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Abstract

The aldehyde dehydrogenase (ALDH) superfamily is a vast group of enzymes that catalyze the NAD+-dependent
oxidation of aldehydes to carboxylic acids. ALDH16 is perhaps the most enigmatic member of the superfamily,
owing to its extraC-terminal domain of unknown function and the absence of the essential catalytic cysteine residue
in certain non-bacterial ALDH16 sequences. Herein we report the first production of recombinant ALDH16, the first
biochemical characterization of ALDH16, and the first crystal structure of ALDH16. Recombinant expression
systemswere generated for the bacterial ALDH16 fromLoktanella sp. andhumanALDH16A1. Four high-resolution
crystal structures of Loktanella ALDH16 were determined. Loktanella ALDH16 is found to be a bona fide enzyme,
exhibiting NAD+-binding, ALDH activity, and esterase activity. In contrast, human ALDH16A1 apparently lacks
measurable aldehyde oxidation activity, suggesting that it is a pseudoenzyme, consistent with the absence of the
catalytic Cys in its sequence. The fold of ALDH16 comprises three domains: NAD+-binding, catalytic, and C-
terminal. The latter is unique toALDH16and features aRossmann fold connected to aprotrudingβ-flap. The tertiary
structural interactions of the C-terminal domain mimic the quaternary structural interactions of the classic ALDH
superfamily dimer, a phenomenonwe call “trans-hierarchical structural similarity.”ALDH16 forms a unique dimer in
solution, which mimics the classic ALDH superfamily dimer-of-dimer tetramer. Small-angle X-ray scattering shows
that human ALDH16A1 has the same dimeric structure and fold as Loktanella ALDH16. We suggest that the
Loktanella ALDH16 structure may be considered to be the archetype of the ALDH16 family.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

Aldehyde dehydrogenases (ALDHs) catalyze the
NAD(P)+-dependent oxidization of aldehydes to car-
boxylic acids (Fig. 1a). Theyarewidespread, existing in
all organisms. A recent census of the ALDH super-
family uncovered 555 distinct genes, including 32 in
archaea, 351 in eubacteria, and 172 in eukarya [1]. The
human ALDH superfamily alone comprises 19 en-
zymes, which function in a multitude of pathways [2,3],
including retinoic acid signaling (ALDH1), detoxifica-
tion of alcohol (ALDH2), maintaining cellular homeo-
stasis in the eye (ALDH1A1, ALDH3A1), amino acid
metabolism (ALDH4A1, ALDH7A1, ALDH18), neuro-
nal function (ALDH2,ALDH5A1,ALDH9A1), and folate
metabolism (ALDH1L). Mutations in ALDH genes
r Ltd. All rights reserved.
cause several inherited metabolic disorders, including
type II hyperprolinemia, Sjogren–Larsson syndrome,
pyridoxine-dependent epilepsy, γ-hydroxybutyric acid-
uria, and hyperammonemia [2]. Also, some ALDH
polymorphisms are associated with an increased risk
of alcoholic liver disease [4]. Finally, ALDHs are
markers of cancer stem cells and potentially therapeu-
tic targets for cancer treatment [5].
ALDHs share a common protein fold, quaternary

structure, and catalytic mechanism. The classical
ALDH fold exhibits a three-domain architecture con-
sisting of aRossmann dinucleotide binding domain, an
α/β-catalytic domain, and an oligomerization domain
(Fig. 1b). The latter domain mediates a conserved
mode of domain-swapped dimerization (Fig. 1c). In
many ALDHs, the dimers assemble into higher-order
Journal of Molecular Biology (2019) 431, 524–541



Fig. 1. Theclassical viewof theALDHsuperfamily. (a) The
general reaction catalyzed by ALDHs. (b) Structure of a
canonical ALDH, ALDH2 (PDB ID 1O00). NAD+ is shown in
pink sticks. (c) Structure of the canonical ALDH dimer, as
exemplified by ALDH2 (PDB ID 1O00).
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oligomers, including tetramers (common) or hexamers
(rare). The conserved ALDH catalytic mechanism
requires an essential nucleophilic Cys residue, which
attacks the carbonyl of the aldehyde substrate, forming
hemithioacetal and acyl-enzyme covalent intermedi-
ates during the reaction cycle [2]. Numerous crystal
structures and biochemical studies have established
the three-domain fold, domain-swapped dimer, and
conserved catalytic mechanism as hallmarks of the
ALDH superfamily.
The dogmaof a united superfamilywas challenged a

few years ago when it was noticed that ALDH4 (a.k.a.
L-glutamate-γ-semialdehyde dehydrogenase) [6] and
ALDH16 [7] deviate from the classical paradigm by
exhibiting an atypical domain architecture. Some
ALDH4 enzymes and all ALDH16 enzymes have a
C-terminal ~250-residue domain not found in
other ALDHs (Fig. 2a). Another remarkable feature is
that certain ALDH16 members, including human
ALDH16A1 (HsALDH16A1), lack the essential cata-
lytic Cys residue, implying that they do not possess
catalytic activity (Fig. 2b) [7]. These unique features
have motivated our structural studies of ALDH4 and
ALDH16.
We recently described the fold and functions of the

C-terminal domain of ALDH4 [8–10]. Those studies
used the proline catabolic bifunctional enzyme proline
utilization A (PutA), which exhibits both proline
dehydrogenase and ALDH4 activities. The crystal
structures of PutA revealed that the C-terminal domain
draws from the repertoire of the ALDH superfamily
[8,9]. Its structure consists of a Rossmann fold that
resembles the NAD+-binding domain of classical
ALDHs, and a β-flap that resembles the oligomeriza-
tion domain of typical ALDHs. Because of these
structural relationships, we refer to the C-terminal
domain of PutA as having an ALDH superfamily fold.
Paradoxically, the Rossmann fold of the C-terminal
domain does not bind NAD+, nor does the β-flap of the
C-terminal domain mediate oligomerization. Instead,
the C-terminal domain in PutA functions as an adaptor
modulewhose tertiary structural interactions contribute
to ALDH catalytic activity by stabilizing both the NAD+-
binding domain and the aldehyde substrate-binding
loop [9,10]. In addition, the β-flap of the C-terminal
domain contributes to substrate channeling by forming
part of the tunnel that connects the proline dehydro-
genase and ALDH4 active sites.
Herein we turn our attention to the other atypical

ALDH superfamily member, ALDH16. Because of its
noncanonical features and the lack of either crystal
structures or any biochemical characterization,
ALDH16 is the least understood member of the
ALDH superfamily. ALDH16 is found in animals and
some bacteria, but is absent in archaea, fungi, and
plants [7]. A missense variant in the ALDH16A1 gene
is associated with elevated serum uric acid levels
and gout [11]. ALDH16A1 may play a role in the
autosomal-recessive Mast syndrome (SPG21; MIM
248900) based on immunoprecipitation data implying
a protein–protein association with maspardin [12].
Also, recent studies of an ALDH16A1 gene knockout
mouse suggest a role for ALDH16A1 in lipid metab-
olism and renal function [13]. Although these studies
are suggestive of possible roles for ALDH16A1 in
human health and disease, more research is clearly
needed to understand the functions of ALDH16.
To better understand the molecular function of

enigmatic ALDH16 and to provide a foundation for
exploring its biological functions, we have determined
the first crystal structure of an ALDH16 family member.
Recombinant expression systems for both bacterial
ALDH16 and HsALDH16A1 were generated. Four
crystal structures of a bacterial ALDH16 from
Loktanella sp. (LsALDH16) were determined at high-



