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ABSTRACT: The tumor suppressor protein f ragile histidine triad
(Fhit) is known to be associated with genomic instability and
apoptosis. The tumor-suppressive function of Fhit depends on the
interaction with the alarmone diadenosine triphosphate (Ap3A), a
noncanonical nucleotide whose concentration increases upon
cellular stress. How the Fhit−Ap3A complex exerts its signaling
function is unknown. Here, guided by a chemical proteomics
approach employing a synthetic stable Fhit−Ap3A complex, we
found that the Fhit−Ap3A complex, but not Fhit or Ap3A alone,
impedes translation. Our ﬁndings provide a mechanistic model in
which Fhit translocates from the nucleolus into the cytosol upon
stress to form an Fhit−Ap3A complex. The Fhit−Ap3A complex
impedes translation both in vitro and in vivo, resulting in reduced cell
viability. Overall, our ﬁndings provide a mechanistic model by which
the tumor suppressor Fhit collaborates with the alarmone Ap3A to regulate cellular proliferation.

■

INTRODUCTION
At present, the database Catalogue Of Somatic Mutations In
Cancer (COSMIC) lists that from 4437 tested tumor samples,
2890 (65%) were found to be mutated in the tumor suppressor
protein fragile histidine triad (Fhit).1,2 These include a variety
of cancers including lung, cervical, and esophageal and
squamous cell carcinoma,3−7 suggesting that in many diﬀerent
types of cancer, Fhit plays an important role in suppressing the
formation of cancer development. Fhit is believed to exert its
tumor suppressor function when in complex with the
nucleotide diadenosine triphosphate (Ap3A). Ap3A (Figure
1a) is an “alarmone” as its intracellular concentration is rising
upon cellular stress.8,9 Fhit signiﬁcantly inﬂuences intracellular
Ap3A concentrations10 as Fhit is also the main hydrolase for
Ap3A.11 However, it was found that Fhit acts as a tumor
suppressor by binding to Ap3A but independently of its
capabilities to hydrolyze Ap3A.12 This emphasizes the
importance of the Fhit-Ap3A complex formation for signaling.
Several important cancer-related genes and pathways have
been linked to Fhit. For example, Ras/Rho GTPases are
known to interact with Fhit.13 Additionally, Fhit serves as a
physiological target of the Src tyrosine kinase14 and the
apoptotic pathway induced by Fhit was shown to be mediated
by FADD and by the activation of caspase-8-, −9-, and −3associated cell death pathways.15−17 Nevertheless, evidence
based on Fhit variants supports the notion that the formation
of the Fhit−Ap3A complex is crucial in growth inhibition.18,19
© 2022 The Authors. Published by
American Chemical Society

However, the molecular mechanism by which the Fhit−Ap3A
complex exerts its tumor suppressor function remains elusive.
We speculated that the elucidation of the interactome of the
Fhit−Ap3A complex, in contrast to Fhit and Ap3A alone,
respectively, will provide indications into the tumor
suppression mechanism of the complex. Leveraging chemical
biology and chemical proteomic approaches employing a
synthetic stable Fhit−Ap3A complex, we succeeded in
elucidating its interactome in a human non-small-cell lung
carcinoma cell line H1299.
Guided by these results, we found that the Fhit−Ap3A
complex interacts with the ribosome and thereby impedes
translation, leading to an increased propensity of cell death and
in consequence tumor suppression.

■

RESULTS AND DISCUSSION
Generation and Structure of a Covalent Fhit−Ap3A
Complex. Previous studies indicate that the binding of Ap3A
is crucial for the tumor suppressor function of Fhit.19 To
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Figure 1. Synthesis of the covalent Fhit−Ap3A complex Fhit*. (a) Structure of Ap3A. (b) Schematic representation of the generation of Fhit variant
bound to Ap3A*. The complex formation is achieved by nucleophilic attack of the thiol group in the binding pocket of Fhit to the chloroacetamide
group of Ap3A*. (c) LC/ESI-MS chromatogram of the Fhit variant (18675 Da) bound to Ap3A* showing mass corresponding to the Fhit variant
covalent bound to the Ap3A analogue (+896 Da). (d) Crystal structure of Fhit bound to Ap3A*. Two chains are shown (A and C) bound to AMP*
moiety. The binding pocket of Ap3A is visualized in light purple (chain C) and light blue (chain A). (e) Simulated annealing omit map for AMP*
moiety countered at 2σ is shown as gray mesh.

