
Identification of 3-deoxyglucosone dehydrogenase as aldehyde
dehydrogenase 1A1 (Retinaldehyde dehydrogenase 1)

François Collard,
Université catholique de Louvain, Christian de Duve Institute of Cellular Pathology, Avenue
Hippocrate 75, B-1200 Brussels, Belgium

Didier Vertommen,
Université catholique de Louvain, Christian de Duve Institute of Cellular Pathology, Avenue
Hippocrate 75, B-1200 Brussels, Belgium

Juliette Fortpied,
Université catholique de Louvain, Christian de Duve Institute of Cellular Pathology, Avenue
Hippocrate 75, B-1200 Brussels, Belgium

Gregg Duester, and
Burnham Institute for Medical Research, 10901 North Torrey Pines Road, La Jolla, CA 92037, USA

Emile Van Schaftingen*
Université catholique de Louvain, Christian de Duve Institute of Cellular Pathology, Avenue
Hippocrate 75, B-1200 Brussels, Belgium

Abstract
One of the metabolic fates of 3-deoxyglucosone, a product of protein deglycation and a potent
glycating agent, is to be oxidized to 2-keto-3-deoxygluconate, but the enzyme that catalyses this
reaction is presently unknown. Starting from human erythrocytes, which are known to convert 3-
deoxyglucosone to 2-keto-3-deoxygluconate, we have purified to near homogeneity a NAD-
dependent dehydrogenase that catalyses this last reaction at neutral pH. Sequencing of a 55 kDa band
coeluting with the enzymatic activity in the last step indicated that it corresponded to aldehyde
dehydrogenase 1A1 (ALDH1A1), an enzyme known to catalyse the oxidation of retinaldehyde to
retinoic acid. Overexpression of human ALDH1A1 in HEK cells led to a more than 20-fold increase
in 3-deoxyglucosone dehydrogenase activity. In mouse tissues 3-deoxyglucosone dehydrogenase
activity was highest in liver, intermediate in lung and testis, and negligible or undetectable in other
tissues, in agreement with the tissue distribution of ALDH1A1 mRNA. 3-Deoxyglucosone
dehydrogenase activity was undetectable in tissues from ALDH1A1−/− mice. ALDH1A1 appears
therefore to be the major if not the only enzyme responsible for the oxidation of 3-deoxyglucosone
to 2-keto-3-deoxygluconate. The urinary excretion of 2-keto-3-deoxygluconate amounted to 16.7
μmol/g creatinine in humans, indicating that 3-deoxyglucosone may be quantitatively a more
important substrate than retinaldehyde for ALDH1A1.
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1. Introduction
Recent work has led to the identification of a new protein repair mechanism that removes
fructosamines from proteins [1–3]. Fructosamines arise through a spontaneous reaction of
glucose with amines present at the amino terminus and at the lysine side-chains of proteins
[4]. The enzyme that repairs fructosamines is an ATP-dependent kinase, fructosamine 3-kinase,
which phosphorylates the third carbon of the sugar moiety of fructoselysine residues.
Fructosamine 3-phosphates are unstable, decomposing to 3-deoxyglucosone, inorganic
phosphate and a free amine, thus regenerating the amine in its original state [1–3]. 3-
Deoxyglucosone, the carbohydrate product of fructosamine 3-phosphate decomposition, is
itself a potent glycating agent that may react with lysine and arginine side-chains to form
various AGEs, thought to be involved in the pathogenesis of diabetic complications [5]. Cells
have, however, the ability of reducing 3-deoxyglucosone to 3-deoxyfructose and to oxidize it
to 2-keto-3-deoxygluconate [6]. Several enzymes that catalyse the reduction to 3-
deoxyfructose have been identified. These are dihydrodiol dehydrogenase, aldehyde reductase
and aldose reductase [7–9]. The enzyme that catalyses the oxidation of 3-deoxyglucosone to
2-keto-3-deoxygluconate has, however, not yet been identified.