Fig. 2. The atypical features of the ALDH16 family. (a) Domain diagram of ALDH16. ALDH16 is unique in the ALDH
superfamily in having an extra domain near the C-terminus. Abbreviation: ALDHSF, aldehyde dehydrogenase superfamily.
(b) ALDH16 phylogenetic tree and an alignment of the catalytic loops of several ALDH16s. Note the absence of the
predicted catalytic Cys in some ALDH16 proteins.
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resolution limits ranging from 1.5 to 2.3 Å. The struc-
tures reveal the fold and function of the C-terminal
domain, and uncover a fascinating example of trans-
hierarchy structural similarity, in which the tertiary
structure of ALDH16 mimics the quaternary structure
of the classic ALDH dimer. ALDH16 forms a novel
dimer, which resembles the classic ALDH tetramer.
LsALDH16 is shown to be a genuine ALDH enzyme,
whereas HsALDH16A1 appears to be a pseudoen-
zyme. Small-angle X-ray scattering (SAXS) suggests
that LsALDH16 and HsALDH16A1 are similar in fold
and quaternary structure.

Results and Discussion

The fold of ALDH16

Homolog screening was used to identify an ALDH16
family member that was amenable to high-resolution
X-ray crystallography. The ALDH16 proteins from
human, rat, mouse, bovine, and a few bacteria were
produced and screened for crystallization. Diffracting
crystalswereobtainedwith the bacterial enzymes from
Litoreibacter arenae (LaALDH16) and Loktanella sp.
(LsALDH16). Moderate resolution crystals of
LaALDH16 were used for molecular replacement
phasing and to build an initial model at 3-Å resolution
(Table S1 of Supporting Information). The structure
of LaALDH16was then used inmolecular replacement
to solve high-resolution structures of LsALDH16
(Table 1).
The domain architecture of LsALDH16 consists of a
canonical ALDH superfamily catalytic module followed
by the additional C-terminal domain (Fig. 3a). The
catalytic module consists of a Rossmann fold NAD+-
binding domain (residues 1–263) and an α/β-catalytic
domain (residues 264–476), both of which are typical
of the ALDH superfamily. Electron density clearly
showed the predicted nucleophile Cys295 in the
expected active site location, implying that LsALDH16
is a bona fide ALDH enzyme (Fig. 3a).
The C-terminal domain (residues 477–766) distin-

guishes ALDH16 from canonical ALDHs. It features
a 5-stranded Rossmann fold subdomain (residues
633–737) fused to a three-stranded β-flap substruc-
ture (residues 612–632, 755–766) (Fig. 3a). Thus,
the C-terminal domain of LsALDH16 has the ALDH
superfamily fold, similar to ALDH4 in PutA.
The Rossmann fold and β-flap of the C-terminal

domain resemble the NAD+-binding and oligomeriza-
tion domains, respectively, of classical ALDHs. For
example, the rmsd between theC-terminal domain and
ALDH2 (PDB ID 1O00 [14]) is only 1.5 Å over 250
residues, despite only 27% sequence identity. Notably,
95% of the secondary structural elements of the
ALDH16 C-terminal domain are also found in the
combined NAD+-binding and oligomerization domains
of ALDH2, indicating strong structural similarity.

Trans-hierarchical structural similarity

The ALDH16 structure reveals a fascinating
example of structural similarity in which the tertiary



Table 1. Data Collection Statistics for LsALDH16

Apo NAD+ NADH C295A-pNPA

Beamline ALS 4.2.2 APS 24-ID-C ALS 4.2.2 APS 24-ID-C
Space group P21212 P21212 P21212 P212121
Unit cell parameters (Å, °) a = 79.6,

b = 159.4,
c = 62.7

a = 79.0,
b = 159.0,
c = 62.44

a = 79.7,
b = 159.1,
c = 62.7

a = 79.4,
b = 119.6,
c = 158.7

Wavelength (Å) 1.000 0.979 1.000 0.979
Resolution (Å)a 62.7–1.95

(2.00–1.95)
79.5–1.65
(1.68–1.65)

62.7–2.30
(2.38–2.30)

120–1.49
(1.51–1.49)

Observationsa 374,502 (15,267) 550,661 151,496 (14,785) 1,628,079 (71,434)
Unique reflectionsa 57,273 (3249) 92,182 36,080 (3487) 243,674 (11,001)
Rmerge(I)

a 0.061 (0.255) 0.101 (0.597) 0.109 (0.406) 0.120 (1.610)
Rmeas(I)

a 0.073 (0.318) 0.121 (0.842) 0.142 (0.528) 0.142 (1.898)
Rpim(I)

a 0.038 (0.185) 0.065 (0.593) 0.090 (0.335) 0.075 (0.994)
Mean I/σa 21.1 (4.7) 10.0 (1.2) 9.2 (3.0) 8.8 (0.9)
Mean CC1/2

a 0.998 (0.941) 0.993 (0.471) 0.992 (0.848) 0.998 (0.440)
Completeness (%)a 97.1 (80.0) 96.8 (73.7) 99.4 (99.9) 99.8 (90.8)
Multiplicitya 6.5 (4.7) 6.0 (2.3) 4.2 (4.2) 6.7 (6.5)
Wilson B-factor (Å2) 15.9 19.7 21.6 17.4
No. protein residues 750 751 751 1504
No. of atoms

Protein 5567 5622 5555 11,165
NAD(H) N/A 27 44 N/A
pNPA N/A N/A N/A 26
Water 821 748 423 1224

Rwork
a 0.1538 (0.2008) 0.1686 (0.2767) 0.1716 (0.2294) 0.1916 (0.3414)

Rfree
a,b 0.1938 (0.2274) 0.2000 (0.3246) 0.2235 (0.3117) 0.2158 (0.3536)

RMSD bonds (Å) 0.007 0.006 0.007 0.005
RMSD angles (°) 0.805 0.810 0.827 0.807
Ramachandran plotc

Favored (%) 97.46 98.13 97.33 97.73
Outliers (%) 0.13 0.13 0.13 0.13

Clashscore (PR)c 1.44 (100) 1.68 (99) 1.79 (100) 1.61 (99)
MolProbity score (PR)c 0.98 (100) 0.99 (100) 1.35 (100) 0.97 (100)
Average B-factor (Å2)

Protein 17.5 22.4 23.7 20.4
NAD(H) N/A 21.7 39.3 N/A
pNPA N/A N/A N/A 42.8
Water 29.1 34.5 27.3 29.3

