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Cellular heterogeneity is a hallmark of tumor biology and a 
therapeutic challenge. Although most cancer drugs target 
the mechanisms that underlie rapid cell growth, multiple cell 

populations with distinct and potentially mutable phenotypic traits 
contribute to tumor progression. In particular, slow-cycling multi-
potent cells can persist after antiproliferative therapies, eventually 
leading to tumor relapse, drug resistance and metastasis. Drugs that 
selectively eliminate these stem-like populations therefore could 
effect more durable clinical responses.

One unique feature of stem and progenitor cells is their high 
levels of aldehyde dehydrogenase (ALDH) activity. ALDHs oxi-
dize aldehydes through a step-wise, NAD(P)+-dependent reaction 
cycle, and the human ALDH family consists of 19 isozymes with 
varying substrates and subcellular localizations. ALDH-expressing 
multipotent cells have been identified in a wide range of tissues, 
including the bone marrow, brain, breast, liver, pancreas, prostate, 
skeletal muscle and skin1. Cells with high ALDH activities have 
also been observed in several cancers, and these stem-like popu-
lations exhibit greater tumorigenicity, chemo-radio resistance and 
metastatic potential2. For example, high levels of ALDH1A3 have 
been reported in breast cancer3, glioma4, melanoma5 and non-small 
cell lung cancer6 stem cells. ALDH1A1 has been similarly linked to 
ovarian cancer stem cells7, and ALDH1B1 has been implicated in 
the tumor-initiating cells of colorectal cancer8 and pancreatic ductal 
adenocarcinoma (PDAC)9.

These ALDH isoforms not only are biomarkers for stem-like cell 
populations but also are essential for their functions. For example, 
lentiviral ALDH1A1 short hairpin RNAs (shRNAs) suppress the 
clonogenic potential of ovarian cancer cells10, and knocking down 

ALDH1A3 impairs the tumorigenicity of lung cancer cells6. The 
oncogenic activities of ALDH1 isozymes have spurred the pursuit 
of small molecules that can inhibit these targets. Isoform-specific 
antagonists are a major challenge, and only a few selective inhibitors 
have been reported, including compounds that preferentially target 
ALDH1A1 (ref. 11) or ALDH1A3 (refs. 12,13).

Here we report specific small-molecule inhibitors of ALDH1B1, 
a mitochondrial ALDH isoform that can oxidize a broad range 
of substrates, including short- and medium-chain aliphatic alde-
hydes, retinaldehyde and lipid peroxidation products14. ALDH1B1 
is expressed at the base of colonic crypts where intestinal stem 
cells reside and in adult pancreas progenitors9,15. Although 
Aldh1b1-knockout mice are viable16, this isoenzyme plays impor-
tant roles in cancer. ALDH1B1 is markedly upregulated in colorec-
tal adenocarcinoma15, and ALDH1B1 silencing suppresses human 
colon cancer spheroid and xenograft growth8. ALDH1B1 is also 
highly expressed in certain human pancreatic cancer cells17 and 
is required for KRAS-driven PDAC in genetically engineered  
murine models9.

We have discovered bicyclic imidazoliums and guanidines that 
selectively block ALDH1B1 activity with nanomolar potencies, 
established the molecular basis for ALDH1B1–inhibitor binding 
and demonstrated the biochemical and functional specificity of 
guanidine antagonists in cells. We further show that these guani-
dine derivatives suppress the growth of colorectal cancer spher-
oids and organoids, with minimal effects on adherent cultures or 
non-cancerous cells. Finally, by comparing the transcriptional con-
sequences of genetic and pharmacological ALDH1B1 deficiency, 
we have identified several ALDH1B1-dependent genes that regulate 
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mitochondrial metabolism and ribosomal function. Our studies 
further establish ALDH1B1 as a promising cancer target, provide 
tool compounds for investigating ALDH1B1 functions and take 
important first steps toward ALDH1B1-directed therapies.

Results
Bicyclic imidazoliums can modulate ALDH enzymes. Our dis-
covery of new ALDH-targeting pharmacophores arose fortuitously 
from a high-throughput screen for Hedgehog (Hh) pathway antago-
nists. These previous studies established bicyclic imidazolium 1 as a 
suppressor of Gli transcription factor activity and developed more 
potent analogs, such as 2 (Fig. 1a and Supplementary Data 1)18. To 
identify potential protein targets through photoaffinity labeling, we 
synthesized aryl azide 3, which also contains a propargyl group for 
click chemistry tagging (Fig. 1a and Supplementary Data 1). Because 
the imidazoliums can suppress Hh signaling in NIH-3T3 fibro-
blasts18, we treated live cultures of these cells with 3 and used 2 as 
a competitive inhibitor. We then exposed the fibroblasts to 254-nm 
light, lysed the cells and labeled the photocross-linked proteins with 
biotin-azide (Fig. 1b). Gel electrophoresis and far western blotting 
revealed a specifically labeled protein with an apparent molecular 
weight of about 60 kDa (Fig. 1c). As a complementary approach, 
we determined the subcellular localization of 3 by fixing the 
photoaffinity-labeled fibroblasts and tagging the propargyl group 
with tetramethylrhodamine (TAMRA)-azide. Fluorescence imag-
ing revealed that 3 strongly localized to mitochondria (Extended 
Data Fig. 1a).

Guided by these results, we exploited the limited size of the mito-
chondrial proteome to identify the 60-kDa imidazolium-binding 
protein. We photoaffinity labeled isolated murine mitochondria 
with 3, lysed the organelles and tagged the probe-modified proteins 
with a fluorescent azide. The reaction mixture was then resolved 
by two-dimensional gel electrophoresis, revealing fluorescent pro-
tein spots in the 60-kDa range (Fig. 1d and Extended Data Fig. 1b). 
Mass spectrometry-based sequencing of these resolved spots iden-
tified ALDH2 as the most abundant candidate target (Fig. 1e and 
Supplementary Data 2), which we confirmed by western blotting 
(Fig. 1f).

To determine the effects of imidazoliums on ALDH2 and other 
ALDH family members, we tested 1–3 on 10 human isoforms in 
enzyme kinetics assays. Surprisingly, only the photoaffinity probe 
suppressed ALDH2 activity at a dose of 50 µM (Fig. 1g), but each 
compound was able to suppress or enhance the activity of other 
ALDH family members. Compound 2 preferentially targeted 
members of the ALDH1 subfamily, and it potently and selectively 
inhibited ALDH1B1 (half-maximum inhibitory concentration 
(IC50) = 57 nM; Fig. 1h), the isoform most homologous to ALDH2 
(72% sequence identity). Because ALDH1B1 is not expressed at 
detectable levels in NIH-3T3 cells (Supplementary Fig. 1), this isoen-
zyme is unlikely to be the relevant target for imidazolium-mediated 
Hh pathway inhibition. However, 2 provided us with a starting point 
for developing ALDH1B1-specific antagonists, and we focused our 
subsequent efforts toward this goal.

Structural basis of ALDH1B1 inhibition by imidazoliums. To 
understand the mechanism of ALDH1B1 inhibition, we conducted 
additional enzyme kinetic assays with 2 and varying concentrations 
of acetaldehyde or NAD+. The inhibitor acted in a non-competitive 
manner with respect to the aldehyde substrate (Fig. 2a) and exhib-
ited an uncompetitive relationship with NAD+ (Fig. 2b). These 
findings are consistent with a sequentially ordered mechanism of 
inhibition in which NAD+ is a prerequisite for ALDH1B1–imidazo-
lium binding. The inability of acetaldehyde to competitively sup-
press imidazolium action also suggested that the inhibitor either 
targets an allosteric site or prevents ALDH1B1 from cycling through 
its aldehyde-binding state.

We next pursued structural studies of ALDH1B1. We coexpressed 
the enzyme with GroEL/GroES chaperones, which enhanced 
ALDH1B1 folding and solubility (Supplementary Fig. 2a,b).  
We then used the vapor diffusion method to grow crystals of 
ALDH1B1 bound to NAD+ in the absence or presence of 2 
(Supplementary Fig. 2c). Both enzyme complexes formed crystals 
in the same trigonal space group, with two polypeptide chains per 
asymmetric unit and one NAD+ and one inhibitor (when included) 
per polypeptide chain. Like other ALDH1 isoforms and ALDH2, 
ALDH1B1 forms a tetramer composed of two dimers. Refinement of 
the crystallographic data provided us with structures of ALDH1B1 
and its inhibitor-bound form with resolutions of 2.67 Å and 2.12 Å, 
respectively (Supplementary Table 1 and Supplementary Fig. 3a,b). 
Inhibitor binding did not coincide with major changes in ALDH1B1 
conformation, as the root mean square deviation (r.m.s.d.) of the 
two superimposed structures was 0.28 Å (Supplementary Fig. 4a). 
NAD+ also adopted comparable conformations in the free and 
inhibitor-bound enzymes (Supplementary Fig. 4b,c).

In the ALDH1B1–NAD+–2 crystal structure (Fig. 2c), the inhibi-
tor interacted with the active site through all three substituents on 
the imidazolium ring (Fig. 2d,e). The N1 2-methoxyphenyl group 
engaged the aldehyde-binding pocket that includes several con-
served landmarks within the ALDH family19,20: the catalytic cysteine 
(Cys 302; residue numbering is based on the mature mitochondrial 
protein), the oxyanion hole (Asn 169) and the aromatic box (Phe 170, 
Trp 177 and Phe 465). The aryl moiety also interacted with other 
hydrophobic and charged residues in this region (Asp 121, Glu 124, 
Val 173, Met 174, Phe 296, Cys 301, Cys 303 and Val 459). The C4 
1,1′-biphenyl substituent interacted with an extended cleft (Glu 288, 
Gln 289, Glu 292, Phe 296 and Asn 457), and the tetrahydroazepine 
ring occupied a pocket that bridges the two sites (Leu 120, Glu 124, 
Ile 458 and Thr 460). Neither the 2-methoxyphenyl-imidazolium 
nor 1,1′-biphenyl-imidazolium systems were coplanar, and the tet-
rahydroazepine ring adopted a boat-like conformation. The electron 
density map also revealed a close contact between the imidazolium 
ring and the Asn 457 backbone carbonyl (3.3 Å) that likely reflects 
an n-to-π* interaction (Fig. 2e).

To gain insights into the molecular basis of inhibitor specific-
ity, we aligned the ALDH1B1–NAD+–2 structure with those of 
ALDH1A1, ALDH1A2 and ALDH1A3 (Supplementary Fig. 5). 
These overlays reveal potential steric clashes between the imidazo-
lium substituents and several active-site residues in the ALDH1A 
paralogs. For example, His 293 and Val 460 in ALDH1A1 are pre-
dicted to diminish protein interactions with the 1,1′-biphenyl and 
the tetrahydroazepine moieties, respectively. The biphenyl system 
could be occluded by Gln 289 in ALDH1A2, and multiple resi-
dues in this isoform (Val 120, Asp 121 and Leu 173) might abrogate 
binding of the 2-methoxyphenyl group. Our models also indi-
cate that a subset of the analogous residues in ALDH1A3 (Ile 132 
and Leu 185) could sterically clash with the 2-methoxyphenyl 
substituent. These observations are consistent with our enzyme 
kinetic studies, and they suggest that the ALDH1B1 selectiv-
ity of 2 stems from multiple repulsive interactions with the other  
ALDH1 isoforms.

Structure–activity relationship profile of imidazolium-based 
inhibitors. Because the ALDH1B1–NAD+–2 structure revealed 
protein contacts with each of the imidazolium substituents, we 
examined how chemical modifications at these sites would influence 
inhibitor potency and isoform selectivity. We synthesized 60 addi-
tional imidazolium derivatives (4–63; Supplementary Data 1) and 
assessed their activities against ALDH1B1, ALDH1A1, ALDH1A2 
and ALDH1A3 at a compound dose of 1 µM. This focused library 
exhibited a broad range of potencies against ALDH1B1, with the 
most active analogs suppressing enzyme activity by at least 16-fold 
and several exhibiting high isoform selectivity (Fig. 3a,b).
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nanomolar activities in vitro, we next evaluated their ability to sup-
press ALDH1B1 activity in cells. We first tested selected analogs in 
an ALDEFLUOR assay, which uses a fluorescent aldehyde to quan-
tify cellular ALDH activity. For these experiments, we transiently 
expressed ALDH1B1 in ALDH1A3–/– A375 cells, a melanoma cell 
line with minimal endogenous ALDH expression21. The exog-
enous ALDH1B1 protein localized to the mitochondria in these 
cells (Extended Data Fig. 2a), and its ALDEFLUOR signal could 
be readily detected and quantified by flow cytometry. This cellular 
ALDH1B1 activity was abrogated by the pan-ALDH1 antagonist 
N,N-diethylaminobenzaldehyde (DEAB) and ALDH1B1-selective 
imidazoliums (Extended Data Fig. 2b) but not by an inactive analog 
(Extended Data Fig. 2c–e).