In the present paper, we report that human erythrocytes, which have been shown to convert 3-
deoxyglucosone to 2-keto-3-deoxygluconate [6] contain an NAD-dependent 3-
deoxyglucosone dehydrogenase acting at neutral pH. We have purified this enzyme from
human erythrocytes, have partially characterized it and found that it corresponds to aldehyde
dehydrogenase 1A1 (ALDH1A1).

2. Materials and methods
2.1. Purification of 3-DGDH from human erythrocytes

All steps were performed at 4°C. 300 ml of washed erythrocytes were thawed and diluted with
1.5 l of buffer A (10 mM Hepes, pH 7.1, 1 mM dithiothreitol, 1 μg/ml leupeptin, 1 μg/ml
antipain). The resulting lysate was centrifuged for 1 h at 11 000 g. NaCl (100 mM final
concentration) and poly(ethylene)glycol (14 %) were added to the supernatant (1.2 l), which
was centrifuged for 45 min at 11 000 g. The resulting pellet was resuspended in 900 ml buffer
B (25 mM Tris, pH 8.0, 1 mM dithiothreitol, 1 μg/ml leupeptin, 1 μg/ml antipain) and loaded
onto a 125 ml DEAE Sepharose column. The column was washed with 250 ml buffer B and a
linear NaCl gradient (0–500 mM in 500ml) was applied to elute 3-deoxyglucosone
dehydrogenase (3-DGDH).

The fractions containing 3DGDH (50 ml) were pooled, diluted to 500 ml in buffer B and loaded
on a 25 ml Q Sepharose column. The column was washed with 50 ml buffer B and 3-DGDH
was eluted with a linear NaCl gradient (0–300 mM in 400 ml). The active fractions (42 ml)
were pooled and concentrated to 4 ml in an Amicon cell equipped with a YM-10 membrane.
Two ml of this preparation were loaded onto a 1.6 × 60 cm Sephacryl S-200 column equilibrated
with 25 mM Hepes, pH 7.1, 100 mM NaCl, 1 mM dithiothreitol, 1 μg/ml leupeptin and 1 μg/
ml antipain (buffer C). The active fractions from two such columns (9 ml) were pooled and
diluted to a final wolume of 50 ml in buffer D (25 mM Hepes, pH 7.1, 1 mM dithiothreitol, 1
mM MgCl2, 1 μg/ml leupeptin and 1 μg/ml antipain) and applied on a 10 ml Blue Sepharose
column. The column was washed with 3 volumes of buffer D; 3DGDH was recovered in the
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flow-through and washing fractions (40 ml) and concentrated to 10 ml; 5 ml of this preparation
was applied onto a UnoQ (1 ml) column equilibrated in buffer B. The column was washed with
buffer B and the retained protein was eluted with a linear NaCl gradient (0–400 mM in 20 ml).
Protein identification was performed by mass spectrometry as previously described [10].

2.2. Over-expression of 3-DGDH in HEK293 cells
The sequence encoding human ALDH1A1 was PCR-amplified from human liver cDNA using
Taq polymerase, a 5′ primer (CTGACCGAATTCCACCATGTCATCCTCAGGCACG)
containing the putative ATG codon flanked by an EcoRI site (underlined), and a 3′ primer
(GCTAGCCAAGCTTGTTATGAGTTCTTCTGAGAGAT) containing the putative stop
codon flanked by an HindIII site. The amplification product (≈1550 bp) was cloned in
pBluescript and checked by sequencing. An EcoRI-HindIII fragment was removed from this
plasmid and ligated in pCMV5, which was used for transfections. HEK-293 cells were cultured
under 5% CO2 at 37°C in Dulbecco’s minimal essential medium containing 10% (vol/vol) FCS
in 10-cm diameter Sarstedt dishes. The cells were transfected using JetPEI™ (Poly-Plus
Transfection) with 8 μg pCMV5 DNA, incubated for 54 hours and harvested in 0.75 ml of
buffer D. After three cycles of freezing and thawing, the cell lysates were centrifuged for 30
min at 10 000 g and 4°C. The supernatant obtained from 20 dishes was diluted with two volumes
of buffer B and loaded onto a 10-ml DEAE-Sepharose column at 4°C. The column was washed
with 30 ml of buffer B and then a linear NaCl gradient (0–500 mM in 100ml buffer B) was
applied to elute 3-deoxyglucosone dehydrogenase. The latter represented 40% of total proteins
in the purest fractions used for enzymatic assays.