Coordinate error (Å)d 0.16 0.17 0.24 0.21
PDB ID 6MVR 6MVS 6MVT 6MVU

a Values for the outer resolution shell of data are given in parentheses.
b Five percent test set.
c From MolProbity. The percentile ranks (PR) for Clashscore and MolProbity score are given in parentheses.
d Maximum likelihood-based coordinate error estimate reported by phenix.refine.
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structure of one protein mimics the quaternary
structure of another, a phenomenon that we call
“trans-hierarchical structural similarity.” In the
present case, the tertiary structural interactions of
the C-terminal domain of ALDH16 mimic the
quaternary structural interactions in classical
ALDH dimers.
To appreciate the trans-hierarchical structural

similarity, consider the tertiary structural interactions
of the C-terminal domain in LsALDH16. The C-
terminal domain makes two sets of tertiary structural
interactions with the catalytic module. First, the two
Rossmann domains pack against each other and
are related by a pseudo 2-fold axis that runs
between the αD helices of each Rossmann fold
(Fig. 3a, left). For reference, helix αD is the final helix
of Rossmann fold. Despite the low-sequence
identity (30%), the two Rossmann folds of
LsALDH16 are structurally similar and superimpose
with an rmsd of 1.5 Å over 204 residues. Second,
the β-flap of the C-terminal domain interacts with the
β-sheet of the catalytic domain via main-chain
hydrogen bonds, effectively extending the β-sheet
by three strands (Fig. 3a, right). In this location, the
β-flap of the C-terminal domain interacts with an
active site loop that is known to be involved in
substrate binding in ALDHs [15–18]. The large
extent of these two sets of tertiary structural
interactions is evident in the surface representation
of the structure (Fig. 3b).



Fig. 3. Crystal structure of LsALDH16. (a) Structure of the protomer, highlighting secondary structure and domain
architecture. NADH is shown in pink sticks. (b) Surface representation of the LsALDH16 protomer. (c) Superposition of the
LsALDH16 protomer with a dimer of ALDH2 showing trans-hierarchical structural symmetry. The coloring of the LsALDH16
domains is the same as in panel A. The color of the ALDH2 domains is the same as in Fig. 1. Note that LsALDH16 is
structurally equivalent to three-fourths of a classical ALDH dimer.
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The tertiary structural contacts of the ALDH16 C-
terminal domain are strikingly similar to the quaternary
structural interactions in the classical ALDH dimer;
consequently, ALDH16 resembles three-fourths of an
ALDH dimer (Fig. 3c). The typical ALDH dimer
(Fig. 1c) is a domain-swapped assembly featuring a
two-point quaternary contact surface that is analo-
gous to the tertiary structural interactions observed in
LsALDH16. In particular, the NAD+-binding domains
from different protomers in the classic dimer interact
across a 2-fold axis near the αD helices, similar to
what is seen in LsALDH16 monomer (compare Figs.
1c and 3a). Furthermore, the oligomerization flap in
the classical dimer extends the β-sheet of the catalytic
domain of the opposite protomer, analogous to the
tertiary structural interaction of the β-flap of ALDH16
with the catalytic domain (compare Figs. 1c and 3a).
The high degree of trans-hierarchical structural
similarity is characterized by an rmsd of only 1.4 Å
between the ALDH16 monomer and the 650 equiva-
lent residues in the ALDH2 dimer (Fig. 3c).

The ALDH16 dimer is unique, yet surprisingly
familiar

The quaternary structure of ALDH16 in solution was
studied using SAXS. SAXS curves from LsALDH16 at
different protein concentrations were collected (Fig. 4a,



Fig. 4. SAXS analysis of ALDH16. (a) SAXS curves for LsALDH16 collected at three protein concentrations. The dots
are experimental data colored as follows: black, 2.0 mg/mL; blue, 4.0 mg/mL; green, 6.0 mg/mL. The SAXS data have
been arbitrarily scaled for ease of presentation. The red curves are theoretical SAXS profiles calculated from the
crystallographic homodimer with FoXS [59]. The lower inset shows error-weighted residual plots for the FoXS fits. The
upper inset shows Guinier plots. (b) SAXS experimental distance distribution functions for LsALDH16. The inset shows the
normalized P(r) plots. (c) SAXS curves for HsALDH16A1 collected at three protein concentrations. The dots are
experimental data colored as follows: black, 1.0 mg/mL; blue, 1.6 mg/mL; green, 3.2 mg/mL. The SAXS data have been
arbitrarily scaled for ease of presentation. The red curves are theoretical SAXS profiles calculated by FoXS from a dimer
homology model of HsALDH16A1 based on the LsALDH16 crystallographic dimer. The lower inset shows error-weighted
residual plots for the FoXS fits. The upper inset shows Guinier plots. (d) SAXS experimental distance distribution functions
for HsALDH16A1. The inset shows the normalized P(r) plots.
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Table 2). Thequalitative shapeof the scatteringcurve is
constant with increasing concentration, consistently
displaying a small bump near q = 0.10–0.15 Å−1. The
Guinier plots yield a radius of gyration (Rg) in the range
of 35–36 Å. Calculations of the distance distribution
function suggest a maximum particle dimension (Dmax)



Table 2. SAXS analysis of LsALDH16 and HsALDH16A1

LsALDH16 HsALDH16A1

2.0 mg/mL 4.0 mg/mL 6.0 mg/mL 1.0 mg/mL 1.6 mg/mL 3.2 mg/mL

Guinier analysis
Rg (Å) 35.6 ± 1.0 36.1 ± 0.4 35.0 ± 0.6 36.3 ± 1.0 37.5 ± 0.9 37.6 ± 0.5
qmin(Å

−1) 0.015887 0.015330 0.018675 0.015887 0.011985 0.014215
qRg range 0.57–1.28 0.55–1.30 0.65–1.22 0.58–1.29 0.45–1.29 0.53–1.29
R-square 0.9972 0.9991 0.9984 0.9899 0.9930 0.9980

P(r) analysisa

Rg (Å) 35.5 ± 0.2 35.68 ± 0.06 35.22 ± 0.04 36.65 ± 0.08 37.50 ± 0.06 37.48 ± 0.06
Dmax (Å) 109 112 106 109 112 115
q-range (Å−1) 0.0159–0.3219 0.0153 –

0.3208
0.0187–0.3208 0.0159–0.3219 0.0131–0.3219 0.0148–0.3213

Total estimate 0.91 0.90 0.94 0.92 0.93 0.88
Porod volume (Å3) 202,000 204,000 207,000 230,000 236,000 237,000