We next assessed the effects of the ALDH1B1 antagonists on 
colon cancer cells. Public databases indicate that ALDH1B1 is highly 
upregulated in colorectal adenocarcinoma relative to other cancer 
types and normal colorectal tissues (Supplementary Fig. 6)22,23, and, 

The structure–activity relationship (SAR) profiles of the imid-
azoliums revealed certain trends. The ALDH1B1 active site could 
accommodate both 2- and 4-substituted phenyl groups at the N1 
position (for example, 4 and 6) and various cyclic systems fused 
to the imidazolium (for example, 7 and 9). Substituents on the C4 
1,1′-biphenyl system also altered isoform specificity. For example, 
adding a 2′-methoxy group or replacing the distal ring with a 
pyridin-4-yl group increased inhibitor selectivity for ALDH1B1 (8 
and 13, respectively), and functional groups at the 4′ position could 
promote ALDH1A3 inhibition (10 and 46). To further examine the 
isoform selectivity of 8 and 13, we profiled their activities against 
the broader panel of 10 ALDH family members. Both derivatives 
had enhanced specificity for ALDH1B1 compared to 2 (Fig. 3c), and 
2 and 8 had comparable potencies (Fig. 3d).

Cellular activities of imidazolium-based ALDH1B1 inhibi-
tors. Having developed ALDH1B1-selective imidazoliums with  
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included 68, 69, 72 and 80, which we named isoform-selective gua-
nidinyl antagonists of ALDHs 1 (IGUANA-1) through IGUANA-4. 
We next investigated how the IGUANAs interacted biochemically 
with ALDH1B1. Like the imidazoliums, they were non-competitive 
with aldehyde substrate and uncompetitive with NAD+ (Extended 
Data Fig. 5a,b). We also solved the crystal structure of ALDH1B1 
bound to IGUANA-4, the guanidine equivalent of 2, at a resolu-
tion of 2.30 Å (Supplementary Table 1 and Supplementary Fig. 4c). 
Overlays of the ALDH1B1–NAD+–IGUANA-4 and ALDH1B1–
NAD+–2 structures confirmed that the two inhibitor classes adopt 
nearly identical binding modes (Extended Data Fig. 5c), including a 
close contact between the Asn 457 backbone carbonyl and the gua-
nidine π system (3.2 Å) in the ALDH1B1–NAD+–IGUANA-4 com-
plex (Extended Data Fig. 5d).

Like imidazoliums, the IGUANAs could effectively inhibit exog-
enous ALDH1B1 activity in ALDH1A3–/– A375 cells, as assessed by 
the ALDEFLUOR assay (Extended Data Fig. 6a). We also confirmed 
their ability to target endogenous ALDH1B1 in live SW480 cells by 
observing inhibitor-dependent stabilization of the enzyme in a cel-
lular thermal shift assay (CETSA; Extended Data Fig. 6b,c)28. The 
IGUANAs did not inhibit the OCR of SW480 cells (Fig. 5b), and 
they could preferentially suppress the growth of SW480 spheroid 
cultures (Fig. 5c and Extended Data Fig. 7a,b), at least in part by 
inducing cell death (Extended Data Fig. 7c). The guanidines were 
also much less cytotoxic than the imidazoliums in HEK-293T cells, 
a non-cancerous line (Supplementary Fig. 9a), and they were 
considerably less potent against Hh signaling in NIH-3T3 cells 
(Supplementary Fig. 9b).

To more comprehensively assess the target specificity of 
IGUANAs, we examined their proteomic and genetic interactions 
in SW480 cells. We first conducted thermal proteome profiling 
(TPP)29 to determine potential biochemical targets in this colon 
cancer line. We treated SW480 cells with DMSO or 2 µM IGUANA-1 
for 1 h and heated the cultures to temperatures ranging from 37 to 
68 °C. Proteins that resisted heat denaturation and remained soluble 
in the resulting cell lysates were labeled with isobaric tandem mass 
tags and quantified by mass spectrometry. Using this approach, we 
identified five proteins as the most likely candidates for direct tar-
gets (ΔTm ≥ 1.5 °C and P < 0.05; Fig. 5d and Supplementary Data 
3). Confirming our CETSA results, ALDH1B1 exhibited the largest 
inhibitor-dependent increase in thermal stability in the TPP study. 
The TPP candidates with the next largest ΔTm values, ARCN1 and 
NIPSAP2, were not validated by CETSA (Supplementary Fig. 10), 
indicating that they are false positives in the proteome-wide survey.

We next confirmed the functional specificity of the IGUANAs 
by determining whether ALDH1B1 is required for their ability to 
preferentially inhibit colon cancer spheroid growth. We compared 
the pharmacological phenotypes of ALDH1B1–/– SW480 cells 
that were lentivirally transduced with either EGFP or exogenous 
ALDH1B1. While the ALDH1B1-rescued line exhibited greater 
inhibitor sensitivity when cultured under spheroid rather than 
adherent conditions, the EGFP-expressing cells did not (Fig. 5e and 
Supplementary Fig. 11). We also generated an inhibitor-resistant 
variant of ALDH1B1, guided by the ALDH1B1–NAD+–IGUANA-4 
crystal structure and sequence alignments of the human ALDH1 
subfamily and ALDH1B1 homologs across species (Supplementary 
Figs. 12–14). We selected seven residues in the inhibitor-binding 
site to mutate, and we evaluated the activity and inhibitor sen-
sitivity of each ALDH1B1 construct in the ALDEFLUOR assay 
(Supplementary Fig. 15). We then tested selected mutants in 
enzyme kinetics assays (Supplementary Fig. 16). These experiments 
revealed three mutations (Glu124Gly, Val173Ile and Asn457Gly) 
that impart partial resistance to IGUANA-1, and by testing pairwise 
combinations of these residue changes, we obtained two ALDH1B1 
variants (Glu124Gly/Asn457Gly and Val173Ile/Asn457Gly) with 
markedly reduced inhibitor sensitivity (Supplementary Figs. 15 and 

as described above, ALDH1B1 silencing can suppress the growth 
of colon cancer spheroids and xenografts8. Because ALDH1B1 shR-
NAs could have off-target effects24, we reexamined ALDH1B1 func-
tion in colon cancer cells using CRISPR–Cas9 gene editing. We first 
used lentiviral vectors to constitutively express Cas9 and three indi-
vidual ALDH1B1 guide RNAs (gRNAs) in SW480 cells. As deter-
mined by tracking of indels by decomposition (TIDE) analysis25, 
two of the gRNAs (gRNA-1 and gRNA-2) could efficiently induce 
loss of wild-type ALDH1B1 alleles (Supplementary Fig. 7).

To minimize possible off-target effects caused by constitutive 
CRISPR activity, we then transiently transfected plasmids encod-
ing Cas9, an enhanced green fluorescent protein (eGFP) reporter, 
gRNA-1 and gRNA-2 into SW480 cells. Transfected cells were 
sorted by green fluorescence and clonally expanded, and multiple 
clones were characterized by DNA sequencing and western blotting 
(Extended Data Fig. 3a). A homozygously edited clone with com-
plete loss of ALDH1B1 function (SW480 clone 2, Supplementary 
Fig. 8) and an unedited clone (SW480 clone 3) were selected for fur-
ther study. Consistent with the shRNA phenotype8, the ALDH1B1–/– 
lines were markedly less viable than the unedited cells when grown 
in Matrigel-based three-dimensional cultures (Extended Data Fig. 
3b,c). This inhibitory effect was selective for spheroid growth, as 
adherent cultures did not exhibit the same degree of ALDH1B1 
dependency (Extended Data Fig. 3d). A spheroid dependence on 
ALDH1B1 function is consistent with a role of this enzyme in stem 
cell maintenance, as colon cancer spheroids are enriched for and 
require these self-renewing populations26. We observed similar 
CRISPR phenotypes when the ALDH1B1 gRNAs and Cas9 plasmid 
were transiently transfected into a second colon cancer-derived line, 
HCT116 cells (HCT116 clones 1 and 3; Extended Data Fig. 3e–h 
and Supplementary Fig. 8).

To ensure that these cellular phenotypes are not due to clonal 
variation, we examined the ability of exogenous ALDH1B1 to res-
cue the ALDH1B1–/– SW480 clone. ALDH1B1 was reintroduced by 
lentiviral transduction, and western blotting confirmed the restora-
tion of ALDH1B1 expression to endogenous-like levels (Extended 
Data Fig. 4a). EGFP was similarly transduced into the knockout 
and unedited clones to provide comparison controls. Exogenous 
ALDH1B1 but not EGFP restored the viability of ALDH1B1–/– 
SW480 cells under spheroid conditions, whereas both lentiviral 
constructs had minimal effects on adherent cultures (Extended 
Data Fig. 4b–d). These results firmly establish ALDH1B1 as a key 
promoter of colon cancer spheroid growth.

We consequently used the spheroid growth phenotype to evalu-
ate the efficacy and specificity of our ALDH1B1-targeting inhibi-
tors. SW480 spheroid formation was strongly suppressed by 2 and 
8 at a dose of 2 µM, whereas the inactive analog 63 did not impede 
the growth of these Matrigel-based cultures (Fig. 4a,b). However, 
the imidazoliums had comparable antiproliferative activities against 
adherent SW480 cells (Fig. 4c). We hypothesized that this lack of 
selectivity was due to off-target cytotoxicity, which we surmised 
was related to the mitochondrial localization of the compounds. 
Other hydrophobic cations have been found to accumulate in 
mitochondria and disrupt oxidative phosphorylation27. Consistent 
with this idea, Seahorse assays revealed that both 2 and 8 sup-
press the oxygen consumption rate (OCR) of SW480 cells in an 
ALDH1B1-independent manner (Fig. 4d).

Isosteric guanidine-based ALDH1B1 inhibitors. Due to the 
mitochondrial toxicity of imidazoliums, we explored whether the 
constitutively cationic scaffold could be replaced with a bicyclic 
guanidine, which would become positively charged following pro-
tonation (64–97; Supplementary Data 1). Several guanidines could 
inhibit ALDH1B1 with potencies and isoform selectivities that were 
comparable to those of their imidazolium counterparts (Fig. 5a). 
This new class of isoform-specific guanidinyl antagonists of ALDHs 
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We tested two human wild-type colon and four colorectal tumor 
PDO lines (Supplementary Table 2), which were cultured for 3 to 
5 d in a submerged basement membrane extract type 2 format33 and 
treated with varying concentrations of IGUANA-1 for 7 d. Although 
the colorectal adenocarcinoma PDOs carried various oncogenic 
mutations in APC, KRAS and/or TP53, the ALDH1B1 inhibitor 
was able to inhibit the growth of each line (Fig. 6b). The wild-type 
colon PDOs were less sensitive to IGUANA-1, perhaps reflecting 
the non-essential role for ALDH1B1 in normal colon physiology16.

Identification of ALDH1B1-dependent genes. Our findings estab-
lish IGUANAs as ALDH1B1 inhibitors with the potency and speci-
ficity required for functional studies. Toward that goal, we used 
RNA sequencing (RNA-seq) to compare how genetic or chemical 
loss of ALDH1B1 function affects gene expression in colon cancer 
cells (Fig. 6c and Supplementary Data 4). One RNA-seq data set 
examined the transcriptomes of clonal ALDH1B1–/– SW480 cells 
that were lentivirally transduced with either EGFP or exogenous 
ALDH1B1. A second data set analyzed the transcriptomes of the 
parental SW480 cells after 24 h of treatment with DMSO or 2 µM 
IGUANA-1.