2.3. Preparation of mouse tissues extracts
Tissues were collected from 30 g male NMRI or from ALDH1A1−/− mice [11], and
immediately frozen in liquid nitrogen and maintained at −70°C until use. The frozen samples
were homogenized at 4°C in a Potter-Elvehjem device with 3 ml/g tissue of buffer E (25 mM
Hepes, pH 7.1, 100 mM KCl, 1 mM dithiotreitol, 5 μg/ml leupeptin and 5 μg/ml antipain). The
homogenates were centrifuged for 30 min at 10 000 g. The supernatant was collected and
proteins were precipitated by adding poly(ethylene)glycol to a final concentration of 25%
(which quantitatively precipitates 3-DGDH). Samples were centrifuged for 30 min at 10 000
g. The resulting pellet was resuspended in the same volume of buffer B and used for 3-DGDH
assays.

2.4. Enzymatic assays
For the assay of 3-DGDH activity, the enzyme preparation (50 μl) was incubated at 30°C in a
reaction mixture (150 μl) containing 25 mM Hepes, pH 7.1, 1 mM dithiotreitol, 5 mM NAD
and 1 mM 3-deoxyglucosone. After appropriate times (15–120 min), 50 μl perchloric acid was
added and the mixture centrifuged for 10 min at 16 000 g at 4°C. The supernatant was
neutralised with 3 M K2CO3 and 2-keto-3-deoxygluconate was assayed enzymatically with
E.coli 2-keto-3-deoxygluconate kinase [2]. The activity of purified 3-DGDH was also
determined by following A340 with a Beckman spectrophotometer. Typically, 10 μl of enzyme
preparation was incubated at room-temperature in a reaction mixture (50 μl in a 100 μl micro-
cuvette) containing 25 mM Hepes, pH 7.1, 1 mM dithiotreitol, 1 mM NAD and the indicated
concentrations of cofactor and substrate.

Urine samples were mixed with 0.5 volumes of 10 % perchloric acid, washed with two volumes
5% charcoal, heated 10 min at 96°C and neutralised with 3 M K2CO3 before determination of
2-keto-3-deoxygluconate. Creatinine was determined using the Jaffé method.
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3. Results
3.1. Purification and identification of 3-deoxyglucosone dehydrogenase

We purified the NAD-linked 3-deoxyglucosone dehydrogenase reported to be present in human
erythrocytes [6]. This enzyme was assayed at neutral pH (pH 7.1) by measuring the NAD-
dependent conversion of 3-deoxyglucosone to 2-keto-3-deoxygluconate with a specific assay
based on E. coli 2-keto-3-deoxygluconate kinase. The purification procedure involved
fractionation with poly(ethylene)glycol and chromatographic steps on DEAE-Sepharose, Q-
Sepharose, Sephacryl S-200, Blue-Sepharose and UnoQ. 3-Deoxyglucosone dehydrogenase
was eluted as a single peak from each of the columns (not shown), suggesting that a single
enzyme was responsible for this activity in erythrocytes. The enzyme was purified more than
400-fold with a yield of about 1 % (Table 1). This low yield was largely due to the fact that
only the most active fractions were selected after each step.

SDS-PAGE analysis of the fractions of the last chromatographic step (Figure 1b) revealed that
three bands were still present in the preparation. However, only the 55 kDa co-eluted with 3-
deoxyglucosone dehydrogenase. This band was cut from the gel, digested with trypsin, and the
resulting peptides were analyzed by tandem mass spectrometry. Eleven of them (Fig. 1c)
matched with aldehyde dehydrogenase 1A1 (ALDH1A1; gi-21361176), an enzyme known to
act on retinaldehyde, benzaldehyde and other aldehydes [12].