SAXS mass (kDa)b 141.5 (0.93) 151.3 (1.00) 149.2 (0.98) 147.1 (0.86) 156.0 (0.92) 170.1 (1.00)
χ2 from FoXSc 0.16 0.68 0.95 1.12 1.45 2.38
SASBDB code SASDE47 SASDE57 SASDE67 SASDE87 SASDE97 SASDEA7

a From calculations of the distance distribution function using GNOM via PRIMUS.
b Molecular mass estimated from the SAXS MoW2 server [58]. The ratio of the experimental molecular mass to the expected value is

given in in parentheses. For reference, the dimer masses of LsALDH16 and HsALDH16A1 are 151.6 and 170.3 kDa, respectively.
c Goodness-of-fit parameter from FoXS using a dimer model (Fig. 4).
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of 106–112 ÅandRg of 35–36 Å (Fig. 4b). Because the
Rg of a LsALDH16monomer calculated from the crystal
structure is only 28 Å, the data suggest that LsALDH16
forms an oligomer in solution.
The LsALDH16 oligomer was characterized by

comparing the experimental SAXS curve with theoret-
ical ones calculated from oligomermodels using FoXS
[19]. Analysis of the crystal lattice with PDBePISA [20]
suggests a stable dimer with Rg of 34 Å (The P21212)
crystallographic asymmetric unit contains one proto-
mer of this dimer). TheSAXScurve calculated from the
dimer has excellent agreement with the experimental
profiles (χ2 = 0.16–0.95) (Fig. 4a). The use of dimer-
monomer ensembles did not improve the fits. These
results suggest that LsALDH16 is predominantly
dimeric in solution, and the dimer in solution is the
one identified from the crystal lattice by PDBePISA
analysis.
We also performed SAXS on HsALDH16A1,

which has 37% sequence identity to LsALDH16.
The SAXS curve and distance distribution of
HsALDH16A1 are strikingly similar to those of
LsALDH16 (Fig. 4c and d). The Rg of 36–38 Å is
very close to that of LsALDH16 (35–36 Å). The
slightly higher Rg may reflect the longer polypeptide
chain length of HsALDH16A1 of 802 residues
compared to 766 for LsALDH16. These results
suggest that HsALDH16A1 may have the same
oligomeric structure as LsALDH16. We tested this
idea by calculating theoretical scattering curves
from a model of an HsALDH16A1 dimer built using
SWISS-MODEL with the LsALDH16 crystallograph-
ic dimer serving as the template for homology
modeling. The SAXS curve calculated from the
HsALDH16A1 dimer model exhibits very good
agreement with the experimental data (χ2 = 1.1–
2.4) (Fig. 4c, Table 2). These results suggest that
human and bacterial ALDH16 share a common
oligomeric structure and likely have the same
protein fold.
The ALDH16 dimer is unique in the ALDH

superfamily. The dimer is shaped like a cube, with
the two protomers occupying the upper and lower
halves of the cube (Fig. 5a, top). When viewed down
the 2-fold axis from one direction, the two catalytic
domains are arranged diagonally on the face of the
cube (Fig. 5a, bottom left). From the opposite
direction, the NAD+-binding and C-terminal domains
are arranged on the diagonals, forming an “X”
(Fig. 5a, bottom right).
The C-terminal domain is prominent in the dimer

interface. The β-flaps of C-terminal domains from the
twoprotomersmeet at the center of thedimer to forman
intermolecular β-sheet (Fig. 5b). Another large
part of the dimer interface involves the α-helices of
the C-terminal domain packing against α-helices of the
NAD+-binding domain of the opposite protomer
(Fig. 5b). In all, the dimer interface buries 2500 Å2

and includes 65 residues, 34 hydrogen bonds, and 16
ion pairs.
Although unique, the ALDH16 dimer is surprisingly

familiar. The ALDH16 dimer is reminisent of the
tetramer formed by most other ALDHs, including
ALDH1 [21–24], ALDH2 [25,26], ALDH5A1 [27],
ALDH7A1 [17,28], and many others [29–37]. The
classical tetramer is a dimer-of-dimer assembly
in which the oligomerization flaps of different dimers
meet in the center of the oligomer to form



Fig. 5. A novel ALDH dimer,
which mimics the classic ALDH
tetramer. (a) The LsALDH16 dimer
viewed down the 2-fold axis. In the
top part, the two chains have differ-
ent colors. In the bottom part, the
protein is color coded by domains as
in Fig. 3a: NAD+-binding, cyan; cata-
lytic, deep salmon; and C-terminal
domain, lime. (b) Close-up view of the
intermolecular anti-parallel β-sheet
formed by the β-flaps of the C-
terminal domains. The two chains
have different colors in the inset. (c)
The classic ALDH tetramer, as exem-
plified by ALDH2, viewed down a 2-
fold axis (PDB ID 1O00). On the left,
the protein is colored by domains as
in Fig. 1: NAD+-binding, cyan; cata-
lytic, deep salmon; and oligomeriza-
tion, blue. The inset shows a close-up
viewof the intermolecular anti-parallel
β-sheet formedby the oligomerization
domains of chains B and C. An
identical interaction is formed by
chains A and D.
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intermolecular β-sheet interactions (Fig. 5c). This
interaction is strikingly similar to the intermolecular β-
sheet of the ALDH16 dimer (Fig. 5b). A consequence
of these structural similarities is that the ALDH16 dimer
and classic ALDH tetramer are similar in both size and
shape (Fig. 5b and c).



Fig. 6. Cofactor binding to ALDH16. (a) Fluorescence thermal shift data for LsALDH16 in the absence of cofactor (black), the
presence of 5 mMNAD+ (red), or the presence of 5 mMNADH (green). (b) Fluorescence thermal shift data for HsALDH16A1 in
theabsenceof cofactor (black), thepresenceof 5 mMNAD+ (red), or thepresenceof 5 mMNADH(green). Thedata inpanels (a)
and (b) represent the average from three experiments and are plottedwith negative of the first derivatives of relative fluorescence
units as a function of temperature. (c) Electron density evidence for NAD+ bound to LsALDH16. (d) Electron density evidence for
NADH bound to LsALDH16. The cages in panels C and D represent polder omit maps (3σ) [60].
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LsALDH16 is a bona fide ALDH enzyme, whereas
humanALDH16A1appears tobeapseudoenzyme

The absence of the predicted catalytic Cys residue in
some ALDH16 sequences raised the question of
whether ALDH16 is an enzyme [7]. We therefore
measured the cofactor binding properties and catalytic
activities of an ALDH16 that has the predicted catalytic
Cys in its sequence (LsALDH16) and one that lacks the
predicted catalytic Cys (HsALDH16A1).
Cofactor binding was measured using fluorescence

thermal shift assays [38]. LsALDH16 exhibits a melting
temperature (Tm) of 59 °C (Fig. 6a). TheTmwas shifted
by +2 °C when NAD+ was added, which suggests that
NAD+ binds to folded LsALDH16. The shift was +1 °C
in the presence of NADH, also indicating binding. In
contrast, neither NAD+ nor NADH induced a positive
shift in Tm for HsALDH16A1 (Fig. 6b). In fact, negative
shifts were observed with HsALDH16A1, which may
indicate that NAD(H) binds more tightly to the
denatured protein than the folded protein [39]. These
results are consistent with weak or no binding of the
cofactor to HsALDH16A1.
The structures of LsALDH16 complexed with NAD+