To facilitate the identification of ALDH1B1-dependent genes, 
we focused on those with statistically significant transcriptional 
changes (adjusted P values (Padj) < 0.05) in both data sets (Fig. 6d 
and Supplementary Data 4). Several transcripts were downregu-
lated by both genetic and chemical loss of ALDH1B1 function, 
and Gene Ontology (GO) enrichment analyses revealed signifi-
cant enrichment for genes associated with mitochondrial metabo-
lism (ATP5ME, ATP5PO, LDHB, NDUFB1, NDUFB8, NDUFC2, 

16). The Glu124Gly/Asn457Gly mutant could also restore the abil-
ity of ALDH1B1–/– SW480 cells to grow as spheroid cultures, albeit 
with lower efficacy than the wild-type enzyme (Supplementary  
Fig. 11). Spheroid cultures of Glu124Gly/Asn457Gly mutant- 
expressing cells were more resistant to IGUANA-1 than those 
transduced with wild-type ALDH1B1 (Fig. 5e), approaching the  
inhibitor sensitivity of adherent SW480 cultures. Taken together, 
these proteomic and functional studies establish the IGUANAs as 
highly selective ALDH1B1 inhibitors and validate their mechanism 
of action in colon cancer cells.

Therapeutic potential of ALDH1B1 inhibitors. Our genetic and 
pharmacological results suggest that ALDH1B1 antagonists could 
be effective treatments for advanced colorectal cancer. Because fluo-
rouracil (5-FU) is a current mainstay for advanced colorectal can-
cer30, we compared how SW480 cells respond to IGUANAs and this 
cytotoxic chemotherapy. When used together, IGUANA-3 and 5-FU 
blocked SW480 spheroid growth with a combination index31 of 
approximately 1 (Supplementary Fig. 17), corroborating their inde-
pendent mechanisms of action. We also generated a 5-FU-resistant 
SW480 line by culturing colon cancer cells in the presence of this 
drug for multiple passages. These cells were approximately 20-fold 
less sensitive to 5-FU than the parental line, but IGUANA-2 could 
suppress the spheroid growth of both lines with comparable  
potency (Fig. 6a).

To further evaluate ALDH1B1 inhibitor efficacy against colorec-
tal cancer, we examined their effects on primary human organ-
oid cultures representing normal colon, colon adenocarcinoma 
or rectal adenocarcinoma (human-derived organoids (PDOs)32). 
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HSD17B2, ITIH3, ORL1 and PLOD2) or function as tumor suppres-
sors (for example, CEACAM1, EDN3, FILIP1L and TREM2). We 
note that neither genetic nor chemical loss of ALDH1B1 function 
significantly induced the expression of other ALDH family mem-
bers (Supplementary Fig. 19). Together, these transcriptomic data 
sets support a model in which ALDH1B1 mobilizes metabolic and 
translational pathways in colon cancer cells that maintain stemness 
and promote tumor progression.

Discussion
ALDH1 upregulation in human malignancies was first recognized 
as a direct mechanism of chemoresistance, exemplified by the abil-
ity of these enzymes to metabolize the active form of cyclophos-
phamide39. Subsequent studies have shown that ALDH1 isoforms 
are predominantly expressed in the stem-like populations that drive 
tumor initiation and progression, with high ALDH1 activity in 
tumors frequently correlating with poor clinical outcomes. ALDH1 
function in cancer stem cells is not limited to drug detoxification, 
as the genetic suppression of individual isoforms has been shown 

NDUF1A, NDFUA9, NDUFA11 and UQCR11) and ribosomal bio-
genesis and function (RPL15A, RPL21, RPL26, RPL29, RPL38 and 
TMA7; Supplementary Fig. 18). Both perturbations also reduced 
the expression of KRT15 and DCLK1, which are genetic markers of 
colorectal cancer stem cells34,35.

In addition to these conserved transcriptional changes, genetic 
disruption of ALDH1B1 coincided with the upregulation of genes 
that were not induced by the ALDH1B1 inhibitor (Fig. 6c and 
Supplementary Data 4), potentially reflecting cellular phenotypes 
caused by prolonged ALDH1B1 deficiency. In principle, these tran-
scripts could encode oncogenes that are activated through com-
pensatory mechanisms or tumor suppressors that are negatively 
regulated by ALDH1B1. Consistent with this idea, the ALDH1B1–/– 
cells upregulated multiple members of the pregnancy-specific 
glycoprotein and semaphorin families, some of which are known 
drivers of gastrointestinal malignancies36–38. Sustained loss of 
ALDH1B1 function also induced other colorectal cancer-associated 
factors that are either overexpressed and correlate with poor clinical 
prognoses (for example, AGPAT4, BST2, CACNA1F, CNTN1, IGF1, 
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the relationships between these metabolites, oncogenic signaling 
and stemness.

In addition to enabling these mechanistic investigations,  
IGUANAs provide a starting point for designing ALDH1B1- 
targeting drugs. Our findings and those by other laboratories 
establish an essential role for ALDH1B1 in colorectal cancer and 
PDAC. Antimitotic drugs remain the standard first-line treat-
ment for these malignancies, and most individuals with advanced 
cases succumb to the disease within 5 years46. Consistent with 
these clinical observations, 5-FU has been reported to promote 
the stemness of human-derived colorectal cancer cells47, and 
FOLFIRINOX (folinic acid, 5-FU, irinotecan and oxaliplatin) has 
the same effect on some pancreatic cancer lines48. Small-molecule 
ALDH1B1 antagonists could provide a means for targeting the 
stem-like populations that sustain colorectal and pancreatic can-
cer growth, leading to single-agent or combination therapies with 
more durable clinical responses. The efficacy of ALDH1B1 inhibi-
tors against 5-FU-resistant SW480 spheroids and colorectal tumor 
PDOs lends support for this therapeutic paradigm. Moreover, the 
viability of Aldh1b1–/– mice predicts that ALDH1B1 blockade will 
have tolerable effects on normal physiology. Developing ALDH1B1 
antagonists with drug-like properties will be an important next step 
toward this goal.
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to reduce tumorigenicity and metastasis. Although the precise roles 
of ALDH1 isoforms in these self-renewing populations remain 
unclear, their requirement for cancer stem cell maintenance has 
spurred the development of small-molecule ALDH1 antagonists.

To the best of our knowledge, IGUANAs represent the first 
selective inhibitors of ALDH1B1. While these compounds inhibit 
ALDH1B1 in a manner that is non-competitive with respect to alde-
hyde substrate, they engage the substrate-binding pocket rather than 
an allosteric site. We speculate that this kinetic behavior reflects an 
ordered, multistep mechanism of ALDH1B1 action, as has been 
observed in other bisubstrate enzymes. In addition, ALDH enzymes 
composed of dimer pairs have been found to have one active sub-
unit in each dimer per catalytic cycle, which may result from nega-
tive cooperativity among the tetramer subunits40. Our compounds 
therefore might block completion of the catalytic cycle and impede 
formation of new ALDH1B1–NAD+ complexes that are capable of 
aldehyde binding.

Consistent with the isosteric nature of IGUANAs and their imid-
azolium counterparts, both pharmacophores bind to ALDH1B1 
through equivalent molecular interactions. The ALDH1B1 antago-
nists adopt a pinwheel-like conformation, with the imidazolium and 
guanidine scaffolds participating in a core n-to-π* interaction with 
the Asn 457 backbone carbonyl. Inhibitor potency and selectivity 
are enhanced by substituents that extend from and are non-coplanar 
with the central imidazolium or cyclic guanidine, engaging con-
tiguous but distinct pockets in the active site. By comparison, 
structural studies of non-covalent ALDH1A1 and ALDH1A3 
antagonists reveal that these planar, multiringed structures derive 
their core binding energy through hydrophobic π-stacking interac-
tions12,13,41–43. Our imidazolium and guanidine derivatives therefore 
represent an alternative mode for targeting the ALDH1 active site.

Despite these biochemical similarities, our studies uncover key 
differences between the cellular functions of imidazolium and 
guanidine derivatives. Although both pharmacophores can tar-
get ALDH1B1 in cells with comparable potencies, only the imid-
azoliums disrupt the electron transport chain in mitochondria. 
IGUANAs avoid these mitochondrial off-target effects, possibly 
due to their reversible cationic character, greater total polar surface 
area and/or hydrogen-bonding capabilities. Accordingly, only the 
IGUANAs can selectively suppress colon cancer spheroid growth, 
recapitulating the ALDH1B1–/– phenotype. Moreover, our CETSA 
and TPP studies, rescue experiments with ALDH1B1–/– SW480 cells 
and transcriptomic analyses demonstrate that IGUANAs have high 
biochemical and functional specificity in cells.

The potency and specificity of IGUANAs make them valuable 
tools for interrogating ALDH1B1 functions. ALDH1B1 silencing 
in SW480 cells has been reported to downregulate Wnt, Notch and 
phosphoinositide 3-kinase/Akt signaling8. However, the mecha-
nisms by which ALDH1B1 promotes these oncogenic pathways 
are not yet known. By applying both CRISPR mutagenesis and our 
small-molecule probes to colon cancer cells, we have uncovered con-
nections between ALDH1B1 activity, mitochondrial metabolism, 
ribosomal function and stemness. While the epistatic relationships 
between the latter processes are yet to be determined, there is grow-
ing evidence that cancer stem cells prefer mitochondrial oxidative 
metabolism for energy production44 and rely on specialized ribo-
somes45. Moreover, our combined approach allows these immediate 
transcriptional changes to be discerned from others that occur over 
a longer time frame. Unlike pharmacological ALDH1B1 blockade, 
CRISPR-mediated disruption of ALDH1B1 resulted in the upregula-
tion of numerous oncogenes and tumor suppressors associated with 
colorectal cancer. The expression levels of these factors can corre-
late with survival, and additional ALDH1B1-dependent genes from 
our study could have similar prognostic value. We anticipate that 
our small-molecule probes will be valuable tools for elucidating the 
ALDH1B1-dependent metabolome in cancer cells and investigating  
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Purified mitochondria (100 µg) were diluted in 75 µl of PBS, and 7 µM 3 and either 
10 µM 2 or an equivalent amount of DMSO vehicle (0.02% (vol/vol)) were added. 
The mixture was rocked gently at 37 °C for 30 min and transferred to one well of a 
24-well plate. The lid of the plate was removed, and the mitochondria were exposed 
to 254-nm UV light, as described above. The photocross-linked mitochondria 
were transferred to a 1.5-ml microcentrifuge tube and homogenized in PBS 
containing 0.1% SDS, and the appropriate fluorophore-azide (1.92 µl of a 5 mM 
solution in DMSO) was added to 75 µl of this mixture. For in-gel fluorescence 
analysis, the competitor- and DMSO-treated samples were clicked to Cy3-azide 
and Cy5-azide (Click Chemistry Tools), respectively. For mass spectrometry 
analysis, the competitor- and DMSO-treated samples were clicked to MegaStokes 
673-azide (Sigma) and BODIPY-azide51 (provided by G. Ponhert, Friedrich Schiller 
University), respectively. Each tube was treated with a 9.6-µl aliquot of the CuSO4/
TBTA/TCEP catalyst mixture and incubated with shaking at 30 °C for 30 min.

