1, 2, 4, 8 and 24 h post-treatment. Blood glu-
cose concentrations were measured using an Accu-Check Guide  
(Roche).

Data are reported as mean ± s.d. To calculate the statistical signifi-
cance of differences between the treatment group and corresponding 
vehicle group, a two-way repeat-measurement analysis of variance with 



Holm–Šídák’s multiple comparisons test was used. All animal studies 
were approved by the IACUC of Terremoto Biosciences.

FLAG–AKT1 immunoprecipitation for ICP-MS analysis
FLAG–AKT1 Immunoprecipitation. BEAS-2B cells (FLAG–AKT1 (E17K) 
or FLAG–AKT1 (E17K,C296/310 A); 2× confluent 15 cm dishes of cells 
per condition) were treated with DMSO or compound 3 (2 µM, 2 h) 
(four replicates per condition). All buffers were pretreated with Chelex 
100 resin (Bio-Rad, catalogue no. 1421253, 20 g l−1) and then filtered to 
remove trace metal impurities. After probe treatment, the cells were 
washed with PBS (Thermo Fisher Scientific, catalogue no. 10010049) 
and then lysed in 1.6 ml of 0.1% NP-40, 50 mM HEPES (pH 8.0), 150 mM 
NaCl buffer. The lysates were clarified by centrifugation (20,000g, 
4 °C, 10 min), transferred to clean microcentrifuge tubes and incu-
bated with 35 µl settled anti-FLAG-agarose (GenScript, catalogue no. 
L00432S) for 1 h at 4 °C. The beads were transferred to Mini Bio-Spin 
columns (Bio-Rad, catalogue no. 7326207) and then washed six times 
with 1 ml of 30 mM HEPES (pH 7.5), 150 mM NaCl buffer. FLAG–AKT1 
was eluted by incubating the beads three times with 3xFLAG peptide 
(50 µl, 1.0 mg ml−1, 15 min, 30 °C) (ApexBio, catalogue no. A6001). The 
eluates (150 µl total) were incubated with 2.5 mg of Chelex 100 resin 
(Bio-Rad, catalogue no. 1421253) and incubated for 15 min at room 
temperature. The resin was removed by filtration using Mini Bio-Spin 
columns (Bio-Rad, catalogue no. 7326207), and the flow-through was 
concentrated to approximately 56 µl using Amicon Ultra-0.5 10 kDa 
MWCO Centrifugal Filter Units (Millipore, catalogue no. UFC501096). A 
6 µl aliquot was treated with 6 µl 2X Laemmli sample buffer and heated 
to 95 °C for 5 min, and the concentration of AKT1 was determined by 
SDS–PAGE with Flamingo staining. The remaining 50 µl was frozen and 
stored at −80 °C for analysis by ICP-MS.

AKT1 concentration determination. Recombinant AKT1 (E17K) was 
titrated from 9.6–0.04 µM (concentration determined by Nanodrop 
A280) in 25 mM HEPES (pH 8.0), 150 mM NaCl buffer. A 6 µl aliquot 
of each standard was treated with 6 µl 2X Laemmli sample buffer and 
heated to 95 °C for 5 min. Samples (10 µl) and standards (10 µl) were 
resolved by SDS–PAGE and fixed in a solution of 40% EtOH, 10% acetic 
acid at room temperature for 2 h. The gel was stained with Flamingo 
fluorescent gel stain (Bio-Rad, catalogue no. 161-0491) at room tem-
perature for 3 h and then scanned for Flamingo fluorescence (Typhoon 
Imaging System, Molecular Dynamics). The relative band intensities 
were analysed with ImageJ (v.1.53k) and used to determine FLAG–AKT1 
concentrations.

ICP-MS analysis
Sample preparation. Samples (50 µl) were transferred to 15 ml 
metal-free polypropylene tubes (VWR, catalogue no. 89049-170) and 
diluted with 1,650 μl of 1% HNO3 (trace metal grade, Thermo Fisher 
Scientific, catalogue no. A509P500).

Control/standard preparation. A National Institute of Standards and 
Technology (NIST) standard reference material (SRM) 1683f was pre-
pared at 8× dilution (3.5 ml of 1% HNO3 + 500 μl of NIST SRM 1683f) to 
ensure the accuracy of the calibration curve.

Measurement. ICP-MS analysis was performed using an Agilent 8900 
Triple Quad equipped with a synchronous precursor selection autosa-
mpler. The system was operated at a radio frequency power of 1,550 W, 
argon plasma gas flow rate of 15 l min−1, and argon carrier gas flow 
rate of 0.9 l min−1. Elemental concentrations were acquired in kinetic 
energy discrimination mode (Mn, Fe, Co, Cu and Zn) using He gas (at 
5 ml min−1) or in mass-on-mass mode (Fe) using O2. Data were quanti-
fied using weighed, serial dilutions of a multielement standard (CEM 2,  
(VHG Labs, VHG-SM70B-100) Mn, Fe, Co, Cu, Zn). For each sample, 
data were acquired in triplicate and averaged. A coefficient of variance 

was determined from frequent measurements of a sample containing  
approximately 10 ppb of Mn, Fe, Co, Cu and Zn. An internal standard 
(Ge, Bi) continuously introduced with the sample was used to correct 
for detector fluctuations and to monitor plasma stability. Results for the 
NIST water SRM were measured within 98–105%. ICP-MS measurements 
were performed in the Oregon Health & Science University Elemental 
Analysis Core.