uncover the Fhit-Ap3A interactome and to gain insights into its
molecular mechanisms and tumor suppressor function, we
generated a covalent Fhit-Ap3A complex to be subsequently
used in aﬃnity puriﬁcation mass spectrometry (AP-MS).
Therefore, Ap3A was equipped with an electrophilic chloroacetamide function resulting in Ap3A* (Figure 1b). The
chloroacetamide was introduced via a linker at the N6-position
of one adenosine moiety since it has been shown that Fhit
accepts Ap 3 A analogues with a modiﬁcation at this
position.20,21 The synthesis of Ap3A* is described in detail in
the Supporting Information (Figure S1). Ap3A* was reacted
with an Fhit variant carrying a nucleophilic cysteine instead of
a histidine in position 8 of the binding pocket. Further,
histidine 96 was mutated to an asparagine to obtain a
hydrolytic inactive Fhit. Of note, it was reported that this
inactivating mutation does not change the tumor suppressor
function of Fhit.12 The synthesized complex of the mutated
Fhit and Ap3A* is henceforth termed Fhit* (Figure 1b). The
integrity of Fhit* was proven by LC/ESI-MS analysis revealing
exclusive species with masses for the Fhit variant plus the Ap3A
analogue (+896 Da) (Figure 1c). In contrast, when wild-type
Fhit was incubated with Ap3A*, no new signal that would
indicate covalent binding of the nucleotide to Fhit was
detected and only the mass corresponding to wild-type Fhit
was detected (Figure S2). To investigate the impact of Ap3A*
binding on the global Fhit structure, we solved the crystal
structure of Fhit* at a resolution of 2.34 Å (PDB: 7P8P).
Electron density of Fhit and the linkage of Ap3A* revealed
that Ap3A* is correctly positioned and covalently attached to

the introduced Cys8 residue of Fhit (Figures 1d and S3a). The
attached nucleobase ﬁts perfectly in the primary binding
pocket and analysis of the surface indicated the location of
Ap3A* inside the protein (Figures 1e and S3b). Then, we
compared the structures by superimposing to the published
crystal structure of Fhit bound to nonhydrolyzable Ap3A
(nhAp3A, PDB: 1FHI).22 Overlay of the structures demonstrated an overall alignment of 0.3 ± 0.1 Å root-mean-square
deviation (rmsd), showing a high similarity of both structures
(Figure S3c,d). These results demonstrate that Ap3A* binding
does not alter the structural characteristics of Fhit and proves
the regioselectivity of the reaction of Ap3A* with the mutated
Fhit. Thus, Fhit* provides an excellent mimic of the native
Fhit-Ap3A complex.
Elucidation of the Ap3A-Dependent Fhit Interactome. To identify the stress-speciﬁc cellular interactome of
Fhit, we deployed an aﬃnity puriﬁcation approach using Fhit
and Fhit* as baits and H1299 whole cell lysates (Figure 2a). Of
note, the human non-small-cell lung carcinoma cell line H1299
is deﬁcient of endogenous Fhit.23 To monitor the stability of
Fhit* in the presence of cell lysate, we incubated Fhit* with
H1299 cell lysates and resolved the samples on SDS-PAGE
demonstrating the stability of Fhit* under the chosen
conditions (Figure S4a). Next, Fhit and Fhit* were used as
baits and immobilized on streptavidin-conjugated agarose and
subsequently incubated with the respective cell lysates (Figure
S4b), using H2O2 as cellular stress signal. Bound proteins were
eluted with biotin and resolved on SDS-PAGE before tryptic
digestion (Figure 2b). For LC-MS/MS analysis of the bound
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Figure 2. Identiﬁcation of the Ap3A-dependent cellular Fhit interactome. (a) Schematic representation of the aﬃnity puriﬁcation MS (AP-MS)
workﬂow using Fhit* as bait protein in H1299 cell lysates. (b) SDS-PAGE of elution fractions before LC-MS/MS analysis; (**) Fhit dimer, (*)
Fhit monomer. (c) Hierarchical clustering (Euclidean distance) of statistically signiﬁcantly enriched interactors following ANOVA analysis (S0 = 5,
FDR = 0.005). Columns represent bait proteins, rows show interacting proteins, and ribosomal proteins and elongation factors are highlighted in
blue on the left side. H1299 cells were exposed to oxidative stress with 1 mM H2O2 10 min before harvesting. Empty beads with unstressed cells
(lane 1) and stressed cells (lane 2), Fhit with (lane 3) and without (lane 4) stressed cells and Fhit* with lysate from unstressed cells (lane 5) were
added as controls. Lane 6 shows Fhit* with stressed cells. Clusters of proteins with similar enrichment patterns are depicted on the right. AP-MS
experiments were carried out in biological triplicates and measured as technical duplicates. (d) Venn diagram of main steps in data analysis of APMS. Total number of identiﬁed proteins after LC-MS/MS analysis, number of proteins after ﬁltering, and number of statistically enriched proteins
after ANOVA analysis, enriched proteins speciﬁcally for Fhit* with cells after H2O2 treatment. (e) GO-term analysis for biological processes of
enriched proteins interacting with Fhit* under stressed conditions based on DAVID classiﬁcation. (f) KEGG-pathway analysis of enriched proteins
with Fhit* under stressed conditions based on DAVID classiﬁcation. Proteomic data are provided as a Supporting Data File.