For in-gel fluorescence analysis, competitor- and DMSO-treated samples were 
mixed in a 1:1 ratio at the end of the reaction. For mass spectrometry analysis, 
the competitor- and DMSO-treated samples were mixed in a ratio of 10:1 at the 
end of the reaction. After mixing, protein was immediately precipitated with 
1 ml of acetone at −20 °C to quench the reaction and remove excess reagents. 
The acetone suspensions were incubated at −20 °C for 30 min, and protein was 
collected by centrifugation at 20,000g for 10 min at 4 °C. The resulting supernatant 
was aspirated, and the pellet was washed two times with cold acetone in the same 
manner. After the last wash, residual acetone was removed by air drying the 
pellet at room temperature for 5 min. Protein samples were redissolved in 125 µl 
of rehydration buffer (7 M urea, 2 M thiourea and 4% CHAPS) supplemented 
with 20 µl of DTT (2 M), 5 µl of Pharmalyte 3-10 IPG buffer (GE Healthcare) and 
trace bromothymol blue and resolved on a pH 3–10 Immobiline Drystrip (GE 
Healthcare) using an Ettan IPGphor IEF System (GE Healthcare) for 50,000 Vh 
(8,000 V and 45 µA) for 14 h. The IPG strip was incubated with gentle agitation in 
equilibration buffer (6 M urea, 30% (wt/vol) glycerol, 2% (wt/vol) SDS and 0.05 M 
Tris-HCl, pH 8.8) supplemented with 10 mg ml–1 DTT then in equilibration buffer 
supplemented with 40 mg ml–1 iodoacetamide for 15 min each. The IPG strip was 
rinsed with MES running buffer and mounted on a 4–12% Criterion Bis-Tris 
protein gel (Bio-Rad) and immobilized in agarose, and proteins were resolved at 
150 V for 1.5 h at room temperature.

For in-gel fluorescence analysis, fluorescently labeled protein spots were 
detected using the ChemiDoc imaging system, and total protein was visualized 
with Sypro Ruby (Thermo Fisher Scientific). For mass spectrometry analysis, 
fluorescently labeled spots were visualized on a UV transilluminator, excised with a 
cut 25-µl pipette tip and subjected to in-gel digestion for mass spectrometry-based 
sequencing. All mass spectrometry experiments were performed using an Orbitrap 
Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) with an Acquity 
M-Class UPLC system (Waters) for reverse-phase separations. Separations were 
performed on an in-house pulled-and-packed fused silica chromatography 
column. The fused silica has an inner diameter of 100 µm and was packed with a 
C18 ReproSil-Pur 1.8-µm stationary phase to a length of 25 cm. The UPLC system 
was set to a flow rate of 300 nl min–1, where mobile phase A was 0.2% formic acid 
in water and mobile phase B was 0.2% formic acid in acetonitrile. Peptides were 
directly injected onto the chromatography column with a gradient of 2–45% 
mobile phase B, followed by a high-B wash over a total of 80 min. The mass 
spectrometer was operated in a data-dependent mode using collision-induced 
dissociation (CID) fragmentation for tandem mass spectrometry spectral 
generation.

The resulting mass spectra were analyzed using Byonic v2.0-25 (Protein 
Metrics) against the UniProt mouse database concatenated with a database of 
commonly observed protein contaminants. Precursor mass tolerances were set 
to 10 ppm with fragment tolerances set to 0.25 Da for CID fragmentation. Data 
were validated using the standard reverse-decoy technique at a 1% false discovery 
rate, as described previously52, and normalized spectral abundance factors were 
calculated to account for differences in protein size. To confirm ALDH2 as the 
photocross-linked and fluorescently tagged target, intact mitochondria were 
photocross-linked with 3, homogenized, clicked with biotin-azide and resolved 
on a two-dimensional gel as described above. The gel proteins were transferred 
to a PVDF membrane, which was then probed with a goat polyclonal ALDH2 
antibody (1:1,000 dilution; Santa Cruz Biotechnology, sc-48837), an Alexa Fluor 
488-conjugated donkey polyclonal goat IgG antibody (1:1,000 dilution; Thermo 
Fisher Scientific, A11055) and Alexa Fluor 546-conjugated streptavidin (1:5,000 
dilution; Thermo Fisher Scientific, S11223). Fluorescently stained proteins were 
then detected using the ChemiDoc imaging system.

ALDH1B1 constructs. Wild-type ALDH1B1 was subcloned into a pCMV6 vector 
(Origene, PS100001) via Gibson assembly using HindIII- and MluI-digested 
pCMV6 plasmid, SW480 cell cDNA as a template and the following primers: 
forward 5′-ATCGCCGGCGCGCCAGATCTCAATGCTGCGCTTCCTGGCAC 
CCCGG-3′ and reverse 5′-TTCTGCTCGAGCGGCCGCGTACGCGAGTTCT 
TCTGAGGAACCTT-3′.

For transient expression of mutant ALDH1B1 proteins in mammalian cells, 
human ALDH1B1 variants were created using site-directed mutagenesis on the 
pCMV6-ALDH1B1 plasmid and the following primers: L120M forward  

Methods
Chemical synthesis. Synthetic routes and structural characterization data for 
the bicyclic imidazoliums and guanidines are described in the Supplementary 
Information (Supplementary Note).

Cell lines. SW480 and HCT116 colorectal cancer cells were purchased from 
ATCC and maintained in RPMI-1640 containing 10% fetal bovine serum (FBS; 
Millipore Sigma), 100 U ml–1 penicillin and 100 µg ml–1 streptomycin. ALDH1A3–/– 
A375 melanoma cells21 were provided by E. Patton (University of Edinburgh) and 
maintained in DMEM containing 10% FBS, 5 µg ml–1 l-glutamine, 100 U ml–1 
penicillin, 100 µg ml–1 streptomycin and 0.8 µg ml–1 puromycin. NIH-3T3 cells 
were purchased from ATCC and maintained in DMEM containing 10% calf serum 
(CS), 1% sodium pyruvate, 100 U ml–1 penicillin and 100 µg ml–1 streptomycin. 
HEK-293T cells were purchased from ATCC and maintained in DMEM containing 
10% FBS, 2 mM l-glutamine, 100 U ml–1 penicillin and 100 µg ml–1 streptomycin. 
Shh-LIGHT2 cells49 were maintained in DMEM containing 10% CS, 1% sodium 
pyruvate, 100 U ml–1 penicillin, 100 µg ml–1 streptomycin, 150 µg ml–1 zeocin and 
400 µg ml–1 G418. All cells were cultured at 37 °C with 5% CO2.

Photoaffinity cross-linking of imidazolium-binding proteins. To detect 
imidazolium-binding proteins, NIH-3T3 cells were seeded into a 15-cm plate 
(800,000 cells per plate) for 48–60 h to reach 85–90% confluence. The growth 
medium was aspirated, and the cells were incubated with phenol red-free DMEM 
containing 0.5% CS, 7 µM 3 and either 10 µM 2 or an equivalent amount of DMSO 
vehicle (0.01% (vol/vol)) at 37 °C for 30 min. The cells were washed once with cold 
PBS and maintained in PBS on ice. The lid was removed from each plate, and the 
cells were exposed to 254-nm UV light using a photocross-linker (UV Stratalinker 
2400, Stratagene) for 20 s at a power of 250,000 µJ cm–2. Cells were then dislodged 
by scraping in PBS, pelleted by centrifugation at 750g for 5 min at 4 °C and washed 
twice with 10 ml of fresh ice-cold PBS. The cell pellet was dissolved in 0.1% SDS in 
PBS and sonicated at room temperature using a probe-tip sonicator. Total protein 
concentration was measured using the Pierce 660 Protein Assay kit (Thermo Fisher 
Scientific). Biotin-azide (1.92 µl of a 5 mM solution in DMSO, Sigma) was added 
to 20 µg of cell lysate in 75 µl of 0.1% SDS in PBS in 1.5-ml microcentrifuge tubes. 
In a glass vial, 200 µl of CuSO4 (50 mM in water) was added to a solution of 600 µl 
of TBTA (1.7 mM in t-butanol-DMSO (4:1)) and 200 µl of TCEP (50 mM in water, 
adjusted to pH 7–8 immediately before use). The resulting catalyst mixture was 
vortexed, a 9.6-µl aliquot was added to each tube, and tubes were incubated with 
shaking at 30 °C for 30 min. To quench the reaction and remove excess reagents, 
protein was precipitated with 1 ml of acetone at −20 °C, tubes were incubated 
at −20 °C for 30 min, and protein was collected by centrifugation at 20,000g for 
10 min at 4 °C. The resulting supernatant was aspirated, and the pellet was washed 
two times with cold acetone in the same manner. After the last wash, residual 
acetone was removed by air drying the pellet at room temperature for 5 min. The 
samples were then solubilized in SDS–PAGE loading buffer and resolved on 4–12% 
Criterion Bis-Tris protein gels (Bio-Rad) at 150 V for 1.5 h at room temperature.

The gel proteins were then transferred to an Immun-Blot Low Fluorescence 
PVDF membrane (Bio-Rad) using a Trans-Blot Turbo transfer system (Bio-Rad) 
at a current of 2.5 A for 7 min at room temperature. For far western analysis of 
biotinylated target proteins, the membrane was incubated with blocking buffer 
(I-Block, Invitrogen) in 0.1% Tween 20 in PBS for 1 h at room temperature and 
treated with Pierce High Sensitivity Streptavidin-HRP (1:10,000 dilution; Thermo 
Fisher Scientific) in blocking buffer for 1.5 h at room temperature. The membrane 
was washed with three times for 5 min each with 0.1% Tween 20 in PBS, and 
chemiluminescent signal was generated using Supersignal West Dura ECL reagent 
(Thermo Fisher Scientific) and detected using a ChemiDoc imaging system 
(Bio-Rad).

To determine the subcellular localization of the imidazolium-binding protein, 
NIH-3T3 cells were seeded in a 24-well plate (60,000 cells per well) containing 
poly-d-lysine-coated coverslips and cultured for 48–60 h to reach 85–90% 
confluence. The growth medium was aspirated, and the cells were incubated 
with phenol red-free DMEM containing 0.5% CS, 7 µM 3 and either 10 µM 2 or 
an equivalent amount of DMSO vehicle (0.01% (vol/vol)) at 37 °C for 30 min. To 
assess mitochondrial morphology, cells were cotreated with 500 nM MitoTracker 
Deep Red (Invitrogen). The plate was cooled on ice, the lid was removed, and cells 
were exposed to 254-nm UV light, as described above. Compound medium was 
aspirated, and the cells were washed 3 × 5 min each with PBS. After washing, cells 
were fixed with methanol for 20 min at −20 °C. Fixed cells were washed 3 × 2 min 
with PBS, and TAMRA-azide (1.28 µl of a 5 mM solution in DMSO) in 200 µl of 
PBS was added. Each well was then treated with 25.6 µl of the CuSO4/TBTA/TCEP 
catalyst mixture described above, and the plate was covered in foil and rocked 
gently for 45 min at room temperature. The reaction mixture was aspirated, and 
the cells were washed 3 × 5 min with PBS and once with double-distilled water and 
mounted on glass slides in ProLong Gold mounting medium (Invitrogen). The 
coverslips were then imaged on a Zeiss LSM 700 confocal microscope.

To determine the identity of the imidazolium-binding protein, intact 
mitochondria were isolated from the liver of a 12-week-old female C57BL/6 mouse, 
as previously described50. Animal use was approved by the Stanford University 
Administrative Panel on Laboratory Animal Care (protocol number 14145). 
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with storage buffer (20 mM sodium phosphate, 500 mM NaCl, 1 mM DTT and 5% 
glycerol, pH 7.4) until less than 1 mM imidazole remained. The protein sample 
was then diluted with an equal volume of glycerol, and the resulting concentration 
was determined (600 nm Protein Assay Reagent, Thermo Fisher Scientific). Each 
sample was analyzed by SDS–PAGE and stored at −80 °C.

For wild-type and mutant ALDH1B1 protein coexpression with chaperones, 
pET-15b-ALDH1B1 and GroEL/GroES (Addgene, pBB541) plasmids were 
cotransformed into competent BL21 E. coli cells, which were subsequently grown 
in 1 liter of Luria–Bertani medium containing 100 µg ml–1 ampicillin and 50 µg 
ml–1 spectinomycin at 37 °C. The hexahistidine-tagged ALDH1B1 protein was then 
expressed and purified as described above.