andNADHwere determined to identify which of the two
Rossmann folds binds the cofactor. Strong electron
density forNAD(H)appearedonly in theRossmann fold
of the catalytic module, suggesting that the Rossmann
fold of the C-terminal domain plays a purely structural
role (Fig. 6c and d). Density for the ADP fragment of
NAD+ is strong, while that of the nicotinamide ribose is
rather weak, indicating conformational flexibility (Fig.
6c). Lack of density for the nicotinamide ribose has
been observed in other ALDH structures, including
ALDH2 [14], ALDH4A1 [15], and ALDH7A1 [17]. In
contrast, electron density was strong for the entire
NADH molecule (Fig. 6d). The ADP moiety of NAD(H)
binds in the canonical site of the Rossmann NAD+-
binding domain. The adenine ring is wedged between
α-helices C and D of the Rossmann fold, and the
cofactor forms hydrogen bonds with Lys188, Glu191,
Trp164, and Ser240 (Fig. 6c and d). All four hydrogen-
bonding residues are highly conserved in bacterial
ALDH16 sequences; however, they are replaced by
nonpolar residues incapable of hydrogen bonding in
HsALDH16A1 (Fig. S1), consistent with the lack of
cofactor binding observed with HsALDH16A1.
While the ADP fragment of NADH displays the

canonical pose, the nicotinamide riboside is flipped
out of the active site onto the surface of the protein,



Fig. 7. Catalytic activity data showing that LsALDH16 is a
bona fide enzyme. (a) ALDH activity of LsALDH16 using
hexanal as the substrate in the presence of 2.5 mM NAD+

(black). Data for theC295Avariant of LsALDH16are shown in
red. (b) Esterase activity of LsALDH16 using pNPA as the
substrate in the absence of NAD+ (black). Data for theC295A
variant of LsALDH16 are shown in red. Inset 1 shows polder
omit electron density (3σ) for pNPA bound to C295A. Inset 2
shows that pNPA occupies the NAD+ adenine site (pNPA in
pink, NAD+ in gray). In the activity plots in panels (a) and (b),
the data are shown as the mean ± standard error from
triplicate measurements. The kinetic parameters are listed in
Table 3.
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22 Å away from catalytic Cys295 (Fig. 3a, left). The
nicotinamide riboside hydrogen bonds with a neigh-
boring molecule in the crystal lattice, suggesting that
the flipped-out conformation may be an artifact of
crystal packing. An alternative interpretation is that
the unusual conformation of the catalytic loop
(described in the next section) prevents the nicotin-
amide ribose from binding in the active site.
To investigate whether LsALDH16 uses NAD+ in

catalysis,wemeasuredALDHactivity using hexanal as
the aldehyde substrate and NAD+ as the hydride
acceptor. ALDH activity was evident with LsALDH16
(Fig. S2A of Supporting Information), and fitting of initial
rate data to the Michaelis–Menten model yielded
kinetic parameters of kcat of 3.3 s−1, Km of 21.3 μM,
and kcat/Km of 15.5 × 104 (M−1 s−1; Fig. 7a, Table 3).
These values are comparable to those of the plant
ALDH2, RF2C (39% identical to LsALDH16, [26]).
Mutation of the presumed catalytic Cys295 to Ala
(C295A) abolished ALDH activity (Fig. 7a). These
results show that LsALDH16 is a bona fide ALDH
enzyme.
In contrast, ALDH activity was not observed with

HsALDH16A1 (Fig. S2B). We also performed assays
of HsALDH16A1 using other aldehyde substrates,
including propanal, nonanal, acetaldehyde and ami-
noadipate semialdehyde, but activity was not ob-
served. These results suggest that HsALDH16A1 is a
pseudoenzyme [40], that is, a protein that is structurally
homologous to active enzymes but lacks catalytic
activity.
Some ALDHs also exhibit esterase activity,

which requires the catalytic Cys but does not
require a hydride acceptor [2]. We tested the
esterase activity of LsALDH16 and HsALDH16A1
using p-nitrophenylacetate (pNPA) as the substrate in
the absence of NAD+. LsALDH16 exhibits esterase
activity, and fitting of the initial rate data to a substrate
inhibition model yielded the kinetic parameters kcat of
10.6 s−1, Km of 1.7 mM, and Ki of 1.2 mM (Fig. 7b,
Table 3). The 1.5-Å resolution structure of LsALDH16
C295A complexed with pNPA shows electron density
for pNPA in NAD+ adenine site (Fig. 7b, inset). In
contrast, esterase activity assays with HsALDH16A1
were negative. These results further support the idea
that LsALDH16 is a genuine ALDH enzyme, whereas
HsALDH16A1 appears to be a pseudoenzyme.
Inactivation of LsALDH16 by 4-diethylaminobenzal-

dehyde (DEAB; Fig. 8a) was also studied. DEAB is a
covalent inactivator of some ALDHs [41,42]. The
mechanism of inactivation begins with the attack of
the catalyticCys on the aldehyde ofDEAB to produce a
hemithioacetal intermediate, followed by hydride trans-
fer to NAD+ resulting in the acyl-enzyme intermediate.
In the normal catalytic cycle, the acyl-enzyme is
hydrolyzed to produce the carboxylic acid product,
but for some ALDHs with DEAB, the reaction stalls at
the acyl-enzyme intermediate, leaving the catalytic Cys
covalently modified. To test for inactivation, LsALDH16
was incubated with DEAB and NAD+ for various times,
and then the ALDH activity in the presence of hexanal
and NAD+ was measured. Enzyme activity decreased
with increasing incubation time, a hallmark of covalent
inactivation (Fig. 8a). Furthermore, mass spectral
analysis of LsALDH16 that had been incubated with
DEAB and NAD+ yielded a shift of 175 Da, consistent
with the known mechanism of inactivation (Fig. 8b).
These results further support the idea that bacterial
ALDH16 is an ALDH enzyme.

Conformationof thecatalytic loopandcomposition
of the aldehyde substrate pocket

The catalytic loop of LsALDH16 adopts a noncanon-
ical conformation. The conformation of the loop is



Table 3. Kinetic parameters of LsALDH16

Km (μM) Vmax (μmol･mg−1 s−1) kcat (s
−1) kcat/Km (M−1 s−1) Ki (μM)