Analysis. The absolute concentration of each metal was normalized 
against the FLAG–AKT concentration (estimated by SDS–PAGE with 
Flamingo staining) to estimate the metal stoichiometry.

Recombinant AKT constructs
AKT for in vitro assays. The following human AKT constructs (AKT1, 
amino acids 2–446; AKT2, amino acids 2–447) containing a TEV 
cleavable N-terminal His8 tag were gene synthesized, cloned into 
the pFastBac vector by Gibson assembly4, expressed in insect cells 
and used to assess AKT modification through intact-protein mass 
spectrometry, modified site identification by tryptic LC–MS/MS  
and DSF.

AKT1 (WT) sequence: MSHHHHHHHHGSENLYFQSDVAIVKEGW 
LHKRGEYIKTWRPRYFLLKNDGTFIGYKERPQDVDQREAPLNNFSVAQC 
QLMKTERPRPNTFIIRCLQWTTVIERTFHVETPEEREEWTTAIQTVADGLK 
KQEEEEMDFRSGSPSDNSGAEEMEVSLAKPKHRVTMNEFEYLKLLGKGT 
FGKVILVKEKATGRYYAMKILKKEVIVAKDEVAHTLTENRVLQNSRHPFLT 
ALKYSFQTHDRLCFVMEYANGGELFFHLSRERVFSEDRARFYGAEIVSAL 
DYLHSEKNVVYRDLKLENLMLDKDGHIKITDFGLCKEGIKDGATMKTFC 
GTPEYLAPEVLEDNDYGRAVDWWGLGVVMYEMMCGRLPFYNQDHEKL 
FELILMEEIRFPRTLGPEAKSLLSGLLKKDPKQRLGGGSEDAKEIMQHRFF 
AGIVWQHVYEKKLSPPFKPQVTSETDTRYFDEEFTAQM.

AKT 1 (E17K) sequence: MSHHHHHHHHGSENLYFQSDVAIVKEGWL 
HKRGKYIKTWRPRYFLLKNDGTFIGYKERPQDVDQREAPLNNFSVAQC 
QLMKTERPRPNTFIIRCLQWTTVIERTFHVETPEEREEWTTAIQTVADGLK 
KQEEEEMDFRSGSPSDNSGAEEMEVSLAKPKHRVTMNEFEYLKLLGKGT 
FGKVILVKEKATGRYYAMKILKKEVIVAKDEVAHTLTENRVLQNSRHPFLT 
ALKYSFQTHDRLCFVMEYANGGELFFHLSRERVFSEDRARFYGAEIVSAL 
DYLHSEKNVVYRDLKLENLMLDKDGHIKITDFGLCKEGIKDGATMKTFC 
GTPEYLAPEVLEDNDYGRAVDWWGLGVVMYEMMCGRLPFYNQDHEK 
LFELILMEEIRFPRTLGPEAKSLLSGLLKKDPKQRLGGGSEDAKEIMQHRFF 
AGIVWQHVYEKKLSPPFKPQVTSETDTRYFDEEFTAQM.

AKT1 (E17K, C296/310A) sequence: MSHHHHHHHHGSENLYFQS 
DVAIVKEGWLHKRGKYIKTWRPRYFLLKNDGTFIGYKERPQDVDQREA 
PLNNFSVAQCQLMKTERPRPNTFIIRCLQWTTVIERTFHVETPEEREEWT 
TAIQTVADGLKKQEEEEMDFRSGSPSDNSGAEEMEVSLAKPKHRVTMN 
EFEYLKLLGKGTFGKVILVKEKATGRYYAMKILKKEVIVAKDEVAHTLTEN 
RVLQNSRHPFLTALKYSFQTHDRLCFVMEYANGGELFFHLSRERVFSEDR 
ARFYGAEIVSALDYLHSEKNVVYRDLKLENLMLDKDGHIKITDFGLAKEG 
IKDGATMKTFAGTPEYLAPEVLEDNDYGRAVDWWGLGVVMYEMMCGR 
LPFYNQDHEKLFELILMEEIRFPRTLGPEAKSLLSGLLKKDPKQRLGGGSE 
DAKEIMQHRFFAGIVWQHVYEKKLSPPFKPQVTSETDTRYFDEEFTAQM.

AKT2 (WT) sequence: MSHHHHHHHHGSENLYFQSNEVSVIKEG 
WLHKRGEYIKTWRPRYFLLKSDGSFIGYKERPEAPDQTLPPLNNFSVAEC 
QLMKTERPRPNTFVIRCLQWTTVIERTFHVDSPDEREEWMRAIQMVANS 
LKQRAPGEDPMDYKCGSPSDSSTTEEMEVAVSKARAKVTMNDFDYLKLL 
GKGTFGKVILVREKATGRYYAMKILRKEVIIAKDEVAHTVTESRVLQNTRHP 
FLTALKYAFQTHDRLCFVMEYANGGELFFHLSRERVFTEERARFYGAEIV 
SALEYLHSRDVVYRDIKLENLMLDKDGHIKITDFGLCKEGISDGATMKTF 
CGTPEYLAPEVLEDNDYGRAVDWWGLGVVMYEMMCGRLPFYNQDHER 
LFELILMEEIRFPRTLSPEAKSLLAGLLKKDPKQRLGGGPSDAKEVMEHRF 
FLSINWQDVVQKKLLPPFKPQVTSEVDTRYFDDEFTAQS.