Enzyme kinetics assays. To evaluate compound activities against ALDH isoforms, 
reaction mixtures consisting of enzyme assay buffer (100 mM sodium phosphate 
and 1 mM MgCl2, pH 8.0) and 0.1% DMSO, 1 mM β-mercaptoethanol, 1 mM 
NAD+ and the bacterially expressed protein were prepared in white opaque 96-well 
assay plates (100 µl per well, flat-bottom and non-treated; Corning Costar). ALDH 
enzyme (5 µg ml–1) was used for a single-dose (1, 10 and 50 µM) compound test, 
and 1 µg ml–1 ALDH enzyme was used for IC50 determination. Acetaldehyde was 
then added to each well to achieve an initial substrate concentration of 1 mM, 
and the resulting enzymatic activity was measured based on NADH fluorescence. 
The fluorescence signal was read over the course of 10 min on a SpectraMax 
M2e microplate reader (340-nm excitation and 460-nm emission; Molecular 
Devices) operated by SoftMax Pro software. Steady-state kinetic measurements 
of ALDH1B1 inhibitors were also conducted with the general protocol described 
above using 5 µg ml–1 ALDH1B1 and varying concentrations of acetaldehyde, 
NAD+ and the small-molecule antagonist.

To determine the inhibitor resistance of mutant ALDH isoforms, reaction 
mixtures consisting of enzyme assay buffer (100 mM sodium phosphate and 
1 mM MgCl2, pH 8.0), 5% glycerol, 0.1% DMSO, 1 mM β-mercaptoethanol, 
1 mM propionaldehyde and 2 µg ml–1 of the bacterially expressed ALDH1B1 
were prepared in white opaque 96-well assay plates (100 µl per well, flat-bottom 
and non-treated; Corning Costar). Each mixture also contained varying 
concentrations of IGUANA-1. NAD+ was then added to each well to achieve an 
initial concentration of 1 mM, and the resulting enzymatic activity was measured 
by monitoring NADH fluorescence for 30 min, as described above.

All compound activities were normalized to a DMSO control, and dose–
response inhibition curves were fitted with four-parameter nonlinear regression 
using Prism (GraphPad) software.

X-ray crystallography. Stock solutions of the ALDH1B1 protein were buffer 
exchanged with crystallization buffer (100 mM ACES, 10 mM NAD+ and 10 µM 
DTT, pH 7.0) and concentrated to 20 mg ml–1 using a 30-kDa molecular weight 
cutoff Amicon centrifugal filter (Millipore Sigma) at 4 °C. ALDH1B1 inhibitor 
was subsequently added to a final concentration of 1 mM, and the protein 
solution (usually 0.15–0.3 µl) was then mixed with an equal volume of various 
crystallization buffers from commercial sources. Crystals were grown using sitting 
drop vapor diffusion in a 6 °C or 12 °C incubator from crystallization experiments 
set up using an Oryx8 Nanodrop dispensing robot (Douglas Instruments). Within 
1 to 2 weeks, crystals were collected and cryocooled under liquid nitrogen stream. 
In general, crystals collected even from a single crystallization condition showed 
a wide variation in X-ray diffracting power, and therefore a large number were 
screened for initial data quality assessment. The best candidates were selected 
and stored for further data collection, and, in some cases, X-ray diffracting raster 
sampling was used to locate the best diffracting region on the crystal. Then, a full 
data set collection was performed. Data collections to a minimum Bragg spacing 
of 2.12 Å (ALDH1B1–NAD+–2), 2.30 Å (ALDH1B1–NAD+–IGUANA-4) and of 
2.68 Å (ALDH1B1–NAD+) were performed at 100 K using Stanford Synchrotron 
Radiation Lightsource (SSRL) beamlines BL9-2, BL12-1 and BL12-2 (SLAC 
National Accelerator Laboratory).

All ALDH1B1 diffraction-quality crystals were obtained from crystallization 
or cocrystallization (in case of ligand added to the protein solution) from a 
precipitant solution composed of 10% polyethylene glycol 4000 and 20% glycerol 
with different combinations of buffers/additives: 0.1 M Tris-Bicine, pH 8.5, and a 
mixture of alcohols (0.02 M of each 1,6-hexanediol, 1-butanol, 1,2-propanediol, 
2-propanol, 1,4-butanediol and 1,3-propanediol) for ALDH1B1–NAD+ or 0.1 M 
Tris-Bicine, pH 8.5, and a mixture of ethylene glycols (0.03 M of each di-, tri-, 
tetra- and pentaethylene glycol) for ALDH1B1–NAD+–2 and ALDH1B1–NAD+–
IGUANA-4. Structures were solved by the molecular replacement method using 
the polypeptide chain of apo-ALDH2 (Protein Data Bank ID: 3N80) as the search 
model, and the search was carried over the enantiomorphic pair to fix handedness. 
Each of the crystals belonged to the trigonal space group P3221 and contained two 
polypeptide chains per asymmetry unit. The full polypeptide chain, residues Leu 8–
Ser 500, was unambiguously traced in the electron density maps. Extra electron 
density was evident after structure solution and accounted for one NAD+ cofactor 
molecule and one inhibitor molecule per polypeptide chain. The NAD+ cofactor, 
2, and IGUANA-4 were modeled at full occupancy in both polypeptide chains A 
and B. Extra density accounting for the organic ligands in the crystallization buffer 
were detected and included in the final model. Solvent water molecules were first 

5′-CCAAGAGTCTTACGCCATGGACTTGGATGAGGT-3′, L120M reverse  
5′-ACCTCATCCAAGTCCATGGCGTAAGACTCTTGG-3′, L120V forward  
5′-CCAAGAGTCTTACGCCGTGGACTTGGATGAGGT-3′, L120V reverse  
5′-ACCTCATCCAAGTCCACGGCGTAAGACTCTTGG-3′, E124G forward 
5′-CTTACGCCTTGGACTTGGATGGGGTCATCAAGGTGTATCGG-3′, E124G 
reverse 5′-CCGATACACCTTGATGACCCCATCCAAGTCCAAGGCGTAAG-3’, 
E124L forward 5′-GTCTTACGCCTTGGACTTGGATCTAGTCATCAAGGTG 
TATCGGTAC-3′, E124L reverse 5′-GTACCGATACACCTTGATGACTAGATC 
CAAGTCCAAGGCGTAAGAC-3′, V173I forward 5′-GTGGAACTTCCCCTT 
GATCATGCAGGGTTGGAA-3′, V173I reverse 5′-TTCCAACCCTGCATGAT 
CAAGGGGAAGTTCCAC-3′, Q289F forward 5′-CATGGAGCATGCCGTGG 
AGTTTTGCCACGAAGCCCTG-3′, Q289F reverse 5′-CAGGGCTTCGTGGC 
AAAACTCCACGGCATGCTCCATG-3′, E292H forward 5′-GCCGTGGAGCA 
GTGCCACCATGCCCTGTTCTTCAACATGG-3′, E292H reverse 5′-CCATGT 
TGAAGAACAGGGCATGGTGGCACTGCTCCACGGC-3′, N457G forward 
5′-GTGGGTAAACACCTACGGCATCGTCACCTGCCACACGCC-3′ and N457G 
reverse 5′-GGCGTGTGGCAGGTGACGATGCCGTAGGTGTTTACCCAC-3′.

For bacterial expression of the mutant ALDH1B1 proteins, each construct was 
subcloned via Gibson assembly into a pET-15b expression vector containing an 
N-terminal hexahistidine tag (Novagen), the corresponding pCMV6-ALDH1B1 
plasmid as a template and the following primers (which were designed to 
remove the mitochondria-targeting sequence of ALDH1B1): pET-15b forward 
5′-GTCACCATCAAGGTTCCTCAGAAGAACTCGTGAGGATCCGGCTG 
CTAACAAAGCCCGAAA-3′, pET-15b reverse 5′-GAATGGGGCTTGGGA 
GGGCTGCTGCCGAGGACATATGGCTGCCGCGCGGCACCAGGC-3′, 
ALDH1B1 forward 5′-GCCTGGTGCCGCGCGGCAGCCATATGTCCTCG 
GCAGCAGCCCTCCCAAGCCCCATTC-3′ and ALDH1B1 reverse 5′-TTTC 
GGGCTTTGTTAGCAGCCGGATCCTCACGAGTTCTTCTGAGGAACC 
TTGATGGTGAC-3′.

For lentiviral expression of EGFP and human wild-type ALDH1B1, their 
cDNAs were separately cloned into the pCDH-CMV-MCS-EF1-Puro vector 
(System Biosciences) digested with EcoRI and PacI via Gibson assembly. 
pCDH-CMV-GFP-EF1-Puro was generated using pcDNA3-EGFP (Addgene, 
plasmid 13031) as a template and the following primers: forward 5′-TCCA 
TAGAAGATTCTAGAGCTAGCGGTGAGCAAGGGCGATGAGCTGTTC-3′  
and reverse 5′-GCGGCCGCGGATCCGATTTTCACTTGTACAGCTCGTCC 
ATGCCG-3′. pCDH-CMV-ALDH1B1-EF1-Puro was generated using pCMV6- 
ALDH1B1 as a template and the following primers: forward 5′-TCCATAGAA 
GATTCTAGAGCTAGCGATGCTGCGCTTCCTGGCACCC-3′ and reverse 
5′-GCGGCCGCGGATCCGATTTTTAATTACGAGTTCTTCTGAGGAACC-3′.

For lentiviral expression of the mutant ALDH1B1 proteins, the pCDH- 
CMV-GFP-EF1-Puro vector was digested with EcoRI-HI and PacI to remove 
the GFP cDNA. Each ALDH1B1 mutant sequence was then subcloned into 
the resulting pCDH derivative via Gibson Assembly using the corresponding 
pCMV6-ALDH1B1 plasmid as a template and the following primers (which were 
designed to remove the mitochondria-targeting sequence of ALDH1B1): forward  
5′-TCCATAGAAGATTCTAGAGCTAGCGATGCTGCGCTTCCTGGCACCC-3′ 
and reverse 5′-GCGGCCGCGGATCCGATTTTTAATTACGAGTTCTTCTGA 
GGAACC-3′.

All constructs were confirmed using Sanger sequencing.

ALDH expression and purification. Cloning, expression and purification of 
human recombinant ALDH1A1, ALDH1A3, ALDH2, ALDH3A1, ALDH3A2, 
ALDH4A1, ALDH5A1 and ALDH7A1 isozymes were conducted as described 
previously53. Human ALDH1A2 (Origene, SC109995) and ALDH1B1 (T. Hurley, 
Indiana University) plasmids were cloned into the pET-15b expression vector 
containing an N-terminal hexahistidine tag. The mitochondria-targeting sequence 
of ALDH1B1 was also removed. For protein expression without chaperones, the 
pET-15b-based plasmids were transformed into competent BL21 Escherichia 
coli cells, which were subsequently grown in 1 liter of Luria–Bertani medium 
containing 100 µg ml–1 ampicillin at 37 °C. Once the optical density at 600 nm value 
reached 0.6–0.8, the culture was transferred to 16 °C, and 0.5 mM isopropyl β-d-
1-thiogalactopyranoside was introduced to induce protein expression overnight. 
The bacteria were then pelleted by centrifugation (3,000g at 4 °C for 30 min) and 
collected. BugBuster Master Mix buffer (40 ml; Millipore Sigma) containing a 
protease inhibitor cocktail (cOmplete, Roche) was added, and the cells were lysed 
by mechanically rolling the suspension at room temperature for 25 min. The lysate 
was centrifuged (16,000g at 4 °C for 30 min), and the soluble fraction was collected 
and mixed with 2 ml of Ni-NTA Superflow resin (Qiagen). After the mixture was 
allowed to rock at 4 °C for 1 h, it was used to create a 10-ml gravity column, which 
was sequentially treated with 40 ml of wash buffer 1 (20 mM sodium phosphate, 
500 mM NaCl, 1 mM DTT, 20 mM imidazole and 5% glycerol, pH 7.4) and 25 ml 
of wash buffer 2 (20 mM sodium phosphate, 500 mM NaCl, 1 mM DTT, 40 mM 
imidazole and 5% glycerol, pH 7.4). The hexahistidine-tagged protein was then 
recovered by treating the column with 5 ml of elution buffer (20 mM sodium 
phosphate, 500 mM NaCl, 1 mM DTT, 400 mM imidazole and 5% glycerol, pH 
7.4) and collecting 500-µl fractions. The eluent was loaded onto a 15-ml 30-kDa 
Amicon Ultra centrifugation unit (Millipore Sigma), and the protein sample was 
repeatedly concentrated via centrifugation (5,000g at 22 °C for 20 min) and diluted 
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NA931-1ML) and horseradish peroxidase-conjugated donkey polyclonal 
anti-rabbit IgG (1:1,000 dilution; GE Healthcare, NA934-1ML).