Hexanal 21.3 ± 6.2 41.0 ± 2.9 × 10−3 3.3 ± 0.2 15.5 ± 4.6 × 104 N/A
pNPA 1740 ± 340 131.6 ± 20.4 × 10−3 10.6 ± 1.6 0.6 ± 0.2 × 104 1290 ± 270
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unambiguously defined by the electron density maps
and exhibits the same conformation in all four
LsALDH16 structures (Fig. 9a). Comparison with
ALDH2 shows that catalytic Cys295 is displaced by
4 Å from the canonical position, and the loop of
LsALDH16 occupies the space normally reserved for
the nicotinamide ribose of NAD+ (Fig. 9b). Thus, it
appears that the active site observed in the crystal is
incompatible with the active conformation of the
cofactor. Because LsALDH16 displays catalytic activ-
ity, the catalytic loop presumably isomerizes into the
Fig. 8. Inactivation of LsALDH16 by DEAB. (a) Time
dependence of the loss of catalytic activity in the presence
of DEAB. LsALDH16 was incubated with DEAB and
NAD+, and then aliquots were taken at various time points
and assayed for activity using hexanal as the substrate
and NAD+ as the cofactor. (b) Mass spectrometry
evidence for the covalent modification of LsALDH16 by
DEAB. The observed mass shift of 175 Da is consistent
with previous studies of the inactivation of ALDHs by
DEAB [41,42].
active conformation in solution in the presence of
cofactor and substrate.
The active site of LsALDH16 was analyzed to gain

insight into the composition of the aldehyde binding
site. The characterization of the aldehyde pocket
was based on structures of ALDHs complexed with
inhibitors or products, including ALDH1A2 com-
plexed with inhibitors (PDB 6ALJ and 6B5H, [23]),
ALDH1A3 complexed with the product retinoic acid
(PDB 5FHZ, [24]), and ALDH7A1 complexed with
the product α-aminoadipate [17]. These ligands
define a volume of space that corresponds to the
aldehyde pocket of ALDHs (Fig. 9c).
The residues of the aldehyde pocket of LsALDH16

are predominantly nonpolar (Fig. 9c). Among themare
those of the aromatic box, a conserved feature of
substrate recognition by ALDHs [18]. Comparison to
other ALDHs identifies the triad of Phe166, Trp173,
and Phe453 as the aromatic box of LsALDH16. In
addition to the box, eight other nonpolar and aromatic
residues line predicted aldehydepocket. Thearomatic
box and several other residues in the aldehyde pocket
are highly conserved by bacterial ALDH16s. This
analysis suggests that bacterial ALDH16 may exhibit
a preference for nonpolar aldehyde substrates.
Concluding Remarks

We demonstrated that bacterial ALDH16 is a bona
fide ALDH enzyme, whereas HsALDH16A1 likely is a
pseudoenzyme. The former result is consistent with the
fact that bacterial ALDH16 sequences contain key
conserved residues known to function directly in
catalysis, including the catalytic Cys, an Asn residue
that hydrogen bonds to the oxyanion intermediate, and
the Glu residue that activates an active site water
molecule for hydrolysis of the of acyl-enzyme interme-
diate (Cys295, Asn165, and Glu261 in LsALDH16).
The lack of measureable aldehyde oxidation activity
with HsALDH16A1 is consistent with the fact that all
three of the aforementioned critical residues are absent
in mammalian (and zebrafish) ALDH16 sequences.
It appears that HsALDH16A1 is a pseudoenzyme.

An implication of this finding is that future investiga-
tions into the biological roles of HsALDH16A1 might
concentrate on the mechanisms typically ascribed to
pseudoenzymes [40], such as modulating the activity
of other proteins, including genuine ALDH enzymes,
via protein–protein interaction. For example, a rare
missense mutation in ALDH16A1 (Pro to Arg) is
associated with increased serum uric acid levels and



Fig. 9. The active site of LsALDH16. (a) 1.65-Å resolution electron density for the catalytic loop of the NAD+ complex
(polder omit, 3σ). (b) Comparison of the catalytic loops of LsALDH16 (gray) and ALDH2 (pink). (c) Residues in the
predicted aldehyde binding site of LsALDH16. The surface represents the region likely occupied by aldehyde substrates
as deduced from structures of ALDHs complexed with products and inhibitors (PDB 6ALJ, 6B5H, 5FHZ, and 4ZUL).
Residues in blue line the predicted aldehyde cavity. Note the preponderance of nonpolar residues lining the cavity.
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gout [11]. It is hypothesized that ALDH16A1 binds to
HPRT1, a key enzyme in uric acid metabolism, and
the mutation disrupts this protein–protein interaction,
diminishing HPRT1 enzymatic activity, leading to
hyperuricemia [7]. In a different context, the interaction
of ALDH16A1 with maspardin has been proposed to
play a role in the pathogenesis of mast syndrome
(SPG21), an autosomal-recessive form of hereditary
spastic paraplegia characterized by dementia and
other brain abnormalities [12].
The extra domain of ALDH16 contains a Rossmann

fold subdomain and protruding β-flap, and is thus
structurally similar to the NAD+-binding and oligomer-
ization domains of classical ALDHs. The tertiary
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structure of ALDH16 resembles the quaternary struc-
ture of the classic ALDH dimer, a relationship we refer
to as trans-hierarchical structural similarity. Essentially,
ALDH16mimics three-fourths of an ALDH dimer. Also,
ALDH16 forms a unique dimer not observed previously
in the ALDH superfamily. Nevertheless, the ALDH16
dimermimics the familiar ALDH tetramer, both in terms
of the specific intermolecular β-sheet hydrogen bond-
ing pattern at the center of the oligomer and the overall
shape of the assembly.
We suggest that the structure reported heremay be

considered to be the archetype of the ALDH16 family.
This is based on SAXS analysis suggesting that
LsALDH16 and HsALDH16A1 (37% sequence iden-
tity) are similar in oligomeric structure andmostly likely
protein fold. Thus, our high-resolution structure of
LsALDH16 provides an accurate template for model-
ing other ALDH16 proteins, which should facilitate
future studies of themolecular and biological functions
of ALDH16 enzymes and pseudoenzymes.
Materials and Methods

Expression clones

A codon-optimized gene encoding ALDH16 from
Loktanella sp. 3ANDIMAR09 (LsALDH16, NCBI
RefSeq WP_056035394.1, 766 residues) was obtain-
ed from GenScript in the pET24b expression vector.
The gene was designed so that the expressed protein
includes an N-terminal His6-tag and tobacco etch virus
protease (TEVP) recognition motif with the sequence
MHHHHHHSSGVDLGTENLYFQ/S, where / denotes
the cleavage site. A stop codon was inserted after the
gene to prevent expression of the C-terminal His tag
encoded by pET24b. Treatment with TEVP produces
the full-length 766-residue LsALDH16 protein preced-
ed by Ser0. The C295A mutant variant of LsALDH16
was generated using the QuikChange II site-directed
mutagenesis kit (Agilent).
An expression plasmid encoding ALDH16 from L.

arenae (LaALDH16, NCBI RefSeq WP_021099445,
766 residues) was designed similarly. LaALDH16 and
LsALDH16 are 73% identical in amino acid sequence.
A plasmid containing the cDNA of human

ALDH16A1 (HsALDH16A1, GenBank ID AAH14895.
2, 802 residues) was purchased from Thermo-Fisher.
The cDNA was subcloned into pET28a between
restriction sites NdeI and XhoI. We engineered the
pET28a vector to have a TEVP cleavage in place of the
thrombin cleavage site. Thus, the expressed protein
includes the full-length HsALDH16A1 sequence and
an N-terminal His6-tag and TEVP recognition site.
Treatment with TEVP results in the HsALDH16A1
polypeptide preceded by Gly-Ser-His. HsALDH16A1
and LsALDH16 are 37% identical in amino acid
sequence.
Protein expression and purification