AKT1DrLink for crystallography. The following human AKT1 con-
structs (amino acids 2–446) contain a shortened interdomain linker 
based on the Drosophila AKT sequence (DrLink) and a TEV cleav-
able N-terminal His8 tag. The Drosophila linker binds to nanobody-41 



Article
(NB41), which enhances AKT1 crystallization7. The sequences were gene 
synthesized, cloned into the pFastBac vector by Gibson assembly4, 
expressed in insect cells and used for crystallography as described  
below.

AKT1DrLink(WT) sequence: MSHHHHHHHHGSENLYFQSDVAIVKEGWL 
HKRGEYIKTWRPRYFLLKNDGTFIGYKERPQDVDQREAPLNNFSVAQCQ 
LMKTERPRPNTFIIRCLQWTTVIERTFHVETPEEREEWTTAIQTVADGLK 
KQEEEEMDASAEHTDMEVSLAKPKHRVTMNEFEYLKLLGKGTFGKVILV 
KEKATGRYYAMKILKKEVIVAKDEVAHTLTENRVLQNSRHPFLTALKYSFQ 
THDRLCFVMEYANGGELFFHLSRERVFSEDRARFYGAEIVSALDYLHSEKN 
VVYRDLKLENLMLDKDGHIKITDFGLCKEGIKDGATMKTFCGTPEYLAPEV 
LEDNDYGRAVDWWGLGVVMYEMMCGRLPFYNQDHEKLFELILMEEIRF 
PRTLGPEAKSLLSGLLKKDPKQRLGGGSEDAKEIMQHRFFAGIVWQHVY 
EKKLSPPFKPQVTSETDTRYFDEEFTAQM.

AKT1DrLink(E17K) sequence: MSHHHHHHHHGSENLYFQSDVAIVKEG 
WLHKRGKYIKTWRPRYFLLKNDGTFIGYKERPQDVDQREAPLNNFSVA 
QCQLMKTERPRPNTFIIRCLQWTTVIERTFHVETPEEREEWTTAIQTVADG 
LKKQEEEEMDASAEHTDMEVSLAKPKHRVTMNEFEYLKLLGKGTFGKVIL 
VKEKATGRYYAMKILKKEVIVAKDEVAHTLTENRVLQNSRHPFLTALKYS 
FQTHDRLCFVMEYANGGELFFHLSRERVFSEDRARFYGAEIVSALDYLHS 
EKNVVYRDLKLENLMLDKDGHIKITDFGLCKEGIKDGATMKTFCGTPEY 
LAPEVLEDNDYGRAVDWWGLGVVMYEMMCGRLPFYNQDHEKLFELIL 
MEEIRFPRTLGPEAKSLLSGLLKKDPKQRLGGGSEDAKEIMQHRFFAGIVW 
QHVYEKKLSPPFKPQVTSETDTRYFDEEFTAQM.

AKT2 (P115A/G116A) for crystallography sequence: HHHHHHEN 
LYFQGNEVSVIKEGWLHKRGEYIKTWRPRYFLLKSDGSFIGYKERPEAPD 
QTLPPLNNFSVAECQLMKTERPRPNTFVIRCLQWTTVIERTFHVDSPDER 
EEWMRAIQMVANSLKQRAAAEDPMDYKCGSPSDSSTTEEMEVAVSKAR 
AKVTMNDFDYLKLLGKGTFGKVILVREKATGRYYAMKILRKEVIIAKDEV 
AHTVTESRVLQNTRHPFLTALKYAFQTHDRLCFVMEYANGGELFFHLSR 
ERVFTEERARFYGAEIVSALEYLHSRDVVYRDIKLENLMLDKDGHIKITDF 
GLCKEGISDGATMKTFCGTPEYLAPEVLEDNDYGRAVDWWGLGVVMYEM 
MCGRLPFYNQDHERLFELILMEEIRFPRTLSPEAKSLLAGLLKKDPKQRL 
GGGPSDAKEVMEHRFFLSINWQDVVQKKLLPPFKPQVTSEVDTRYFDDE 
FTAQS.