Matrigel spheroid cultures. To prepare Matrigel-coated culture plates, 96-well 
and 24-well plates were placed on ice and coated with 25 µl or 300 µl, respectively, 
of LDEV-free Matrigel matrix (Corning) that had been thawed overnight at 4 °C. 
The plates were then placed in a 37 °C incubator for 30 min to allow the Matrigel 
to solidify. SW480 or HCT116 cells were suspended in spheroid culture medium 
(RPMI-1640 containing 20 ng ml–1 recombinant human epidermal growth 
factor (Abcam, ab9697), 20 ng ml–1 recombinant human fibroblast growth factor 
(BioVision, 4037), 5 µg ml–1 heparin (Sigma), 1× N-2 supplement (Thermo Fisher 
Scientific), 100 U ml–1 penicillin and 100 µg ml–1 streptomycin) and seeded into the 
96-well and 24-well Matrigel-coated plates at densities of 1,000 or 5,000 cells per 
well and total well volumes of 200 µl or 1 ml, respectively. Compounds were diluted 
in spheroid culture medium and added to the wells, and the spheroids were grown 
at 37 °C with 5% CO2 for 7 d.

To quantify spheroid growth at the 7-d endpoint, unstained spheroids were 
imaged with phase-contrast illumination using a Keyence BZ-X710 microscope. 
Some cultures were also stained with crystal violet to enhance brightfield imaging. 
Briefly, the Matrigel spheroid cultures were treated with PBS containing 0.5% 
crystal violet and 5% methanol for 15 min at 37 °C and gently washed 4 × 5 min 
with PBS. Spheroid sizes were quantified with ImageJ (Fiji) software using 
masks created with the default ‘threshold’ function and foreground/background 
adjustments to optimize masking fidelity. The full field of view was then selected 
for ‘analyze particles’ analysis, providing a numbered list of each spheroid and its 
area in the micrograph. In the few cases that two adjacent spheroids were treated 
as one object by the image processing software, their measurements were manually 
corrected using the ‘freehand selections’ tool. To exclude background and debris 
from dead cells, spheroids with areas less than 500 µm2 were excluded from the 
image analyses.

Colon cancer cell viability assays. SW480 or HCT116 cells were seeded into 
regular or Matrigel-coated 96-well plates at a density of 1,000 cells per well. The 
cells were cultured in the corresponding adherent or spheroid culture medium 
(200 µl per well) containing the designated compounds or an equivalent amount 
of DMSO vehicle. Each culture was maintained for 7 d, and cell viabilities were 
measured using a CellTiter-Glo 3D Cell Viability Assay kit (Promega). Briefly, 
100 µl of the culture medium was removed from each well and replaced with 
100 µl of 3D Cell Assay reagent. The cells in each well were next homogenized by 
vigorous pipetting, and the plate was incubated for 10 min at room temperature to 
stabilize the chemiluminescent signal. A 150-µl aliquot from each well was then 
transferred into a white opaque 96-well assay plate (flat-bottom and non-treated; 
Corning Costar), and luminescence intensities were measured with a Veritas 
microplate luminometer (Turner BioSystems). All compound activities were 
normalized to a DMSO control, and dose–response inhibition curves were fitted 
with four-parameter nonlinear regression using Prism software.

Immunofluorescence microscopy. ALDH1A3–/– A375 cells were seeded into a 
six-well plate at a density of 6 × 105 cells per well and cultured for 24 h. The cells 
were then transfected with either pCMV6 or pCMV6-ALDH1B1 using FuGENE 
HD (Promega) at a 3:1 DNA:FuGENE HD ratio according to the manufacturer’s 
protocols. The cells were cultured for another 24 h, removed from the plate by 
trypsinization and reseeded at a density of 1.2 × 105 cells per well into a 24-well 
plate containing poly-d-lysine-coated glass coverslips. After another 24 h of cell 
growth, the culture medium was removed, and the cells were incubated with fresh 
medium containing 500 nM MitoTracker Deep Red (Invitrogen, M22426) for 
30 min at 37 °C and subsequently fixed with PBS containing 4% paraformaldehyde 
for 10 min at room temperature. After permeabilization with PBS containing 0.3% 
Triton X-100, the cells were incubated with anti-ALDH1B1 (1:100 dilution; Santa 
Cruz Biotechnology, sc-393583) overnight at 4 °C. Cells were then incubated with 
Alexa Fluor 488-conjugated goat polyclonal anti-mouse IgG (Invitrogen, A32723) 
and DAPI (Thermo Fisher Scientific, P36931) for 1 h at room temperature in the 
dark. Coverslips were imaged on a Zeiss LSM 800 confocal Microscope using 
ZenBlue software.

ALDEFLUOR assays. ALDH1A3–/– A375 cells were seeded into a six-well 
plate at a density of 5 × 105 cells per well and cultured for 24 h. The cells were 
then transfected with pCMV6, pCMV6-GFP (Addgene, plasmid 11153) or 
pCMV6-ALDH1B1. After 24 h, the medium was replaced, and transfection 
efficiencies were estimated by the eGFP+ cells in the pCMV6-GFP-transfected 
well. The cells were cultured for another 24 h, and ALDH activities were quantified 
using the ALDEFLUOR assay. Briefly, cells were isolated from the plate with 
trypsin and resuspended in ALDEFLUOR assay buffer (STEMCELL Technologies) 
at a concentration of 4 × 105 cells per ml. Each ALDEFLUOR assay used 0.5 ml 
of this cell suspension, and the cells were treated with individual compounds for 
15 min at 37 °C and 5% CO2. The cell suspensions were next treated with 2.5 µl of 
ALDEFLUOR reagent, incubated for an additional 30 min at 37 °C and 5% CO2, 
collected by centrifugation (450g) for 5 min at room temperature, resuspended in 
200 µl of assay buffer and analyzed with an LSR II flow cytometer (BD Biosciences). 

assigned based on their hydrogen-bonding properties; in later stages of refinement, 
further water molecules were automatically added. Refinement progressed to 
convergence and reached an excellent agreement between the model and the 
experimental data. Supplementary Table 1 presents data collection, refinement 
and structure quality check parameters. Data were integrated, reduced, scaled 
and analyzed with different computing modules within the CCP4 suite54. Graphic 
renderings were prepared with PyMOL software55.

Generation of ALDH1B1-knockout cell lines. To target the ALDH1B1 locus by 
CRISPR–Cas9 mutagenesis, the following gRNAs were evaluated (PAM sequences 
in bold): gRNA-1, 5′-CGGTGGTAGGGTTGACCGTCGGG-3′; gRNA-2,  
5′-GGAGCGGGATCGAGTCTACTTGG-3′; gRNA-3, 5′-CGAAACGCTCTCC 
GCCACAGAGG-3′. Each gRNA was cloned into the lentiCRISPRv2 vector 
(Addgene, plasmid 98290) by BsmBI digestion and DNA ligation, and 
lentivirus was generated using procedures as previously described56. Briefly, the 
lentiCRISPRv2-derived gRNA plasmids and a third-generation lentiviral system 
(Addgene, plasmids 12251, 12253 and 12259) were cotransfected into HEK-
293T cells. The resulting lentivirus was collected from the medium and used to 
infect SW480 cells. Stable populations were selected by puromycin treatment  
(2.0 µg ml–1), and genomic DNA PCR and DNA TIDE sequencing analyses were 
performed to assess the frequency of targeted mutations. The PCR primers used 
for these studies were gRNA-1 forward 5′-CTTAGCCTCCAGGGCAGGAC-3′  
and gRNA-1 reverse 5′-GGAAAGCCTGCCTCCTTGAT-3′, gRNA-2 forward 
5′-CCCAGACATCCCCTACAACC-3′ and gRNA-2 reverse 5′-GCCATACCC 
CGTGATGATGT-3′ and gRNA-3 forward 5′-GGCGATTCCAACCTCAAGA 
GA-3′ and gRNA-3 reverse 5′-TTAAGCCCATCCTCACCCAG-3′. The reverse 
primers were also used for sequencing.

To generate ALDH1B1–/– colon cancer lines, gRNA-1 and gRNA-2 were 
separately cloned into the pX458 vector (Addgene, plasmid 48138) by BbsI 
digestion and DNA ligation. The resulting constructs were cotransfected into 
SW480 and HCT116 cells using FuGENE HD transfection reagent (Promega) 
according to the manufacturer’s guidelines. The cells were then cultured for 48 h, 
and the cells were sorted using an Aria II cell sorter (BD Biosciences). The cells 
were gated using forward scatter (FSC) and side scatter (SSC) to exclude debris, 
FSC and trigger pulse width to identify single cells and propidium iodide staining 
and FSC to select live cells (Supplementary Fig. 20). Single cells from the top 5% 
eGFP+ population were then sorted into 96-well plates. The single clones were 
cultured and characterized by genomic DNA PCR and sequencing using the 
following primers: forward 5′-CTTAGCCTCCAGGGCAGGAC-3′ and reverse 
5′-GCCATACCCCGTGATGATGT-3′.

To conduct rescue experiments with ALDH1B1–/– cells, pCDH-CMV-EF1-Puro 
vectors encoding eGFP, wild-type ALDH1B1 or ALDH1B1 mutants were 
separately packaged in HEK-293T cells using the third-generation lentiviral system 
described above, and the resulting lentiviruses were used to infect ALDH1B1+/+ 
(clone 3) and/or ALDH1B1–/– (clone 2) SW480 cells. Stable lines were then 
generated by puromycin selection (2.0 µg ml–1).

Immunoblot analyses. To analyze lysates derived from SW480 and HCT116 cells, 
adherent cultures were grown to 70–80% confluence, detached from the plates with 
trypsin and pelleted by centrifugation at 480g for 5 min at 4 °C. The cell pellets were 
washed once with PBS and lysed in cold RIPA buffer (Thermo Fisher Scientific) 
containing protease (cOmplete, Roche) and phosphatase (PhosSTOP, Roche) 
inhibitor. Lysates were kept on ice for 15 min with intermittent vortexing and 
clarified by centrifugation at 16,000g for 15 min at 4 °C. The resulting supernatant 
was analyzed to determine total protein levels (600 nm Protein Assay Reagent, 
Thermo Fisher Scientific), and the final protein concentration in each sample 
was adjusted to 1.2 µg µl–1 and mixed 5:1 (v/v) with 6× SDS–PAGE loading buffer 
(240 mM Tris-HCl, 6% SDS, 0.3 M DTT, 30% glycerol and 0.018% bromophenol 
blue, pH 6.8) to afford a final protein concentration of 1.0 µg µl–1. The samples were 
then resolved on 4–12% Criterion Bis-Tris protein gels (Bio-Rad) at 130 V for 1.5 h 
at room temperature.

The gel proteins were next transferred to PVDF membranes using the 
Trans-Blot Turbo Transfer System (Bio-Rad), and the membranes were 
blocked with 5% non-fat dry milk in 1× Tris-buffered saline containing 0.1% 
Tween 20 (TBST) for 1 h at room temperature. The blots were then probed 
with primary antibody in the same blocking buffer overnight at 4 °C. The 
membranes were washed 4 × 5 min with TBST and incubated with horseradish 
peroxidase-conjugated secondary antibody in blocking buffer for 2 h at room 
temperature. After the membranes were washed 4 × 5 min TBST, the secondary 
antibodies were detected by chemiluminescence using SuperSignal West Dura 
Extended Duration Substrate (Thermo Fisher Scientific) and a Gel Doc XR 
imaging system (Bio-Rad). Stripping buffer (Thermo Fisher Scientific, 21059) 
was used to remove antibodies when the membranes needed to be reprobed 
with another primary antibody. Antibodies used for these experiments include 
mouse monoclonal anti-ALDH1B1 (1:500 dilution; Santa Cruz Biotechnology, 
sc-393583), rabbit polyclonal ARCN1 (1:500 dilution; Proteintech, 23843-1-AP), 
rabbit polyclonal NIPSNAP2 (1:500 dilution; Abcam, ab153833), rabbit polyclonal 
anti-KPNB1 (1:1,000 dilution; Santa Cruz Biotechnology, sc-11367), horseradish 
peroxidase-conjugated sheep polyclonal anti-mouse IgG (1:1,000; GE Healthcare, 
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The cells were gated using FSC-A and SSC-A to exclude debris, FSC-A and FSC-H 
to identify single cells and DAPI and SSC-A to select live cells (Supplementary Fig. 
21). Cellular ALDH1B1 activities were then assessed using the ALDEFLUOR signal 
(excitation of 488 nm and emission of 515/20 or 525/50 nm) and SSC-A.