LsALDH16 was expressed in Escherichia coli BL21
(DE3) codon plus cells, grown to an OD600 of 0.6 at
37 °C, chilled to 18 °C, and induced overnight with
500 mM IPTG. Cells were harvested via centrifugation
at 3500g, resuspended in binding buffer [50 mMHepes
(pH 7.5), 300 mM NaCl, 20 mM imidazole, and 5%
glycerol (w/v)], and lysed by sonication. Unbroken cells
and cell debris were removed via centrifugation at
16,500g. Cleared lysate was loaded onto a column
containing 3 mL Ni-NTA (QIAGEN) pre-equilibrated
with binding buffer. Following extensive washing of the
resin with the binding buffer, the bound protein was
eluted using the binding buffer containing 250 mM
imidazole. The His6-tag was cleaved by first incubating
the protein samplewith TEVP for 2 hat 28 °C, and then
dialyzing the sample, which still contained the added
TEVP, overnight at 4 °C into a buffer containing 50 mM
Tris–HCl (pH 8.0), 10 mM NaCl, 2.5% glycerol, and
0.5 mM tris(2-carboxyethyl)phosphine. The target pro-
tein was separated from the His-tag and uncleaved
protein using the Ni-NTA column, with the cleaved
LsALDH16 appearing in the flow-through. The flow
through was loaded onto a 1-mL HiTrap Q anion
exchange column (GE) using a buffer consisting of
50 mM Tris–HCl (pH 8.0) and 2.5% glycerol, and a
linear gradient of NaCl eluted LsALDH16 at ~200 mM
NaCl. The protein concentration was estimated using
the bicinchoninic acid method (Pierce kit) with bovine
serum albumin as the standard. Fractions containing
LsALDH16 were identified by SDS–PAGE and further
purified via size exclusion chromatography on a FPLC
equipped with a HiLoad 16/60 Superdex 200 pg
column equilibrated with 20 mM Tris–HCl (pH 8.0),
100 mM NaCl, 2.5% glycerol, and 0.5 mM tris(2-
carboxyethyl)phosphine. NAD+ was not added during
the purification. LaALDH16 and HsALDH16A1 were
expressed and purified as described above for
LsALDH16. The molecular masses of HsALDH16A1
and LsALDH16 were 85,394.7 and 80,792.3 Da by
electrospray ionization mass spectroscopy, consistent
with the expected sizes for the recombinant proteins of
85,395.7 and 80,793.2 Da, respectively.

Protein crystallization

Optimized crystals of wild-type LsALDH16 and
C295A were obtained by hanging-drop vapor diffusion
using the protein concentrated to 6 mg/mL in a storage
buffer consisting of 20 mM Tris–HCl at pH 8.0,
100 mM NaCl, 2.5% glycerol, and 0.5 mM tris(2-
carboxyethyl)phosphine. For crystallization of the
cofactor complexes, a stock of NAD+ or NADH was
first added to the protein sample at a final concentration
of 5 mM, mixed, and allowed to equilibrate for 30 min
on ice. The sample was centrifuged for 5 min and the
supernatant was used for setting up crystallization
experiments. Crystals were grown from drops
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composed of the protein sample, reservoir, and a
microseed solution mixed in a volume ratio of 1:1:0.2,
where the reservoir solution comprised 20% (w/v)
polyethylene glycol (PEG) 3350, 200 mM ammonium
sulfate, and 100 mM Bis–Tris at pH 5.5, and the
microseed solution was made from crushed crystals
diluted 1:100 in reservoir. Clear, colorless crystals grew
to 200 × 200 × 50 μm3 over a period of a week at
room temperature. Crystals of C295A complexed with
pNPA were prepared by soaking the apo crystals with
the reservoir solution supplemented with 10 mM pNPA
for about 30 min. All LsALDH16 crystals were cryo-
protected with 15% glycerol and flash-cooled in liquid
N2.
Crystals of LaALDH16 were also grown and used

to determine the initial phases of the LsALDH16
structures. These crystals were obtained in a
condition from a Morpheus screen (Molecular
Dimensions) containing 60 mM CaCl2/MgCl2,
100 mM Hepes/Mops at pH 7.5, 20% PEG 500
MME, and 10% PEG 20,000. LaALDH16 crystals
were cryo-protected with 15% glycerol and flash-
cooled in liquid N2.

Diffraction data collection and structure
determination

Diffraction data were collected in shutterless mode
from single crystals at the MBC beamline 4.2.2 at the
Advanced Light Source, Berkeley, CA, or at the NE-
CAT 24-ID-C beamline at the Advanced Photon
Source, Argonne, IL. Each data set consisted of a
wedge of 180° of data collected with a Taurus-1
(4.2.2) or a Pilatus 6MF (24-ID-C) detector over a
period of 180 s. Images were written to disk every
0.2 s, so that the data set consisted of 900 images
with an effective oscillation width of 0.2°. The data
were indexed, integrated, and scaled with the XDS
package [43]. Intensities were merged and convert-
ed to amplitudes with AIMLESS [44]. Data process-
ing statistics for LaALDH16 and LsALDH16 are
provided in Tables S1 and 1, respectively.
The space group of the wild-type LsALDH16

crystals is P21212 with unit cell parameters a = 80 Å,
b = 159 Å, and c = 63 Å, and one protein molecule
per asymmetric unit. The C295A-pNPA complex has
space group P212121 with unit cell parameters of a =
79 Å, b = 120 Å, and c = 159 Å, and two molecules
arranged as a dimer in the asymmetric unit. For
LaALDH16, the space group is P2 with unit cell
parameters of a = 98 Å, b = 63 Å, and c = 134 Å,
β = 109°, and two proteinmolecules in the asymmetric
unit.
Initial phaseswere determined bymolecular replace-

ment with the program PHASER [45]. The initial
solution of ALDH16 was first determined from a 2.95-
Å resolution data set of LaALDH16 and subsequently
used to solve the apo structure of LsALDH16. Domain
search models for the LaALDH16 data set were
generated with SWISS-MODEL [46] using the se-
quence of LaALDH16 and a structural template from
chain A of the bifunctional proline catabolic enzyme
PutA from Sinorhizobium meliloti (PDB entry 5kf6 [8]).
S. meliloti PutA contains a proline dehydrogenase
domain, an L-glutamate-γ-semialdehyde dehydroge-
nase (ALDH4) domain, and aC-terminal domain that is
homologous to the C-terminal domain of ALDH16. The
PutAALDH4domain is 33% identical to the LaALDH16
ALDH module, while PutA C-terminal domain is 31%
identical to the LaALDH16 C-terminal domain. The two
models generated by SWISS-MODEL were input to
PHASER as separate “ensembles.” PHASER gener-
ated a solution in space group P2 consisting of two
copies each of the ALDH and C-terminal domains.
The initial solution from molecular replacement was