Protein expression and purification of AKT1
The pFastBac plasmids encoding AKT1 or AKT2 were transformed into 
DH10Bac cells (Thermo Fisher Scientific, catalogue no. 10361012), and 
the recombinant bacmid was isolated and used to generate baculovirus 
in Sf9 cells. Expression of AKT1 constructs was induced in Sf9 cells by 
infection of cultured cells (1.1 M ml−1) with baculovirus solution (20 ml 
virus per 1 l culture) and incubation for 72 h. The cells were collected 
by centrifugation (8,000g, 10 min), and the pellets were resuspended 
in 50 ml lysis buffer per 1 l culture (25 mM HEPES (pH 8.0), 150 mM 
NaCl, 1.0 mM TCEP) supplemented with EDTA-free protease inhibitor 
cocktail (Roche, catalogue no. 04693132001). The cells were then lysed 
by sonication and the cell debris pelleted by centrifugation (48,380g, 
30 min). The clarified lysate was incubated with Ni-NTA resin (Thermo 
Scientific, catalogue no. 88222, 3.0 ml per 1 l culture) at 4 °C for 1 h. 
The resin was washed with lysis buffer (3 × 20 ml) and then 10 ml wash 
buffer (40 mM imidazole, 25 mM HEPES (pH 8.0), 150 mM NaCl, 1.0 mM 
TCEP). AKT1 was eluted in 6 ml of elution buffer (400 mM imidazole, 
25 mM HEPES (pH 8.0), 150 mM NaCl, 1.0 mM TCEP). The eluted protein 
was then incubated with 1.5 mg TEV protease per 1 l culture. After 1 h 
at room temperature, the resulting solution was diluted to 60 ml with 
20 mM Tris (pH 8.0), 150 mM NaCl buffer and then passed through 
Ni-NTA resin (1 ml per 1 l culture), and the flow-through was collected. 
The resin was further washed with 5 ml of 25 mM Tris (pH 7.5), 100 mM 
NaCl, 40 mM imidazole buffer to recover the remaining AKT1, which was 
combined with the flow-through. The protein was buffer-exchanged 
into 20 mM Tris (pH 8.0), 20 mM NaCl, and purified by ion exchange 
chromatography (Q HiTrap, gradient from 20 to 250 mM NaCl). The 
resulting protein was purified further by gel filtration on a Superdex 
200 Increase (10/300 GL) column (gel filtration buffer: 25 mM HEPES 

(pH 8.0), 150 mM NaCl, 1 mM TCEP). The protein was then concentrated 
to approximately 5 mg ml−1, flash-frozen in liquid nitrogen and stored 
at −80 °C.

AKT2 (P115A/G116A) purification for crystallography
The cell paste from 5 l of baculovirus-infected Sf9 cells was lysed in 50 mM 
Tris, 500 mM NaCl, 1 mM TCEP, 10% glycerol, 0.1% Triton X-100, pH 8.0 
buffer supplemented with cOmplete EDTA-free protease inhibitors 
(Roche). Purification was performed by Ni-NTA capture of the His-tagged 
protein in lysis buffer; washing with 50 mM Tris, 500 mM NaCl, 1 mM 
TCEP, 10% glycerol, pH 8.0, 20 mM imidazole; and elution in two steps 
with 50 and 250 mM imidazole in 50 mM Tris, 500 mM NaCl, 1 mM TCEP, 
10% glycerol, pH 8.0. Fractions eluted with 20 and 50 mM imidazole were 
dialysed against 4 l of buffer (50 mM Tris, 200 mM NaCl, 1 mM DTT, 10% 
glycerol, pH 8.0) and digested with His-tagged TEV (TEV/protein ratio of 
1:15) at 4 °C overnight and then loaded on to a second Ni-NTA column. The 
flow-through was pooled and then purified by anion exchange chroma-
tography using a HiTrap Q HP column (Cytiva, catalogue no. 17115401). 
The elution gradient (0–100% B) was generated using buffer A (25 mM 
Tris, 50 mM NaCl, 1 mM DTT, 10% glycerol, pH 8.0) and buffer B (25 mM 
Tris, 1 M NaCl, 1 mM DTT, 10% glycerol, pH 8.0). This produced two dis-
tinct peaks, representing non-phosphorylated and monophosphoryl-
ated species. The two pools of AKT2 (2–447, P115A/G116A) were separately 
concentrated and purified by size-exclusion chromatography (SEC) using 
a Superdex 75 100/300 GL column, with SEC buffer (25 mM Tris, 100 mM 
NaCl, 5 mM DTT, 10% glycerol, pH 7.5); both forms were monomeric. The 
monophosphorylated form was concentrated to 6 mg ml−1 in SEC buffer, 
flash-frozen in liquid nitrogen and stored at −80 °C.

NB41 construct, expression and purification
NB41 construct. NB41 was gene synthesized and cloned by Gibson 
assembly4 into a PET26b vector containing an N-terminal PelB signal 
sequence.

NB41 sequence: QVQLQESGGGLVQAGGSLRLSCAASGIDVRIKTMAW 
YRQAPGKQRELLASVLVSGSTNYADPVKGRFTISRDNAKNTVYLQMNKLIP 
DDTAVYYCNTYGRLRRDVWGPGTQVTVSSHHHHHHEPEA.

NB41 expression and purification. BL21 (DE3) cells were transformed 
with the NB41 PET26b plasmid. The transformed bacteria were grown in 
2 l TB + kanamycin at 37 °C until the culture reached an optical density at 
600 nm of 0.66. The culture was cooled to 18 °C, induced with 0.25 mM 
isopropyl β-d-1-thiogalactopyranoside and incubated overnight at 
18 °C. Bacteria were harvested (10,000g, 10 min), and the resulting 
pellet was frozen.

The pellet was warmed to 4 °C and lysed in 15 ml of 200 mM Tris  
(pH 8.0), 500 mM sucrose buffer with rotation. After 1 h, 30 ml of 50 mM 
Tris (pH 8.0), 125 mM sucrose, was added. After a further 45 min rotation 
at 4 °C, the sample was centrifuged for 30 min at 7,500g. The superna-
tant was collected and passed over 3 ml Ni-NTA resin (Thermo Scien-
tific, catalogue no. 88222). The resin was washed with 3 × 10 ml wash 
buffer (40 mM imidazole, 25 mM HEPES (pH 8.0), 150 mM NaCl). NB41 
was eluted in 6 ml of elution buffer (400 mM imidazole, 25 mM HEPES  
(pH 8.0), 150 mM NaCl). The resulting protein was purified further by 
gel filtration on a Superdex 75 Increase (10/300 GL) column (gel filtra-
tion buffer: 20 mM Tris pH 7.5, 100 mM NaCl, 1 mM TCEP). The protein 
was then concentrated to 5 mg ml−1, flash-frozen in liquid nitrogen and 
stored at −80 °C.