proteins, triplicates of the experiments were performed. We
conducted several control experiments including wild-type Fhit
as bait and the matrix without bait protein incubated with
lysates from H1299 cells either grown under physiological
conditions or subjected to H2O2 treatment prior to harvesting.
We observed a stress-speciﬁc enrichment of proteins for Fhit*
(Figure 2b). No signiﬁcant enrichment of proteins was

observed when lysates of H2O2-treated and unstressed cells
were applied to wild-type Fhit as bait and also when the Fhit*
bait was subjected to lysates of unstressed cells. Next, the
eluted proteins resolved on SDS-PAGE were digested with
trypsin for subsequent LC-MS/MS analysis.
The three replicates were analyzed as technical duplicates by
LC-MS/MS to give a total of six measurements per applied
8615
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Figure 3. Functional characterization of Fhit within the translation. (a) Radioactive readout of in vitro translation with a transcript/translationcoupled reticulocyte lysate of a DNA vector for Mdm2. Where indicated, 40 μM Fhit and Ap3A in increasing concentrations (0−180 μM) were
added. The experiment was performed in biological triplicates, the value of the control experiment was set to unity, and all other values were
calculated accordingly. Shown is the mean ± s.e.m. (b) In vitro translation assay with a DNA vector for Mdm2, the addition of Fhit ATP, GTP,
nonhydrolyzable ATP analogues (AppCH2p, ApCH2pp), and dinucleotide polyphosphates (Ap5A, Ap4A, Gp3G, nhAp3A, Ap3A). The experiment
was performed in biological triplicates, the value of the control experiment was set to unity, and all other values were calculated accordingly. Shown
is the mean ± s.e.m. (c) H1299 cells were transfected with an expression vector for Fhit and an empty vector (empty). The cells were starved for 2
h in methionine-free medium, extracellular stress was induced with 0.5 mM H2O2 for 20 min at 37 °C. The methionine-free medium was
supplemented with 0.1% 35S-methionine, and the incorporation of 35S-Met was analyzed 2 h after stress induction at 37 °C via SDS-PAGE. Shown
are two experiments out of three with similar outcomes. (d) Analysis of protein synthesis in H1299 cells. The radioactive intensity of H1299 cells
transfected with empty vector (−) was set to unity, and all other values were calculated accordingly. Samples were measured in biological triplicates.
Shown is the mean ± s.e.m. (e) Cell viability of H1299 cells. H1299 cells were transfected with an expression vector for Fhit, eGFP, and H96N.
The value of H1299 cells transfected with empty vector was set to unity, and all other values were calculated accordingly. Extracellular stress was
induced with 0.5 mM H2O2 for 20 min at 37 °C. Samples were measured in biological triplicates. Shown is the mean ± s.e.m.

Interestingly, we found that the largest cluster (cluster 2)
harbors proteins that were identiﬁed with the Fhit* bait and
lysates from stressed cells. Proteins represented in the ANOVA
statistics with a minimum Z-score of ≥0.5 were considered for
further analysis. After ﬁltering against the control experiments,
we identiﬁed 132 proteins that were signiﬁcantly and
consistently enriched using Fhit* incubated with lysates of
H2O2-treated H1299 cells (Figure 2d). Statistical analysis
(Figure 2c and Supporting Data 1) and bioinformatic
clustering showed enrichment for translation, in particular for
translation initiation (Figure 2e and Supporting Data 2) and a
speciﬁc enrichment for ribosomal proteins of both 40S and 60S
subunits (Figure 2f and Supporting Data 2). We found that at
least 40% of the 60S and 45% of the 40S subunit proteins were
enriched.
Action of Fhit on Translation. Guided by our ﬁnding that
translational proteins are enriched in the Fhit*-based AP-MS
study, we evaluated the action of Fhit and Ap3A on translation
and developed an in vitro translation assay based on