To confirm that ALDH1A1 was endowed with 3-deoxyglucosone dehydrogenase activity,
HEK-293 cells were transfected with an eukaryotic pCMV5 expression vector containing or
not the open reading frame of human ALDH1A1. Extracts of cells transfected with pCMV5-
ALDH1A1 construct displayed a 3-deoxyglucosone dehydrogenase activity of 1.6 ± 0.1 nmol/
min/mg of protein (n = 3) whereas no activity could be detected (< 0.05 mU/mg protein) in
cells transfected with a control plasmid.

At pH 7.1 and in the presence of 100 μM 3-deoxyglucosone, partially purified recombinant
ALDH1A1 displayed a Km for NAD of 85 μM and a Vmax of 18 nmol/min/mg protein)
whereas the activity with 1 mM NADP was < 5 % of that observed with 1 mM NAD. In the
presence of 1 mM NAD, recombinant ALDH1A1 displayed a Km of 95 μM for 3-
deoxyglucosone and a Vmax of 45 nmol/min/mg protein. The enzyme acted also on
benzaldehyde with a Km value ≤ 2 μM and a Vmax of 72 nmol/min/mg protein. The pH curve
of the 3-deoxyglucosone dehydrogenase activity showed a broad pH optimum between 7.1 and
9, with nearly identical activities at these values (not shown).

3.2. Tissue distribution of 3-deoxyglucosone dehydrogenase
Tissue distribution studies of the mouse ALDH1A1 mRNA indicates that it is mostly expressed
in liver and that intermediate level are found in lung and testis. No mRNA is detectable in other
tissues (brain, kidneys, muscle, heart) [13]. Using our specific enzymatic assay, we determined
the distribution of 3-deoxyglucosone dehydrogenase in mouse tissues. As shown in Figure 2,
the highest activity was observed in liver, followed by testis, lung and erythrocytes, whereas
no activity was detectable in other tissues. No 3-deoxyglucosone dehydrogenase activity could
be detected (< 0.05 mU/mg protein) in brain, lung, liver, kidneys, testis, and erythrocytes
(assays in triplicates, results not shown) from ALDH1A1−/− mouse [11].

3.4. Urinary excretion of 2-keto-3-deoxygluconate
No information is presently available on the presence of 2-keto-3-deoxygluconate in urine. To
address this point, we determined the concentration of this compound in urine from 4 healthy
subjects (male, 30–50 year old) using the assay based on 2-keto-3-deoxygluconate kinase [2].
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A mean value of 16.7 ± 0.9 μmol/g creatinine was found, indicating that the daily excretion of
2-keto-3-deoxygluconate is about 21.7 μmol/day (assuming a daily creatinine excretion of 1.3
g).

4. Discussion
Erythrocytes have been shown to contain an NAD-dependent dehydrogenase catalyzing the
oxidation of 3-deoxyglucosone to 2-keto-3-deoxygluconate. Purification of this enzyme to near
homogeneity led to its identification as ALDH1A1. This identification was confirmed by
showing that recombinant ALDH1A1 had similar properties as erythrocyte 3-deoxyglucosone
dehydrogenase. The findings that the tissue distribution of 3-deoxyglucosone dehydrogenase
parallels that ALDH1A1 mRNA and that this activity in undetectable in ALDH1A1 knockout
mice indicate that ALDH1A1 is the major if not the only enzyme responsible for 3-
deoxyglucosone oxidation. This conclusion is also supported by the finding that only one peak
of 3-deoxyglucosone dehydrogenase activity was detected in each of the chromatographic steps
that we carried out to purify this enzyme.