AKT1 crystallography
AKT1DrLink–inhibitor–NB41 complex formation. Compound 3 or 4 
(200 µl, 0.5 mM stock in DMSO) was added to 1 mg of AKT1DrLink (WT or 
E17K) in 10 ml of 20 mM HEPES (pH 8.0), 150 mM NaCl and 1 mM TCEP 
buffer to give a final concentration of 10 µM. After 10 min, the sample 
was concentrated to 1 ml; then, NB41 (0.55 mg) was added, followed 
by incubation for 15 min. The resulting complex was purified by gel 



filtration on a Superdex 200 Increase (10/300 GL) column (gel filtration 
buffer: 20 mM HEPES (pH 8.0), 20 mM NaCl, 1 mM TCEP). The protein 
was then concentrated to 2.5–7.5 mg ml−1 and used directly for crystal 
formation. Crystallization was performed by hanging-drop vapour 
diffusion. The protein and reservoir solution were mixed in a 1:1 ratio 
(150 + 150 nl), and the crystals grew overnight and were cryoprotected 
in a reservoir solution containing 25% ethylene glycol. Conditions for 
each structure are provided below.

AKT1DrLink (E17K)–3–NB41–Zn2+. Protein solution: AKT1DrLink (E17K)–3–
NB41 (2.5 mg ml−1) in 20 mM HEPES (pH 8.0), 20 mM NaCl, 1 mM TCEP, 
0.2 mM ZnSO4. Reservoir solution: 29% PEG3350, 200 mM Li2SO4, 
100 mM bis-tris propane pH 8.5, 10% ethylene glycol. Data are from 
Protein Data Bank (PDB) 8UVY.

AKT1DrLink (E17K)–3–NB41, Zn2+-free. Protein solution: AKT1DrLink 
(E17K)–3–NB41 (6.5 mg ml−1) in 20 mM HEPES (pH 8.0), 20 mM NaCl, 
1 mM TCEP, 1.2 mM iodoacetamide. Reservoir solution: 19% PEG3350, 
200 mM Li2SO4, 100 mM bis-tris propane pH 8.5, 10% ethylene glycol. 
Data are from PDB 8UW2.

AKT1DrLink (WT)–3–NB41. Protein solution: AKT1DrLink (WT)–3–NB41 
(7.5 mg ml−1) in 20 mM HEPES (pH 8.0), 20 mM NaCl, 1 mM TCEP, 1.2 mM 
iodoacetamide. Reservoir solution: 19% PEG3350, 200 mM Na2SO4, 
100 mM bis-tris propane pH 7.2, 10% ethylene glycol. Data are from 
PDB 8UW7.

AKT1DrLink (E17K)–4–NB41–Zn2+. Protein solution: AKT1DrLink (E17K)–4–
NB41 (6.5 mg ml−1) in 20 mM HEPES (pH 8.0), 20 mM NaCl, 1 mM TCEP. 
Reservoir solution: 15% PEG3350, 200 mM Li2SO4, 100 mM bis-tris pro-
pane pH 6.5, 10% ethylene glycol. Data are from PDB 8UW9.

AKT1 X-ray data and structure determination
Diffraction data were collected at beamlines 2.0.1 and 8.3.1 of the 
Advanced Light Source (Lawrence Berkeley National Laboratory), 
indexed and integrated using XDS55, scaled with AIMLESS56 and solved 
by molecular replacement using Phaser57. The structures were manu-
ally refined with Coot58 and PHENIX59. Data collection and refinement 
statistics are reported in Extended Data Fig. 9a. The structures have 
been deposited in the PDB. Crystal structures and maps were visualized 
using PyMOL v.2.5.0 (Schrödinger).

AKT2 crystallography
Monophosphorylated AKT2(P115A/G116A) (6 mg ml−1) was incubated 
with compound 3 (1:5 molar ratio) on ice for 1 h. Crystals were obtained 
by the vapour diffusion method after mixing an equal volume of the 
complex with reservoir solution containing 0.1 M HEPES pH 7.5, 20% 
(w/v) PEG 8000 at 4 °C. Crystals were cryoprotected in mother liquor 
supplemented with 10% ethylene glycol and flash-cooled in liquid nitro-
gen for storage and data collection.

AKT2 X-ray data and structure determination
Diffraction data were obtained at Beamline 05 A at Taiwan Photon 
Source using a Rayonix MX300HS detector. This dataset was pro-
cessed with xia2 (ref. 60) and solved by molecular replacement using 
Phaser (with PDB 8Q61 as a search model). The structures were manu-
ally refined with Coot and PHENIX. Data collection and refinement 
statistics are reported in Extended Data Fig. 9a. The structure has been 
deposited in the PDB. Crystal structures and maps were visualized using 
PyMOL v.2.5.0 (Schrödinger).