condition. Enriched proteins were identiﬁed by MaxQuant
with its integrated search engine Andromeda followed by labelfree quantiﬁcation (LFQ).24−27 The data were further analyzed
by Perseus,26 resulting in 1559 conﬁdently identiﬁed proteins
in total. A total of 1032 proteins were obtained (66% of the
uploaded proteins) after ﬁltering and validation that they were
present in at least ﬁve of the six replicate experiments. For
these proteins, missing values imputation (downshift 1.8, width
0.3) in the total matrix and multiple-sample test (FDR = 0.005,
S0 = 5) was performed. Under these conditions, 183 constantly
and signiﬁcantly enriched proteins by ANOVA statistics were
obtained (18% of 1032 proteins, Supporting Data 1). All
signiﬁcantly enriched proteins were visualized by correlationbased hierarchical clustering and depicted in a heatmap,
resulting in a total of two protein clusters that show similar
binding behavior (Figure 2c). The color scale represents the
median Z-score normalized LFQ value as calculated by
Perseus.
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Figure 4. Fhit binding to the ribosome and polysomes in human cells. (a) HPLC-based assay to quantify Ap3A levels. Incubation of Fhit with 400fold Ap3A excess for 30 min at 37 °C. Samples are Fhit without ribosome, Fhit with puriﬁed 80S ribosome from H1299 cells, Ap3A 400-fold excess,
and pre-inactivation of ribosomes by incubation with RNaseA. Samples were measured in biological triplicates. Shown is the mean ± s.e.m. (b)
Polysome proﬁle of HEK 293T cells. HEK 293T cells were grown under physiological conditions (gray) or subjected to 0.5 mM H2O2 for 20 min
at 37 °C (black). The translation was stopped with cycloheximide. Cleared cell lysate was separated in 5−50% sucrose gradient by
ultracentrifugation and analyzed by OD 254 nm. Fractions were collected after 40 s each. (c) Western blot analysis of fractions from polysome
proﬁle. Antibody against uL4 for 60S ribosomal subunit, eS6 for 40S ribosomal subunit and Fhit. Cells without H2O2 treatment (top), and cells
with H2O2 treatment (bottom). The experiments were performed twice with matching results.

transcription/translation-coupled rabbit reticulocyte lysate.
Translation of the target protein was detected by the
incorporation of 35S-methionine followed by SDS-PAGE
analysis and autoradiography. First, we investigated the eﬀect
of Fhit on the translation eﬃciency in the presence of
increasing amounts of Ap3A (Figure 3a). We found no eﬀect
on translation eﬃciency when Fhit or Ap3A, respectively, was
applied (Figure 3a, lanes 1−3).
In contrast, when both Fhit and Ap3A were present in the
reaction mix, a stark Ap3A concentration-dependent decline of
target protein expression was observed (Figure 3a, lanes 4−
12). We found that upon the addition of 40 μM Fhit and 80
μM Ap3A (Fhit/Ap3A 1:2), a 2-fold decrease in translation was
observed. When increasing the Ap3A concentration even
further to 180 μM (Fhit/Ap3A 1:4.5), a decrease in translation
eﬃciency by 89% was observed. Since control experiments
employing either Fhit or Ap3A alone revealed no eﬀect on
translation eﬃciencies, we concluded that only Fhit in complex
with Ap3A aﬀects translation.
To ensure that the decrease in translation is not due to
inhibition of transcription, we performed additional experiments using a pretranscribed mRNA template encoding for
Fireﬂy luciferase and subsequently measured the resulting
luminescence. Again, a decrease in protein translation was
correlated with increasing Ap3A concentrations and was only
observed in the presence of Fhit (Figure S5a), which further
corroborates our notion that Fhit only in complex with Ap3A
aﬀects protein synthesis at the translation step.
Next, we investigated the nucleotide speciﬁcity of the eﬀect
of Fhit on translation and employed various nucleotides (ATP,
GTP, nonhydrolyzable ATP analogues (AppCH2p and
ApCH2pp), Ap4A, Ap5A, Gp3G, nhAp3A, and Ap3A (structures
are shown in Figure S6)) in our translation assay (Figures 3b
and S5b). Among the multiple nucleotides evaluated, only
Ap3A and its nonhydrolyzable analogue nhAp3A caused a
signiﬁcant decrease in translation (Figure 3b, lanes 10, 11),
stressing the importance of Fhit-Ap3A complex formation for
the inhibitory eﬀect. Furthermore, the observation that
hydrolysis of Ap3A is not required for this function is along
the lines with the observation that the tumor suppressor
activity is independent of Ap3A hydrolysis.12