The enzyme described in this paper markedly differs from ‘ketoaldehyde
dehydrogenase’ [14–16], an enzyme that has been mostly studied with methylglyoxal as a
substrate, but the name of which suggests that it acts also on other ketoaldehydes such as 3-
deoxyglucosone. Unlike 3DGDH/ALDH1A1, ketoaldehyde dehydrogenase displays a higher
affinity for NADP than for NAD, is not active at neutral pH but well at alkaline pH, and requires
high concentrations of amines to be active. Furthermore, this enzyme purified from rat liver
does not appear to catalyse the oxidation of 3-deoxyglucosone to 2-keto-3-deoxygluconate
even at alkaline pH and in the presence of an amine that stimulates its activity on methylglyoxal
(unpublished results). Thus ketoaldehyde dehydrogenase appears to be very distinct from 3-
DGDH/ALDH1A1, which is the main enzyme responsible for the oxidation of 3-
deoxyglucosone.

ALDH1A1 is known to act on several substrates such as acetaldehyde, benzaldehyde, 4-
hydroxynonenal, malondialdehyde, and retinaldehyde [12,17,18]. The latter, which is the
precursor of retinoic acid, a compound playing a major role in cellular differentiation, is also
a substrate for ALDH1A2 and ALDH1A3. Mouse gene knock out models have shown that
ALDH1A1 deficiency does not lead to any detectable phenotype [11], although compound
mutant mice revealed that ALDH1A1 does play a redundant role in retinoic acid synthesis
needed for eye development [19]. This is in marked contrast with ALDH1A2 and ALDH1A3
deficiencies which lead to in utero death or lethal choanal atresia, respectively [21,21].
Furthermore, comparison of the crystal structure of ALDH1A1 and ALDH1A2 indicate that
ALDH1A1 has a larger catalytic cavity compared to ALDH1A2, consistent with the broader
substrate specificity of this enzyme [22,23]. These observations suggest that ALDH1A1 plays
essentially a metabolic role, which is consistent with its high activity in liver.

3-Deoxyglucosone is likely to be quantitatively an important substrate for ALDH1A1.
Assuming that the urinary excretion of 2-keto-3-deoxygluconate entirely derives from 3-
deoxyglucosone, it can be calculated that this enzyme catalyses the oxidation of about 20
μmol 3-deoxyglucosone/day. By comparison, the daily intake of Vitamin A, the main source
of retinaldehyde, represents about 3 mg [24], i.e., 10 μmol. This suggests that 3-
deoxyglucosone is quantitatively a slightly more important substrate than retinaldehyde for
ALDH1A1.
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Abbreviation list
ALDH1A1  

aldehyde dehydrogenase 1A1

3-DGDH  
3-deoxyglucosone dehydrogenase

HEK  
human embryonic kidney

FN3K  
fructosamine 3-kinase
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Figure 1. Identification of 3-deoxyglucosone dehydrogenase as aldehyde dehydrogenase 1A1
(ALDH1A1)
Panel A shows the elution profile of 3-DGDH from the UnoQ column, the last purification
step. Twenty μl of the indicated fractions were loaded on a SDS-PAGE gel, which was stained
with Coomassie blue (panel B). The indicated band was cut from the gel, submitted to trypsin
digestion and analyzed by mass spectrometry. Panel C shows the identified peptides
(underlined) in the sequence of ALDH1A1 (gi-21361176).
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Figure 2. Distribution of 3-deoxyglucosone dehydrogenase in mouse tissues
Results shown are the means of three experiments ± SEM.
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Table 1
Purification of 3-deoxyglucosone dehydrogenase from human erythrocytes

Proteins (g) Activity (mU/mg) Total Activity (mU) Purification Yield (%)

Hemolysate 78 0.029 2250 - 100
PEG (pellet) 66 0.029 1881 1 83.6
DEAE-Sepharose 1.905 0.21 400.1 7 17.8
Q-Sepharose 0.312 0.641 200.1 22 8.9
Sephacryl S-200 0.053 2.195 115.8 76 5.1
Blue-Sepharose 0.016 2.68 42.9 93 1.9
UnoQ 0.0017 12.57 22.0 436 1
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