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

Data availability
The reported crystal structures have been deposited in the PDB with 
accession numbers 8UVY, 8UW2, 8UW7, 8UW9 and 9C1W. The raw 
proteomic data have been deposited to MassIVE with accession num-
ber MSV000093542, including the Homo sapiens reviewed Swiss-Prot 
FASTA database file used for searches. Source data are provided with 
this paper. Statistical tests, descriptive statistics and associated graphi-
cal data are included in source data files. 
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Extended Data Fig. 1 | Additional in vitro characterization of compound 3. 
a, Deconvoluted intact-protein mass spectra of AKT2(WT) (1 µM) treated with 
vehicle or 1–3 (5 µM, 37 °C, 15 min) and then reduced with NaBH4 (10 mM, 5 min). 
b, Dissociation of preformed AKT2(WT)-ligand complexes (1 µM AKT2(WT), 
5 µM ligand) was initiated by the addition of excess ARQ092 (50 µM) with 
continuous incubation at 37 °C. At the indicated time points, the percentage  
of covalently modified AKT2(WT) was determined by intact-protein MS after 
quenching with NaBH4 (10 mM, 5 min). Duplicate measurements for each time 
point were plotted, and dissociation half-times were determined using an 
exponential decay function. Kinetics of AKT1 dissociation are reproduced 
from Fig. 1d. c, The melting temperature (Tm) of AKT2(WT) (2 µM) treated with 
DMSO, 3 (10 µM), or ARQ092 (10 µM) was assessed by differential scanning 
fluorimetry (DSF, mean ± s.d., n = 3). ΔTm was calculated relative to the DMSO 

control (mean ± s.d.). Apparently missing errors bars indicate that the error is 
too small to be visualized. Data for AKT1 are reproduced from Fig. 1e. d, IC50 
values from biochemical AKT kinase activity assays (10 μM ATP, radioisotope 
filter binding, 10-pt dose response, Reaction Biology). e, Modified site 
identification by tryptic LC-MS/MS. Purified recombinant AKT1(E17K) or 
AKT1(WT) (f), was treated with compound 3 (4 µM, 15 min) and reduced with 
NaBH4 (5 mM). The sample was reduced with DTT, alkylated with iodoacetamide 
and then digested with trypsin. The tryptic peptides were analysed by LC-MS/
MS and modified sites identified using MSFragger. The modified sites with the 
greatest MS1 intensity were Lys17 for AKT1(E17K) (e) and Lys297 for AKT1(WT) 
(f). The annotated MS2 spectra with b- and y-ions for the relevant modified 
peptides are shown.



Extended Data Fig. 2 | Dot blot images and CETSA data related to Fig. 2.  
a, Dot blot images related to Fig. 2a. b, Dot blot images related to Extended 
Data Fig. 2c. c, Cellular thermal shift assay (CETSA) data reproduced from 
Fig. 2a with the addition of AKT2(WT) data. Melting temperatures (Tm) were 

determined by sigmoidal regression analysis (n = 3). ΔTm was calculated relative 
to the DMSO control for each protein (mean ± s.d.). Apparently missing errors 
bars indicate that the error is too small to be visualized.
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | In-gel fluorescence data related to Fig. 2. a, Crystal 
structure of ARQ092 (grey) with AKT1(WT) (green) (PBD: 5kcv) illustrating the 
solvent-exposed vector that informed the design of 3-alkyne. b, BEAS-2B cells 
(FLAG-AKT1(E17K), FLAG-AKT1(WT) or FLAG-AKT2(WT)) were treated with 
3-alkyne (2 µM) for 0, 5, 10, 30, 60 or 120 min. After cell lysis and reduction with 
NaBH4 (10 mM), the labelled proteins were conjugated to TAMRA-azide and 
visualized by in-gel fluorescence. c, In-gel fluorescence images related to 
Fig. 2d. d, In-gel fluorescence images related to Fig. 2e. Replicate 1 is shown in 
Fig. 2e. e, BEAS-2B cells (FLAG-AKT1(E17K) or FLAG-AKT1(WT)), were treated 

with increasing concentrations of 3-alkyne for 10 or 60 min. The cells were 
lysed and reduced with NaBH4 (10 mM). The labelled proteins were conjugated 
to TAMRA-azide and visualized by in-gel fluorescence. f, Normalized in-gel 
fluorescence data reproduced from Fig. 2d (6 h dose-response, n = 3) with  
the addition of the 10 and 60 min dose responses (n = 1) from Extended Data 
Fig. 3e. Apparently missing errors bars indicate that the error is too small to be 
visualized. The experiments in (b-d) were performed twice with similar results. 
The experiment in (e) was performed once.