To investigate the potential eﬀect of Fhit on translation, we
monitored the protein synthesis after cells were subjected to
H2O2 treatment. Therefore, H1299 cells were transfected with
an expression vector encoding for Fhit. As a control, we also
transfected the cells with an empty vector, to investigate the
eﬀect of transfection. The cells were subjected to H2O2
treatment, and methionine-free medium was supplemented
with radioactive 35S-methionine to monitor the protein
synthesis after extracellular oxidative stress by the incorporation of 35S-methionine followed by SDS-PAGE analysis and
autoradiography. The determined values of H1299 cells
transfected with the empty vector were set to unity, and
sample values were calculated accordingly. No Fhit-dependent
alterations of the cellular protein level were observed when the
cells were grown under physiological conditions (Figures 3c,d
and S5c). However, when the cells were subjected to H2O2
treatment, we observed a decrease in protein synthesis of cells
expressing Fhit (Figures 3c,d and S5c). Interestingly, the Fhit
variant H96N shows a similar decrease in the total cellular
protein concertation (Figure S5d), demonstrating that the
activity of Fhit is independent of its hydrolytic activity of Ap3A.
Conclusively, these results demonstrated that the presence
of Fhit in H1299 cells results in a decrease in total protein
synthesis in this cell line. To further examine the potential
inﬂuence of Fhit on cell viability, we performed an ATPdependent luminescent cell viability assay in H1299 cells
(Figure 3e). We observed a decrease in cell viability of 22% of
cells overexpressing eGFP when cells were stressed. Interestingly, the Fhit variant H96N (66%) shows a similar decrease in
cell viability compared to the wild-type enzyme (68%) (Figure
3e). These ﬁndings demonstrate that the eﬀect of Fhit is
independent of its hydrolytic activity of Ap3A. These results
suggest that the expression of Fhit could also enhance oxidative
stress-mediated apoptosis.
Fhit Binding to the Ribosome and Polysomes in
Human Cells. As we had identiﬁed the ribosome as the main
interactor in our Fhit*-based AP-MS study, we wondered if the
inhibitory eﬀect that we have observed for Fhit on translation
might be related to an interaction of Fhit with the ribosome.
We therefore further analyzed the interaction of Fhit with the
80S ribosomal fraction. Previous reports had suggested that the
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Figure 5. Crosslinking of Fhit and the 80S ribosome. High-conﬁdence crosslink network for Fhit in the absence of Ap3A (a) or the presence of
Ap3A (b) with puriﬁed 80S ribosomal fraction from H1299 cells. (c) Crosslinked proteins of the ribosome with Fhit in the presence of Ap3A were
highlighted in the corresponding structure of 80S ribosome (PDB 4UG0),31 containing the landmark of the 40S and 60S ribosomal subunits in a
pretranslocation state in which the 40S subunit is nonrotated.

polysomes compared to cells treated with H2O2 (Figure 4b).
The polysome fractions are more abundant than unbound 80S
ribosomes and free ribosomal subunits under physiological
conditions.
Remarkably, cells subjected to oxidative stress show a
decrease in polysomes and a signiﬁcant shift from the
polysomes toward the unbound 80S ribosomes and separated
ribosome subunits 40S and 60S. Consistently, our immunoblot
analysis of the separated fractions showed a signiﬁcant shift of
the 60S subunit protein uL4 and the 40S subunit protein eS6
in the polysome fractions from stressed cells compared to
unstressed cells (Figure 4c). A decrease in uL4 intensity was
observed in the later fractions 5−10 after cells were subjected
to H2O2 treatment. In addition, a decrease in eS6 intensity was
observed, too. Interestingly, immunoblot analysis revealed the
presence of Fhit within the polysome proﬁle, but mainly when
cells were subjected to H2O2 treatment (Figures 4c and
S10d,e). Fhit accumulated especially in the early fractions 3−5
where also uL4 and eS6 are enhanced. The shift toward
unbound ribosomal subunits, the decrease in polysome
formation, and the presence of Fhit in the polysome fraction
only upon stress imposition strongly indicate that during stress
response, Fhit interacts with the free ribosomal subunits and
the 80S ribosomes, which might prevent the formation of
polysomes.
Structural Analysis of Fhit and the Ribosome. To
investigate site-speciﬁc interactions of Fhit with ribosomes, we
performed chemical crosslinking coupled to mass spectrometry
(XL-MS).32,33 Fhit was incubated with puriﬁed 80S ribosomal
fraction isolated from H1299 cells in the presence and absence
of Ap3A, respectively. Crosslinking of Fhit to proximal proteins
was performed by the addition of the homobifunctional active