modified in COOT [47,48] by deleting parts of the
model that had poor fit to the electron density map.
Iterative rounds of model building and restrained
refinement were carried out with COOT, PHENIX
AutoBuild [49], and phenix.refine [50]. To solve the
apo LsALDH16 structure, a search model was
generated with CHAINSAW [51] using the sequence
of LsALDH16 and a template from the monomer A of
the LaALDH16 structure (73% sequence identity).
These calculations showed that the space group of
apo LsALDH16 isP21212 with one proteinmolecule in
an asymmetric unit. The model was completed after
iterative rounds of model building and restrained
refinement. Subsequently, the apo LsALDH16 struc-
ture was used to solve the other LsALDH16 struc-
tures. The restraint files for ligands were generated in
PHENIX eLBOW [52]. Refined structures were
validated with MolProbity [53] and the PDB validation
server. Refinement statistics are provided in Table 1.
We note that the C295A-pNPA data set exhibits
translational non-crystallographic symmetry as evi-
denced by an off-origin peak in the native Patterson
map with height of 47% relative to the origin peak.
Nevertheless, the structure could be solved by
molecular replacement and refined to acceptable
statistics (Table 1).

SAXS

Shutterless SAXS data collection was performed
with a Pilatus detector at beamline 12.3.1 of the
Advanced Light Source through the SIBYLS Mail-in
High Throughput SAXS program [54]. Samples of
LsALDH16 and HsALDH16A1 were passed through a
16/60 Superdex 200 prep grade size exclusion
chromatography column that had been equilibrated
with 20 mM Tris–HCl (pH 8.0), 100 mM NaCl, 2.5%
glycerol, and 0.5 mM Tris(3-hydroxypropyl)phosphine.
Theproteinswere dialyzed overnight against a buffer of
20 mM Tris–HCl (pH 8.0), 100 mM NaCl, 2.0% glyc-
erol, and 0.5 mM Tris(3-hydroxypropyl)phosphine and
concentrated. Protein concentration was estimated
with the bicinchoninic acid assay. For each protein,
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32 images were collected in 10 s at three different
protein concentrations (Table 2). Images for back-
ground subtraction were collected similarly from the
dialysate. The SAXS FrameSlice web tool (http://
sibyls.als.lbl.gov/ran) was used to analyze the data for
radiation damage and to identify the best buffer
replicate for subtraction. Data averaging and merging
were also carried out with FrameSlice as follows. For
each sample, the Guinier region averaged over the
first three images was merged with the Porod and
wide-q region averaged over frames 7–12 images.
PRIMUS [55] was used to inspect the merged data
and to derive the SAXS parameters. The maximum
particle dimension was estimated from calculations of
the pair distribution function using GNOM [56] via
PRIMUS.

Thermal shift assays

Differential scanning fluorimetry was performed
using a bench top real-time PCR instrument
(QuantStudio™ 3 System). Melting curves were
generated by slowly warming ALDH16 (at 0.5 mg/
mL) through a thermal cycle (4 to 95 °C) in 0.3 °C
increments for 60 s in the buffer containing 20 mM
Tris–HCl, 150 mM NaCl, and SYPRO Orange (5×)
dye, while monitoring increased fluorescence of the
dye as it binds to denatured protein. For samples
containing the cofactor, the protein was pre-incubated
with 5 mM cofactor on ice before the measurement.

Enzyme activity assays

ALDH activity was measured by monitoring the
production of NADH at 340 nm (molar extinction
coefficient of 6220 M−1 cm−1) at room temperature
using hexanal as the substrate. Assays were per-
formed both in a standard cuvette and a microplate
reader. For example, the progress curve shown in
Fig. S2A was generated from a 1-mL reaction
performed in a cuvette containing 1 μM enzyme,
5 mM NAD+, 1 mM hexanal in 100 mM sodium
pyrophosphate at pH 8. For the determination of
Michaelis–Menten kinetic parameters, the assays
were performed in 96-well plates in a Biotek Epoch 2
UV–Vis spectrophotometer with hexanal as the
variable substrate. The reaction mixture (200-μL)
contained 15 nM enzyme, 2.5 mM NAD+, and hexa-
nal in 100 mM sodium pyrophosphate at pH 8. The
C295A mutant was measured similarly but at much
higher enzyme concentration of 140 nM; activity was
not observed with C295A, as expected (Fig. 7a). The
initial velocity for each substrate concentration was
extracted from the first 60 s for each progress curve.
The data were fit to a Michaelis–Menten model
using Origin (2018), and values are shown as the
mean ± standard error from triplicate measurements.
DEAB is a mechanism-based covalent inactivator

of some ALDHs [41,42]. The mechanism-based
inactivation of LsALDH16 by DEAB was examined
by monitoring the rate of loss of enzyme activity after
treatment with DEAB using hexanal as the substrate,
as we described previously for ALDH7A1 [41]. The
enzyme was first equilibrated with 2.5 mM NAD+ for
an hour and then 200 μM DEAB was added to
initiate inactivation. Aliquots were removed at 0, 10,
20, and 30 min after the start of inactivation and
diluted 1:100 into a 1-mL reaction mixture containing
5 mM NAD+ and 1 mM hexanal in 100 mM sodium
pyrophosphate at pH 8, and the residual activity was
measured. Data were fit to a one-phase exponential
decay model using Graphpad Prism (v 5.0), and the
data points represent the average of three indepen-
dent experiments (each n = 3).
Esterase activity was measured using pNPA as the

substrate in the absence of NAD+ by monitoring the
rate of p-nitrophenolate production spectrophotomet-
rically by absorbance at 405 nm. Michaelis–Menten
kinetic parameters were determined similarly as the
ALDH activity using a serial dilution of pNPA (eight 2-
fold dilutions starting from 5.5 mM) in 200-μL reac-
tions in a 96-well plate. The reactionmixture contained
15 nMenzymeand varying concentrations of pNPA in
100 mM sodium pyrophosphate at pH 8. The C295A
mutant was studied similarly using 140 nM enzyme
and exhibited no measurable esterase activity, as
expected.

Mass spectrometry

The masses of apo HsALDH16A1, apo LsALDH16,
and DEAB-inactivated LsALDH16 were determined
using mass spectrometry. Protein samples were
vortexed briefly at the lowest speed, and then diluted
in 1% formic acid to 1 pmol/μL. A 0.5-μL injection was
loaded onto a C8 column and separated with an LC
gradient of about 18.5 min. The mass was acquired
on Agilent 6520 QTOF, and the data were summed
across the peaks of elution and deconvoluted for
intact mass.

Accession numbers

The coordinates and structure factor amplitudes
have been deposited in the Protein Data Bank under
the following accession numbers: 6MVR (apo),
6MVS (NAD+), 6MVT (NADH), and 6MVU (C295A-
pNPA). The SAXS curves have been deposed in the
Small-Angle Scattering Biological Data Bank [57]
under the accession numbers listed in Table 2.
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