Article

Extended Data Fig. 4 | AKT1(WT/E17K) selectivity in LAPC4-CR cells and 
tumors. LAPC4-CR AKT1(WT/E17K) zygosity determination (a) and (b).  
a, Sequencing of AKT1 exon2 amplicon derived from LAPC4-CR gDNA. Amplicon 
primers: f = TGACCTCTAACTGTGGACGC; r = CAAGGGGATACTTACGCGCC. 
Sequencing primer = TCGCTGGCCCTAAGAAACAG. b, Sequencing of AKT1 
transcript amplicon derived from LAPC4-CR cDNA. Amplicon primers: f = ATG 
GACAGGGAGAGCAAACG; r = ACAGGTGGAAGAACAGCTCG. Sequencing 
primer = TGCATCAGAGGCTGTGGCCAG. c, LAPC4-CR tumor bearing mice were 
dosed with vehicle or 3-alkyne (30 mg kg–1, IP injection) (n = 4). Tumors were 
harvested after 4 h and lysed. Tumor lysate was reduced with NaBH4 (10 µM), 
and conjugated with biotin-picolyl-azide. Biotinylated proteins were pulled 

down with neutravidin agarose, eluted, and analyzed by immunoblotting.  
d, LAPC4-CR cells were transduced with empty vector, AKT1(WT) or 
myrAKT1(WT) and selected with puromycin. Transduced cells were treated 
with the indicated concentrations of ARQ092, compound 3 or 4 for 72 h, and 
cell viability was determined by the Alamar Blue assay. Data (mean ± s.d., n = 4) 
were fitted with sigmoidal regression. Apparently missing errors bars indicate 
that the error is too small to be visualized. e, Transduced LAPC4-CR cells 
relating to (d) were lysed and analyzed by immunoblotting for FLAG, tAKT1, 
pAKT1S473 and pPRAS40T246 (loading control: GAPDH). This experiment was 
performed twice with similar results.



Extended Data Fig. 5 | Inhibition of AKT signaling in cancer cells, related to 
Fig. 3d. a, LAPC4-CR, HBCx-2, SkBr3 and MCF7 cells were treated with increasing 
concentrations of ARQ092 or compound 3 for 2 h, lysed, and analyzed by 
immunoblotting for pAKT1S473, pPRAS40T246, pS6RPS235/236, pGSK3βS9 (loading 
controls: tAKT1, tPRAS40, tS6RP, tGSK3β and GAPDH). b, Washout of 
compound 3 in LAPC4-CR and SkBr3 cells. LAPC4-CR or SkBr3 cells were 

treated with 2 µM compound 3 for 2 h. The media was aspirated and replaced 
with compound-free media. After 0, 0.5, 2, 7, or 24 h, the cells were lysed and 
then probed for pAKT1S473 and pPRAS40T246 by immunoblotting (loading 
controls: tAKT1, tPRAS40, GAPDH). c, The pPRAS40 signal (b) was normalized 
to the DMSO control and fitted with an exponential regression. The experiments 
in (a, b) were performed twice with similar results.
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Extended Data Fig. 6 | In vitro and in vivo characterization of compound 4. 
a, The melting temperature (Tm) of AKT1(E17K), AKT1(WT) and AKT2(WT) 
(2 µM) treated with DMSO or 4 (10 µM) was assessed by differential scanning 
fluorimetry (DSF, mean ± s.d., n = 3). Apparently missing errors bars indicate 
that the error is too small to be visualized. b, Dissociation of the preformed 
complex of AKT1(E17K), AKT1(WT) or AKT2(WT) (1 µM) bound to compound 4 
(5 µM) was initiated by the addition of excess ARQ092 (50 µM) with continuous 
incubation at 37 °C. The percentage of modified AKT at the indicated time 
points was determined by intact-protein mass spectrometry after quenching 
aliquots with NaBH4 (10 mM, 5 min). Duplicate measurements for each time 
point were plotted, and dissociation half-times were determined using an 
exponential decay function Dissociation kinetics were determined using an 
exponential decay function. c, Pharmacokinetic data for compounds 3 and 4 

(mean, n = 3). d, Target engagement of full-length AKT1(E17K), AKT1(WT),  
and AKT2(WT) fused to NanoLuc was determined in HEK293 cells using the 
NanoBRET assay kit (Promega). IC50s were calculated by sigmoidal regression 
and presented as the geometric mean. e, Cell viability EC50s (72 h incubation) 
for compound 4 and ARQ092 in LAPC4-CR, HBCx-2, SkBr3 and MCF7 cells.  
f, Athymic male nude mice (nu/nu) bearing LAPC4-CR-derived xenografts were 
dosed with vehicle or 40 mg kg–1 compound 4 by IP injection (n = 4). Euthanasia 
was performed 2, 7, or 24 h after dosing with compound 4 (vehicle = 2 h) and 
tumors were collected, homogenized, and analyzed by immunoblotting 
(loading controls: tAKT1, tPRAS40, GAPDH). g, Tumor pAKT1 intensities were 
determined by immunoblotting (f) and normalized to the mean intensity from 
vehicle-treated mice. Data are mean ± s.d., n = 4.



Extended Data Fig. 7 | Further in vivo characterization of compound 4.  
a, Individual growth curves of LAPC4-CR xenografts related to Fig. 4a. 
LAPC4-CR tumor-bearing mice (athymic nu/nu) were randomized to vehicle 
(n = 10) or compound 4 treatment groups (30 mg kg–1, BID, IP, n = 12). b, Individual 
tumor growth curves (a) were integrated (AUC, mm3) over the 18 day study. 
Vehicle, n = 10; compound 4, n = 12 (mean ± s.e.m.). Student’s t-test (two-tailed, 
unpaired, parametric) was used to calculate the P value without adjustments 
for multiple comparison tests. c, Percentage change in mouse body weights 
during the LAPC4-CR tumor growth inhibition study. Vehicle, n = 10; 
compound 4, n = 12 (mean ± s.e.m.). d, LAPC4-CR tumor-bearing mice (athymic 
nu/nu) were randomized to vehicle or ARQ092 treatment groups (100 mg kg–1, 
PO, QD), n = 10. Tumor volumes (mean ± s.e.m.) and body weights (mean ± 
s.e.m.) were measured on the indicated days. The humane endpoint was 20% 
body weight loss and the ARQ092 arm was terminated when 50% of the animals 
in the group reached this threshold. e, Percentage change in mouse body 