interaction of Fhit with binding partners elongates the lifetime
of the Fhit-Ap3A complex by modulating the hydrolase activity
of Fhit.28
Given that the hydrolysis of Ap3A is not crucial for the
inhibitory eﬀect of Fhit, we investigated if a potential
interaction of Fhit with the ribosome would inﬂuence the
hydrolysis of Ap3A by Fhit. To address this, we established an
analytical RP-HPLC-based assay to monitor the turnover of
Ap3A by Fhit within fractions containing 80S ribosomes that
we isolated from H1299 cells. We found that the incubation of
Ap3A with Fhit resulted in more than 98% of Ap3A being
hydrolyzed to AMP and ADP (Figures 4a and S7).
Interestingly, in the presence of 80S ribosomes, Fhit exhibits
a decrease in the turnover of Ap3A (Figure 4a). To investigate
whether intact 80S ribosomes indeed inﬂuence the turnover of
Ap3A, we incubated the ribosomes with RNaseA before the
addition of Fhit and Ap3A. By incubating the ribosomes with
RNaseA, the ribosomal RNA is degraded and the ribosomal
proteins can dissociate from the ribosomal complex.29,30 We
found that Fhit exhibits some decrease in hydrolysis activity
(<5%), indicating that the intact 80S ribosome is relevant for
the interaction with Fhit. Conclusively, these results show that
ribosome binding of the Fhit-Ap3A complex modulates Ap3A
hydrolysis by Fhit.
To further investigate the inﬂuence of Fhit on translational
processes in cells, the overall change in the polysome
formation was analyzed. HEK 293T cells that express Fhit
endogenously were grown under physiological conditions or
subjected to H2O2 treatment before harvesting. We analyzed
the polysome formation in actively proliferating cells. The
polysome proﬁle of HEK 293T cells grown under physiological
conditions shows a signiﬁcantly higher distribution of
8618
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Figure 6. Localization of Fhit in HEK 293T cells. Fhit levels were analyzed in HEK 293T cells grown under physiological conditions or after
subjection to extracellular stress (H2O2 treatment). (a) Immunoblot (IB) analysis of Fhit with (+) and without (−) H2O2 treatment. Immunoblot
against tubulin was used as a control. Shown is one experiment out of three with similar outcomes. (b) mRNA level of Fhit in HEK 293T cells. The
mRNA levels were normalized to the level of RNaseP. The value of untreated HEK 293T cells was set to unity, and the stressed value was
calculated accordingly. Data are given in percentage, representing the mean of n = 3 independent experiments. Shown is the mean ± s.e.m. (c)
Immunoﬂuorescence microscopy of Fhit in cellulo. Fluorescence microscopy of HEK 293T cells treated with (+) or without (−) H2O2. Antibodies
Fhit (green) and Calnexin (red); Hoechst 33342 staining (blue) and overlay. Scale bar: 20 μm.

ester bis(sulfosuccinimidyl)suberate (BS3).34 The crosslinked
proteins were tryptically digested, and crosslinked peptides
were enriched by size exclusion chromatography. Crosslinked
peptides were detected by LC-MS/MS and used to indicate
interacting regions and domains33 (Supporting Data 3).
The data analysis revealed a large number of high-conﬁdence
crosslinks both within diﬀerent ribosomal subunits and
between Fhit and ribosomal subunits, conﬁrming the
interaction of Fhit with the ribosome (Figure 5). While
some ribosomal interactors stay consistent and thus
independent of Ap3A binding (Figures 5a,b, S8, and S9),
some appear to exist in particular only in the Ap3A-bound state
(Figure 5b).
For example, for the large 60S subunit, uL2, uL4, and eL6
were only identiﬁed in the presence of Ap3A, while uL16
appears to be speciﬁc for the Ap3A independent state. In total,
nine direct interaction sites with Fhit in the presence of Ap3A
were identiﬁed. To generate a model of the interaction sites of
Fhit within the ribosome, we mapped our crosslinks to the
structures of Fhit, 40S subunit, and 60S subunit.31,35,36 The
mapping of our crosslinking data onto the published cryo-EM
reconstitution of the 80S ribosome points to the head of the
small 40S ribosomal subunit and the bottom of the large 60S
subunit as potential interaction sites (Figures 5c and S9).
Besides showing that Fhit-Ap3A is indeed binding the
ribosome, our XL-MS study provides insights into the
interaction mode of Fhit with the ribosome in the presence
or absence of Ap3A. In presence of Ap3A, Fhit seems to
interact with the proteins uL4 and uL6 of the larger 60S
subunit. Recent studies showed that both proteins are
necessary for the assembly of the 60S subunit. 37−39
Interestingly, the interactions of Fhit in the presence of Ap3A
with the protein eS25 located near the mRNA binding tunnel
of the small 40S subunit and the protein uL2 near the E-site
tRNA of the large 60S subunit were observed. The protein uL2
is located near the ribosomal peptidyl transferase center (PTC)
and is essential for the catalytic activity of the ribosome.40 The
eIF3 protein identiﬁed as an interaction partner by crosslinking
as well as the eIF4 and eIF2 proteins identiﬁed in the aﬃnity
enrichment for Fhit with Ap3A are essential for mRNA binding