For mutant ALDH1B1 analyses, the ALDH1A3–/– A375 cells were seeded 
and cultured in six-well plates as described above and then transfected with 
wild-type or mutant pCMV6-ALDH1B1 using FuGENE HD (Promega) at a 3:1 
DNA:FuGENE HD ratio according to the manufacturer’s protocols. The cells were 
cultured for another 48 h, and their ALDH activities were quantified using the 
ALDEFLUOR assay. The cells were trypsinized from the plates, resuspended in 
2.0 ml of ALDEFLUOR assay buffer at a concentration of 1 × 106 cells per ml and 
treated with 10 µl of ALDEFLUOR reagent. Within 10 s, 500-µl aliquots of this cell 
suspension were transferred to 1.5-ml centrifuge tubes containing 5 µl of DMSO, 
1.5 mM DEAB in ethanol, 100 µM IGUANA-1 in DMSO or 10 µM IGUANA-1 in 
DMSO. The tubes were then vortexed and placed in a 37 °C and 5% CO2 incubator 
for 30 min. The cells were pelleted by centrifugation (1,000g) for 5 min at room 
temperature, resuspended in 200 µl of assay buffer and analyzed with an LSR II 
(BD Biosciences) or FACS Symphony A5 (BD Biosciences) flow cytometer using 
the protocols described above. For each transfected ALDH1B1 construct, the 
DEAB-treated cells were used to establish gates for quantifying populations with 
exogenous ALDH activity, and these boundaries were applied to the other three 
samples. The gates assumed a normal distribution of the bulk, untransfected cell 
population, as some ALDH1B1 variants were not fully inhibited by DEAB.

Mitochondrial respiration assays. SW480 cells were seeded into a XF96 
microplate (Agilent) at a density of 2 × 104 cells per well and cultured for 24 h. The 
cells were then incubated for 1 h at 37 °C in a non-CO2 incubator, and the plate was 
loaded into a 96-well Seahorse XF analyzer (Agilent) and sequentially injected with 
the indicated compounds, 1 µM oligomycin A, 1 µM FCCP or 0.5 µM rotenone/
antimycin according to the Agilent Mito Stress protocol. The OCRs (pmol min–1) 
for each well were measured every 5 min for a 15-min period. Basal OCR values 
were normalized as 100% for data analyses.

Cellular thermal shift assays. CETSAs were conducted as previously described57. 
Briefly, SW480 cells were cultured in six 15-cm dishes and collected by 
trypsinization after reaching ~80% confluency. Trypsinized cells were combined 
and then equally split into two 50-ml Falcon tubes. Cell pellets were obtained 
by centrifugation at 480g for 5 min at room temperature and were resuspended 
with 20 ml of culture medium with either 10 µM IGUANA-1 or DMSO. The live 
SW480 cells were cultured in the incubator for 1 h, and cell pellets were collected 
by centrifugation at 480g for 5 min at room temperature. The cells were washed 
with 10 ml of PBS, pelleted again by centrifugation and resuspended in 1 ml of PBS 
containing protease inhibitors (cOmplete, Roche). The resulting cell suspension 
was distributed among eight PCR tubes as 100-µl aliquots, and the tubes were 
then heated to eight different temperatures (45.0, 46.4, 48.8, 52.6, 57.1, 60.9, 63.4 
and 65.0 °C) in a Bio-Rad PCR machine. Heated cells were then incubated at 
room temperature for 3 min and snap-frozen in liquid nitrogen. Cell lysis was 
achieved by freeze-thawing the cells twice using liquid nitrogen and incubation at 
room temperature. The resulting cell lysates were briefly vortexed and transferred 
to a 1.5-ml Eppendorf tube for centrifugation at 20,000g for 20 min at 4 °C. A 
90-µl aliquot of each supernatant was carefully transferred into another 1.5-ml 
Eppendorf tube, and the samples were analyzed by immunoblotting, as described 
above. A TGX Stain-Free precast gel (Bio-Rad) was also used to detect total protein 
in each lane.

Thermal proteome profiling. TPP studies were conducted as previously 
described29. Briefly, soluble proteins were isolated from SW480 cells as described 
for the CETSA experiments, except six 15-cm dishes were used, the cells were 
treated with 2 µM IGUANA-1 or DMSO, and 10 different temperatures were 
evaluated (37.3, 40.9, 45.1, 48.2, 50.5, 53.4, 55.9, 59,5, 64.0 and 67.9 °C). The 
final 90-µl aliquot of each supernatant was mixed with 4× volume of prechilled 
(−80 °C) acetone and incubated at −80 °C overnight. Samples were centrifuged at 
9,400g for 10 min to separate the supernatant acetone from the precipitated protein 
pellet. Air-dried protein pellets were reconstituted in 100 mM triethylammonium 
bicarbonate buffer, sonicated and vortexed to solubilize proteins. The samples 
were then reduced with 10 mM DTT at 55 °C for 30 min followed by alkylation 
with 30 mM acrylamide for 30 min at room temperature. Digestion was performed 
using 1 µg of trypsin/LysC protease (Promega) with overnight incubation at 37 °C. 
Aliquots (10 μl) of each sample were used for peptide quantification with a Pierce 
Quantitative Fluorometric Peptide Assay kit (Thermo Fisher Scientific).

Following peptide quantification, 10-µg aliquots of each peptide sample were 
labeled with a TMT10plex Isobaric Label Reagent set (Thermo Fisher Scientific). 
After labeling, the samples were quenched with 5% hydroxylamine, combined 
into one series for a given group and desalted with C18 Monospin Reverse Phase 
Columns (GL Sciences). The desalted samples were then dried and reconstituted in 
2% aqueous acetonitrile before analysis.

Mass spectrometry experiments were performed using an Orbitrap Eclipse 
Tribrid mass spectrometer (Thermo Fisher Scientific) attached to an Acquity 
M-Class UPLC system (Waters). The UPLC system was set to a flow rate of  

300 nl min–1, where mobile phase A was 0.2% formic acid in water and mobile 
phase B was 0.2% formic acid in acetonitrile. The analytical column was prepared 
in-house with an inner diameter of 100 µm pulled to a nanospray emitter using a 
P2000 laser puller (Sutter Instrument). The column was packed with NanoLCMS 
Solutions 1.9-µm C18 stationary phase to a length of approximately 25 cm. Labeled 
peptides were directly injected into the column with a gradient of 2–45% mobile 
phase B, followed by a high-B wash over a total of 180 min. The mass spectrometer 
was operated in a data-dependent mode using MS3 HCD and CID fragmentation 
for spectral generation.

The collected mass spectra were analyzed using Proteome Discoverer 2.2 
(Thermo Fisher Scientific) against the UniProt human database, concatenated 
with common contaminant proteins (for example, human keratins). Data were 
searched using Byonic v4.1.5 (Protein Metrics) as the peptide identification node. 
The precursor ion tolerance was set to 12 ppm. The fragment ion tolerance was 
set to 0.4 Da and 12 ppm for MS2 and MS3 scans, respectively. Trypsin was set as 
the enzyme, and up to two missed cleavages were allowed. Cysteine modified with 
propionamide was set as a fixed modification in the search. Variable modifications 
include TMT10plex on N termini and lysine, oxidation on methionine and 
deamidation on asparagine and glutamine. Data were validated using the standard 
reverse-decoy technique at a 1% false discovery rate.

Protein spectral counts for each experimental condition were normalized to 
account for the volume of the TMT labeling reaction and normalized to the lowest 
temperature. The data set was further processed to exclude indistinguishable 
splicing isomers, common contaminant proteins (for example, bovine serum 
albumin) and proteins that were not detected at the lowest temperature sample. 
Analysis was performed with the TPP R package described previously29.

SYTOX Green staining. SW480 cells were seeded into an eight-well chamber 
slide precoated with 50 µl of Matrigel (Corning) at a density of 5,000 cells per 
well. Spheroids were allowed to grow for 4 d in the spheroid culture medium and 
subsequently treated with either 2 µM IGUANA-1 or DMSO for 3 d. The spheroids 
were then incubated with 10 µM SYTOX Green (Thermo Fisher, S7020) overnight 
to stain the nuclei of dead cells, washed briefly with PBS and imaged on a Zeiss 
LSM 800 confocal microscope.

Cytotoxicity assays. HEK-293T cells were seeded into a 96-well plate at a density 
of 5 × 103 cells per well and treated with various concentrations of selected 
compounds or an equivalent amount of DMSO vehicle. The cells were cultured for 
4–5 d without a media change, and after the DMSO-treated cells approached 100% 
confluence, cell viabilities were measured using a CellTiter-Glo 3D Cell Viability 
Assay kit (Promega) and a Veritas microplate luminometer (Turner BioSystems), 
as described above. All compound activities were normalized to a DMSO control, 
and dose–response inhibition curves were fitted with four-parameter nonlinear 
regression using Prism software.

Hedgehog signaling assays. NIH-3T3 cells stably transfected with Gli-dependent 
firefly luciferase reporter (Shh-LIGHT2 cells49) were seeded into 96-well plates at a 
density of 2 × 104 cells per well and cultured for 24 h. The cells were then cultured 
in DMEM containing 0.5% CS, 100 U ml–1 penicillin, 100 µg ml–1 streptomycin 
and 200 nM Smoothened agonist58 for 30 h. CellTiter AQueous One (20 µl per 
well; Promega) was added to the cells and incubated for 30 min at 37 °C, and cell 
viabilities were measured as the 490-nm absorbance of the culture medium using 
a Spectramax M2e microplate reader (Molecular Devices). The cells were then 
washed with PBS and incubated with Bright-Glo reagent (100 µl per well; Promega) 
for 5 min at room temperature. The resulting chemiluminescence was measured 
on a Veritas microplate luminometer (Turner BioSystems) and normalized to the 
CellTiter signal. The normalized luciferase activities for each compound treatment 
regimen were normalized further to the DMSO control, and dose–response curves 
were fitted with four-parameter nonlinear regression using Prism software.

Generation of 5-FU-resistant SW480 cells. Parental SW480 cells were cultured 
in RPMI-1640 medium containing 10% FBS, 100 U ml–1 penicillin, 100 µg ml–1 
streptomycin and 1 µM 5-FU for 2 weeks. The 5-FU concentration in the culture 
medium was then increased to 5 µM, and after another 2 weeks, the concentration 
was raised further to 10 µM. The resulting 5-FU-resistant SW480 cells were 
maintained in culture medium with 10 µM 5-FU.

Human-derived organoid cultures. All human tissue procurement activities 
involved in development of the PDOs from wild-type colon or colorectal 
adenocarcinomas were approved and governed by Stanford University School 
of Medicine’s Institutional Review Board (protocol number 28908). Individual 
informed consent for research was obtained in writing before tissue procurement 
from all individuals who contributed to the development of the organoids 
used in this study. Resected material or core biopsy samples were stored in 
HyperThermosol FRS solution (StemCell Technologies) for no more than 24 h 
before organoid generation. PDO culture lines from colorectal tumor samples 
were generated initially in an air–liquid interface culture system, as previously 
described32. Briefly, tissue samples were minced, washed and resuspended in 
collagen type I-A matrix (FUJIFILM Wako Laboratory Chemicals). Ongoing 
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in vitro culture within the collagen matrix was maintained using WENR medium. 
Following PDO generation from source tissue, collagen matrix and organoids 
were digested using collagenase type IV (Worthington Biochemical) and TryPLE 
Express (Gibco) in sequence. Mutation profiling was performed by exome and/or 
targeted PCR sequencing and confirmed to match the original tumor. The resulting 
pool of partially dissociated organoids were resuspended in Cultrex Reduced 
Growth Factor Basement Membrane Matrix, Type 2 (BME-2; R&D Systems) for 
continued culture in submerged BME-2 in WENR medium33. Organoid lines 
from wild-type colon were generated in submerged BME-2 in WENR medium as 
previously described33.