weights during the HBCx-2 tumor growth inhibition study (see Fig. 4c). n = 8, 
mean ± s.e.m., ns = not significant. Adjusted P values were calculated for the 
final day measurements relative to the vehicle using an ordinary one-way 
ANOVA with Dunnett’s multiple comparison test. f, BT-474 tumor-bearing mice 
(athymic nude) were randomized to vethicle (BID, IP injection), compound 4 
(30 mg kg–1, BID, IP injection), ARQ092 (100 mg kg–1, QD, PO) or capivasertib 
(150 mg kg–1, BID, PO) treatment groups (n = 10). Tumor volumes (mean ± s.e.m) 
were measured on the indicated days. Adjusted P values were calculated for the 
final day measurements relative to the vehicle using an ordinary one-way 
ANOVA with Dunnett’s multiple comparison test. g, Percentage change in 
mouse body weights during the BT-474 tumor growth inhibition study. n = 10, 
mean ± s.e.m. Adjusted P values were calculated for the final day measurements 
relative to the vehicle using an ordinary one-way ANOVA with Dunnett’s 
multiple comparison test. Apparently missing errors bars indicate that the 
error is too small to be visualized.
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Extended Data Fig. 8 | Supplementary crystal structures and electron 
density maps. a, Ligand electron density map (2Fo-Fc, 1.0 σ) for AKT1(E17K)–3 
cocrystallized without added Zn2+. b, Ligand electron density map (2Fo-Fc,  
1.0 σ) for AKT1(E17K)–3 with added ZnSO4 (2 equiv). c, Cocrystal structure  
of AKT1(E17K) bound to salicylaldehyde 4 (grey) at 1.9 Å resolution. Yellow 
dashes, hydrogen bonds; orange dashes, π-stacking; black dashes, Zn2+-chelate 
interactions. d, Ligand electron density map (2Fo-Fc, 1.0 σ) for AKT1(E17K)–4. 

e, Ligand electron density map (2Fo-Fc, 1.0 σ) for AKT1(E17K) labelled with 
iodoacetamide and cocrystallized with compound 3 (Zn2+-free). f, Ligand 
electron density map (2Fo-Fc, 1.0 σ) for AKT1(WT)–3. g, Cocrystal structure of 
AKT2(WT) bound to salicylaldehyde 3 (grey) at 2.0 Å resolution. Yellow dashes, 
hydrogen bonds; orange dashes, π-stacking. h, Ligand electron density map 
(2Fo-Fc, 1.0 σ) for AKT2(WT)–3.



Extended Data Fig. 9 | Crystallographic data and effect of Zn2+ on thermal 
stability. a, Crystallographic data collection and refinement statistics.  
b, Purified WT or mutant AKT1 (2 µM) was treated with DMSO or compound 3 
(10 µM) in the presence or absence of ZnSO4 (10 µM) for 15 min. Thermal 

stability (melting temperature, Tm) was assessed by differential scanning 
fluorimetry (mean ± s.d., n = 3). Apparently missing errors bars indicate that  
the error is too small to be visualized.
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | Further characterization of Zn2+ binding in cells.  
a, CETSA data related to Fig. 5e. BEAS-2B cells stably expressing FLAG-
AKT1(E17K or E17K/C296A/C310A) were treated for 3 h with compound 3 (2 µM) 
and DMSO or TPEN (10 µM). Thermal stability of FLAG-AKT1 was determined by 
CETSA with three biological replicates. After treatment with compounds, cells 
were heat-challenged at the indicated temperatures for 3 min and lysed. Levels 
of soluble FLAG-AKT1 were determined by dot blot (Biological replicates 1 and 2: 
plotted as mean ± s.d., three technical replicates. Biological replicate 3: plotted 
as mean ± s.d., two technical replicates). Apparently missing errors bars 
indicate that the error is too small to be visualized. Melt temperatures (Tm) 
were determined by sigmoidal regression analysis. b, BEAS-2B cells stably 
expressing FLAG-AKT1(E17K) or AKT1(E17K/C296A/C310A) were treated with 

DMSO or 2 µM compound 3 for 2 h (n = 4). The cells were washed with PBS, lysed, 
and incubated with anti-FLAG agarose beads for 1 h at 4 °C. The agarose resin 
was washed 6 times and then FLAG-AKT1 was eluted from the beads with 
3xFLAG peptide. Samples were incubated with Chelex 100 resin (15 min), 
filtered, and concentrated to 57 µL by spin filtration. Samples were analysed  
by SDS-PAGE with Flamingo dye staining and in-gel fluorescence. Equal 
volumes of the immunopurified FLAG-AKT1 samples and dilutions of  
purified recombinant AKT1(E17K) were loaded on the gel. The extrapolated 
concentrations of immunopurified and eluted FLAG-AKT1 were used to 
estimate the molar equivalents of transition metals quantified by ICP-MS 
analysis (Fig. 5f).
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