to the 40S subunit and the correct formation of 40S preinitiation complex.41,42
Taken together, our crosslinking data show an interaction of
Fhit with the ribosome, which appears to intensify in the
presence of Ap3A. Interestingly, the interactions of Fhit with
the small 40S subunit were observed, suggesting that the
binding of Fhit at this position would alter the binding of
mRNA and the assembly of the pre-initiation complex,
resulting in the inhibition of translation. Additionally, the
crosslinking data are in good agreement with ribosomal
proteins determined by our AP-MS study of Fhit* under
stressed conditions.
Cellular Level and Location of Fhit. To determine the
cellular level of Fhit in cells, we grew HEK 293T cells that
express Fhit endogenously, both under physiological conditions and after H2O2 treatment, and monitored Fhit protein
levels by immunoblot analysis.
We found that Fhit levels are observed in a similar range for
cells grown under physiological conditions and cells subjected
to H2O2 treatment (Figure 6a), demonstrating that the protein
concentration of Fhit is not altered by extracellular stress. To
investigate mRNA levels, we performed RT-qPCR for Fhit. As
control, we used the housekeeping enzyme RNaseP. The
mRNA levels were in a similar range for cells grown under
physiological conditions and cells subjected to extracellular
stress (97.3 ± 2.6% when stressed) (Figures 6b and S10a).
Taken together, these observations demonstrate that the
Fhit level, at least in HEK 293T cells, is neither aﬀected on the
protein level nor the mRNA level when cells are subjected to
extracellular oxidative stress. This could indicate that Fhit is
stored in a reservoir within the cells until its use in the stress
response. To test this hypothesis, we analyzed HEK 293T cells
by ﬂuorescence microscopy. After ﬁxation, we permeabilized
the cells and incubated them with an antibody against Fhit and
calnexin, a protein present in the endoplasmic reticulum (ER)
and thus a marker for ribosomes.43 Fluorescence microscopy
revealed that endogenously expressed Fhit is located mainly in
the nucleolus (Figure 6c). In contrast, when cells were
subjected to oxidative extracellular stress, Fhit was mainly
located in the cytosol. Additionally, by immunoblot analysis of
cytosolic and nuclear fractions from HEK 293T cells, we
8619

https://doi.org/10.1021/jacs.2c00815
J. Am. Chem. Soc. 2022, 144, 8613−8623

Journal of the American Chemical Society

pubs.acs.org/JACS

Article

the hydrolase activity of Fhit.28 Th investigation of the
polysome formation of HEK 293T cells revealed an increase of
free 80S ribosomes and a decrease of polysomes in the
presence of Fhit when HEK 293T cells were subjected to H2O2
treatment. This, in combination with results obtained from the
XL-MS studies (Figure 5), indicates that the Fhit-Ap3A
complex binds to the ribosomal subunits.
To gain insights into the origin of Fhit in the stress response,
we investigated the Fhit protein and mRNA levels in HEK
293T cells and found that both levels are unchanged
independent of the growth conditions (Figure 6a,b). This
ﬁnding suggests that Fhit synthesis is not stimulated by cellular
stress but rather that localization of the protein is modulated
upon stress. The localization of Fhit in HEK 293T cells was
investigated by ﬂuorescence microscopy. Under physiological
conditions, we observed the location of Fhit in the nucleolus
(Figure 6c). However, when cells are subjected to H2O2
treatment, Fhit is translocated from the nucleolus to the
cytosol (Figure 6c). These results are in line with the report
that Fhit is localized in the nucleus fraction under physiological
conditions shown by immunoblotting of subcellular fractions.50,51
Based on our ﬁndings, we propose a mechanistic model for
the tumor suppressor function of Fhit (Figure 7). Extracellular

demonstrated that Fhit translocates from the nuclear fraction
to the cytosol under oxidative extracellular stress (Figure
S10b).