To evaluate inhibitor responses in tumor and wild-type colon PDOs, 
near-confluent organoids were collected from solidified BME-2 matrix, dissociated 
using TryPLE Express supplemented with 10 μM Y-27632 dihydrochloride 
(Peprotech) in conjunction with gentle mechanical disruption at 37 °C and 
diluted to 1,000 cells per μl with fresh BME-2 in black, clear-bottomed 96-well 
plates (Corning). Aliquots (10 μL) of the matrix–cell suspension were plated as 
domes on the floor of each well and allowed to solidify in a 37 °C incubator for 
10–15 min. WENR medium (150 μl per well) supplemented with 10 μM Y-27632 
dihydrochloride (Peprotech) and 2.5 μM CHIR 99021 (R&D Systems) was then 
added, and organoids were allowed to grow unperturbed for 3–5 d. Following this 
initial growth period, various concentrations of IGUANA-1 were applied in WENR 
medium. After a 7-d incubation, all media was withdrawn from the wells and 
replaced with a 10% dilution of Alamar Blue Cell Viability Reagent (Invitrogen) in 
WENR medium. After 4 h (tumor PDOs) or 6 h (wild-type PDOs) of incubation in 
a dark 37 °C incubator, the effect of IGUANA-1 on the PDOs was quantified using 
resazurin metabolism as a proxy for cell viability. The raw fluorescence values were 
measured using a microplate reader (TECAN; excitation of 530 nm and emission of 
590 nm) and normalized to that of a DMSO control. Values for wells with collapsed 
or otherwise compromised matrix domes were excluded from subsequent analyses.

Transcriptome profiling. RNA-seq analysis of NIH-3T3 cells was conducted 
as described previously59. RNA-seq analyses of parental SW480 cells and an 
ALDH1B1–/– clone were conducted as three biological replicates as follows. To 
identify gene expression changes associated with chemical loss of ALDH1B1 
function, parental SW480 cells were seeded into six-well plates at a density of 
0.8 × 103 cells per well and cultured for 24 h. The cells were then treated with either 
2 µM IGUANA-1 or an equivalent amount of DMSO vehicle for 24 h. To identify 
gene expression changes associated with genetic loss of ALDH1B1 function, 
ALDH1B1–/– SW480 cells (clone 2) that were lentivirally transduced with either 
EGFP or exogenous ALDH1B1 were seeded into six-well plates as described above 
and cultured for 48 h. Total mRNA was extracted from each sample using an 
RNeasy Mini kit (Qiagen) according to the manufacturer’s protocols, and RNA 
libraries were constructed using an NEBNext Ultra II RNA Library Prep kit for 
Illumina (New England Biolabs). For each sample, approximately 40 million 
paired-end reads were obtained, and raw FASTQ data were processed through 
fastp. Paired-end clean reads were aligned to the reference genome using the 
Spliced Transcripts Alignment to a Reference (STAR) software, and FeatureCounts 
was used to count the read numbers mapped of each gene. Differential expression 
analysis was performed using the DESeq2 R package. The resulting P values were 
adjusted using the Benjamini and Hochberg’s approach for controlling the false 
discovery rate60.

Statistics and reproducibility. The experimental results shown in Figs. 1c,d and 
2a,b, Extended Data Figs. 2b, 3b, 4a,b, 5a,b and 6b and Supplementary Figs. 1b and 
2a–c were independently repeated at least three times with similar results. The 
results shown in Figs. 1f–h, 3c,d, 4a–d, 5c and 6a, Extended Data Figs. 2d, 3f, 6a 
and 7a,c and Supplementary Figs. 10 and 17a were independently repeated two 
times with similar results. Representative graphs, gels and micrographs for these 
experiments are presented. Descriptions of the error bars and number of replicates 
are included in the corresponding figure legends. Student’s t-test (two-tailed, 
unpaired) analyses in Microsoft Excel were used to compare results and calculate 
P values. Statistical source data for the supplementary figures are provided in 
Supplementary Data 5.

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

Data availability
Any data generated or analyzed during this study, associated protocols and 
materials are available from the corresponding author on reasonable request. X-ray 
crystal structures have been validated and deposited with the Protein Data Bank 
with the following entries: 7MJC (ALDH1B1–NAD+), 7MJD (ALDH1B1–NAD+–
2) and 7RAD (ALDH1B1–NAD+–IGUANA-4). Raw and processed proteomics 
data for the TPP study are publicly available in the MassIVE repository (MassIVE 
ID MSv000088824), which is a member of the ProteomeXchange Consortium 
(ProteomeXchange ID PXD031630). Raw and processed RNA-seq data for the 
identification of ALDH1B1-dependent genes are publicly available in the Gene 
Expression Omnibus database (GEO accession number GSE165621). Source data 
are provided with this paper.
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Extended Data Fig. 1 | Photoaffinity labeling of imidazolium-binding proteins. a, Photoaffinity labeling and TAMRA-azide tagging of live NIH-3T3 cells, 
demonstrating the mitochondrial localization of the imidazolium target. Scale bar: 10 μm. b, Mouse liver mitochondria were photocrosslinked with probe 3 
in the absence or presence of competitor 2. The mitochondria were then homogenized, reacted with BODIPY azide (no competitior) or MegaStrokes 673 
azide (competitor), and resolved by two-dimensional gel electrophoresis. Protein spots that were specifically labeled by 3 (dashed box, spots 1-5) were 
then isolated for mass spectrometry-based sequencing.

NATuRE CHEMiCAL BiOLOGY | www.nature.com/naturechemicalbiology

http://www.nature.com/naturechemicalbiology


ArticlesNAturE CHEmiCAL BiOLOgy

Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | inhibition of cellular ALDH1B1 activity by imidazolium derivatives. a, Immunofluorescence staining of ALDH1A3–/– A375 cells 
transiently transfected with ALDH1B1, demonstrating the mitochondrial localization of the exogenous protein. Scale bar: 40 µm. b, Flow cytometry-based 
assays of ALDH1B1 activity and its pharmacological inhibition using ALDH1A3–/– A375 cells. The cells were transiently transfected with ALDH1B1 cDNA 
or a vector control, incubated with the designated compounds, and then treated with ALDEFLUOR reagent. The cells were gated by ALDEFLUOR signal 
intensity and side scatter area (SSC-A) to identify those with ALDH1B1 activity, and the percentage of cells outside of the negative control gate is shown 
for each condition. DMSO and the pan-ALDH inhibitor DEAB were used as negative and positive controls, respectively. c, Chemical structure of 63, which 
is inactive against ALDH1B1. d, Activity of 63 against selected ALDH isoforms. Fold-change values are relative to a DMSO control and are the average 
of three biological replicates ± s.d. e, Fluorescence-activated cell sorting (FACS) plots of ALDH1B1-overexpressing ALDH1A3–/– A375 cells that were 
incubated with DMSO or 63 and then treated with ALDEFLUOR reagent.
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Extended Data Fig. 3 | ALDH1B1 promotes SW480 and HCT116 cell growth in spheroid culture. a,e, Western blot detection of ALDH1B1 protein in 
individual SW480 and HCT116 cell clones that were transiently transfected with Cas9 cDNA and ALDH1B1 gRNA-1 and gRNA-2. Lysates from the parental 
lines (P) are also shown, and importin β1 (KPNB1) was used as a loading control. SW480 clone 3 and clone 2 were used as ALDH1B1+/+ and ALDH1B1–/– 
clones for subsequent studies. b,f, Phase-contrast micrographs of spheroid cultures derived from SW480 and HCT116 cells with differing ALDH1B1 
genotypes. c,g, Quantification of spheroid sizes for the micrographs shown in b and f. Each dot represents an individual spheroid with an area that is >500 
µm2 in the images. Error bars represent the average spheroid size ± s.e.m. d,h, Viability of the ALDH1B1–/– clone in either adherent or spheroid conditions, as 
determined by cellular ATP levels and normalized to that of the as ALDH1B1+/+ clone. Data are the average of four (d and h, adherent), eight (d, spheroid) 
and six (h, spheroid) biological replicates ± s.e.m. Scale bars: 1 mm.
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Extended Data Fig. 4 | Exogenous ALDH1B1 rescues the spheroid growth of ALDH1B1 knockout colon cancer cells. a, Western blot analysis of SW480 
clones with the indicated ALDH1B1 genotypes and lentivirally transduced with either EGFP or exogenous ALDH1B1. Importin β1 (KNPB1) was used as 
gel-loading control. b, Spheroid cultures of the SW480 clones described in a. c, Quantification of spheroid sizes for the micrographs shown in b. Each dot 
represents an individual spheroid with an area that is >500 µm2 in the image. Error bars represent the average spheroid size ± s.e.m. d, Viability of the 
ALDH1B1–/– SW480 clone transduced with EGFP or ALDH1B1 and cultured in either adherent or spheroid conditions, as determined by cellular ATP levels 
and normalized to that of the ALDH1B1+/+ clone transduced with EGFP. Data are the average of four biological replicates ± s.e.m.
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Extended Data Fig. 5 | Molecular basis of ALDH1B1-iGuANA binding. a,b, Lineweaver Burk plots demonstrating that IGUANA-4 exhibits non-competitive 
inhibition with respect to acetaldehyde (a) and uncompetitive inhibition with respect to NAD+ (b). Both enzyme kinetics assays used the same series 
of inhibitor concentrations, and the data are the average of three biological replicates ± s.e.m. c, Wall-eyed stereoview of the ALDH1B1–NAD+/2 (light 
green cartoon and green stick model) and ALDH1B1–NAD+/–IGUANA-4 (light blue cartoon and blue stick model) complexes shown as superimposed 
structures. Residues 143–154 and 490–500 and the NAD+ cofactor were omitted for clarity. d, Wall-eyed stereoview of the electron density map for 
IGUANA-4 (blue mesh) bound to ALDH1B1. The polder omit map was calculated with coefficients mFo-DFc and is contoured at 4σ. Residues in the 
inhibitor-binding site are shown, and the red dashed line indicates a potential n-to-π* interaction between the Asn457 backbone carbonyl and the 
guanidine (3.2 Å).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | iGuANAs engage ALDH1B1 in live cells. a, Flow cytometry-based ALDEFLUOR assays using ALDH1A3–/– A375 cells, demonstrating 
the ability of IGUANA-3 to inhibit cellular ALDH1B1 activity. The cells were transiently transfected with ALDH1B1 cDNA or a vector control, incubated with 
IGUANA-3 or DMSO vehicle alone, and then treated with ALDEFLUOR reagent. The cells were gated by ALDEFLUOR signal intensity and side scatter area 
(SSC-A) to identify those with ALDH1B1 activity, and the percentage of cells outside of the negative control gate is shown for each condition. b, Cellular 
thermal shift assay demonstrating that IGUANA-1 stabilizes endogenous ALDH1B1 in live SW480 cells. Western blot signals for ALDH1B1 and total protein 
staining of the soluble fraction are shown for each condition. c, Corresponding melting curves of endogenous ALDH1B1 in the presence and absence of 
IGUANA-1. Data are the average of two biological replicates ± s.d., normalized to the DMSO condition at 45 °C.

NATuRE CHEMiCAL BiOLOGY | www.nature.com/naturechemicalbiology

http://www.nature.com/naturechemicalbiology


Articles NAturE CHEmiCAL BiOLOgy

Extended Data Fig. 7 | iGuANAs suppress colon cancer spheroid growth. a, Brightfield micrographs of SW480 spheroid cultures treated with IGUANA-3 
and then stained with crystal violet. b, Quantification of spheroid sizes for the micrographs shown in b. Each dot represents an individual spheroid with 
an area that is >500 µm2 in the micrograph. Error bars represent the average spheroid size ± s.e.m. c Brightfield, fluorescent, and merged micrographs of 
SW480 spheroids treated with IGUANA-1 or DMSO vehicle alone for 3 days and then stained overnight with the viability dye SYTOX Green. Scale bars: a, 
1 mm; c, 100 µm.
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