■

CONCLUSIONS
Even though the Ap3A-dependent hydrolase activity of Fhit
was discovered in the 1990s12 the cellular role and function of
the complex as a tumor suppressor remain enigmatic. Here, we
report on a new mechanism by which the Fhit-Ap3A complex
signals stress and introduces stress-dependent cell death. First,
we investigated the proteome-wide interaction map of the FhitAp3A complex in the cellular stress response by employing a
synthetic covalent complex of Fhit-Ap3A. Structural studies
reveal that this complex well mimics the natural complex. This
complex was subsequently used in AP-MS studies. Most of the
identiﬁed proteins appear to be involved in translation
processes (Figure 2e,f); more than 26% of these proteins are
ribosomal proteins, indicating a role of Fhit in the cellular
process of translation upon extracellular stress. In comparison,
earlier studies of interaction partners of Fhit44−47 focused on
interaction partners speciﬁcally for Fhit without Ap3A
employing co-immunoprecipitation experiments or in cell
crosslinking experiments in unstressed cells and identiﬁed one
to ﬁve proteins only.
Guided by our ﬁndings from the AP-MS study, we
investigated the action of Fhit on translation. We found that
Fhit only impedes translation in an Ap3A concentrationdependent manner. Moreover, this eﬀect is speciﬁc to Ap3A
and independent of Ap3A hydrolysis since an nhAp3A analogue
shows the same eﬀect in the presence of Fhit.
Encouraged by these ﬁndings, we investigated if this eﬀect
holds also true in living cells. Therefore, we ectopically
expressed Fhit in H1299 cells that do not express Fhit
endogenously.23 We speculated that in stressed cells, Ap3A
levels increase as reported9 and that inhibition of translation by
the then higher levels of Fhit-Ap3A complex in these cells
manifests itself in decreasing total protein levels compared with
nonstressed cells or cells that do not express Fhit. Indeed, that
is what we observed (Figure 3c) providing evidence that
inhibition of translation also happens in living cells. Next, we
investigated cell viability and found that indeed Fhit overexpression leads to an increase in cell death when the cells are
stressed with H2O2 in comparison to unstressed cells (Figure
3d). Cellular stress like oxidative stress imposes a threat on the
genome integrity and results in damaged nucleobases.48 If not
repaired eﬃciently, remaining damaged nucleobases lead to
increased levels of mutations that might be drivers for
carcinogenesis.49 Thus, translation inhibition by Fhit in
complex with the stress-sensitive alarmone Ap3A might prevent
cells that are damaged by cellular stress from proliferation,
ultimately leading to cell death and thereby preventing cells
from becoming degenerated.
Since we found many ribosomal proteins enriched in our
AP-MS studies, we speculated that the ribosome might be the
target of the Fhit−Ap3A complex. Therefore, we investigated if
an interaction with puriﬁed 80S ribosomes aﬀects the turnover
of Ap3A by Fhit. Indeed, we found that Ap3A hydrolysis is
impeded by the ribosome leading to an extension of the FhitAp3A complex lifetime and points to the ribosome as being the
binding target of the Fhit-Ap3A complex.
These results are in accordance with previous reports that
implicated that the interaction of Fhit with binding partners
elongates the lifetime of the Fhit-Ap3A complex and inhibits

Figure 7. Model for tumor suppression as a stress response of Fhit−
Ap3A complex. Fhit is stored in the nucleolus; however, upon stress
stimuli, the Ap3A concentration increases and the cellular localization
of Fhit shifts from the nucleolus to the cytosol. Thereby, Fhit binds
Ap3A and interacts with the ribosome and impedes translation.

stress leads to an increased concentration of the alarmone
Ap3A.9 This recruits the tumor suppressor Fhit, which is stored
under normal growth conditions in the nucleolus, from the
nucleolus to the cytosol and especially to the ER. Fhit and
Ap3A form a complex that binds to the ribosome, which in turn
leads to perturbation of translation as long as the complex is
intact, which eventually may lead to cell death. In this way,
Fhit-Ap3A protects severely damaged cells from further and
possibly uncontrolled proliferation. The stress signal is
maintained as long as Ap3A is not hydrolyzed or continuously
generated and will probably fade upon Ap3A hydrolysis by
Fhit. This could allow the system to adapt its response to
diﬀerent degrees of cellular damage. Hence, the discovery of
ribosome inhibition as a mechanism for tumor suppression of
Fhit will inspire the development of new therapeutic
approaches in the future.
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