
Unexpected roles for ADH1 and SORD in catalyzing the final
step of erythritol biosynthesis
Received for publication, April 24, 2019, and in revised form, September 3, 2019 Published, Papers in Press, September 11, 2019, DOI 10.1074/jbc.RA119.009049

Lisa Schlicker‡, Doletha M. E. Szebenyi§, Semira R. Ortiz¶, Alexander Heinz‡, Karsten Hiller‡�, and X Martha S. Field¶1

From the ‡Department of Bioinformatics and Biochemistry, BRICS, Technische Universität Braunschweig, 38106 Braunschweig,
Germany, §MacCHESS and ¶Division of Nutritional Sciences, Cornell University, Ithaca, New York 14853, and the �Helmholtz
Zentrum für Infektionsforschung, 38124 Braunschweig, Germany

Edited by Jeffrey E. Pessin

The low-calorie sweetener erythritol is endogenously pro-
duced from glucose through the pentose phosphate pathway
in humans. Erythritol is of medical interest because elevated
plasma levels of this polyol are predictive for visceral adiposity
gain and development of type 2 diabetes. However, the mecha-
nisms behind these associations remain unknown because the
erythritol biosynthesis pathway, particularly the enzyme cata-
lyzing the final step of erythritol synthesis (reduction of ery-
throse to erythritol), is not characterized. In this study, we puri-
fied two enzymes from rabbit liver capable of catalyzing the
conversion of erythrose to erythritol: alcohol dehydrogenase 1
(ADH1) and sorbitol dehydrogenase (SORD). Both recombinant
human ADH1 and SORD reduce erythrose to erythritol, using
NADPH as a co-factor, and cell culture studies indicate that this
activity is primarily NADPH-dependent. We found that ADH1
variants vary markedly in both their affinity for erythrose and
their catalytic capacity (turnover number). Interestingly, the
recombinant protein produced from the ADH1B2 variant, com-
mon in Asian populations, is not active when NADPH is used as
a co-factor in vitro. We also confirmed SORD contributes to
intracellular erythritol production in human A549 lung cancer
cells, where ADH1 is minimally expressed. In summary, human
ADH1 and SORD catalyze the conversion of erythrose to eryth-
ritol, pointing to novel roles for two dehydrogenase proteins in
human glucose metabolism that may contribute to individual
responses to diet. Proteomics data are available via Proteome-
Xchange with identifier PXD015178.

Erythritol is a four-carbon polyol that was approved as low
calorie sweetener by the FDA in 2001 (1). It naturally occurs in
various alcoholic beverages and fruits and has 70% of the sweet-
ness of sucrose (2). In a large cohort of college freshmen, Hoot-
man et al. (3) identified elevated plasma erythritol levels as a
predictive marker for central adiposity gain and high glycemia.
Plasma erythritol was also recently associated with onset of type

2 diabetes mellitus (T2DM)2 in adults followed over 20 years in
the Atherosclerosis Risk in Communities cohort (4). Erythritol
synthesis was not believed to occur in humans (2, 5). However,
using stable isotope tracing, evidence was provided for the first
time that human erythrocytes are capable of erythritol synthe-
sis from glucose via erythrose-4-phosphate (E4P) in the pentose
phosphate pathway (PPP) (Fig. 1) (3). In a recent case report,
deficiency in the PPP enzyme transaldolase (TALDO) was
accompanied by high concentrations of polyols including
erythritol, ribitol, and sedoheptitol in the urine, supporting the
link between erythritol production and the PPP (6). Although
the metabolic pathway for erythritol synthesis is now recog-
nized to be active in humans, the identity of the enzyme(s)
catalyzing the conversion of erythrose to erythritol remains
unknown.

Based on extensive toxicological investigations, erythritol is
in general considered safe for human consumption (2). The low
calorie sweetener is of interest to diabetic patients because
blood glucose and insulin levels are not affected by erythritol
consumption (7). Wen et al. (8) recently demonstrated that
erythritol exhibits anti-postprandial hyperglycemic activities
by competitively inhibiting �-glucosidase, which is beneficial
for diabetes management and a recent pilot study correlated
erythritol exposure with reduced central aortic stiffness and
improved endothelial function (9). Interestingly, erythritol
ingestion is toxic for the fruit fly Drosophila melanogaster
and its insecticidal properties are currently under investiga-
tion (10, 11).

Currently, industrial erythritol production relies on bio-
technological methods using bacterial, fungal, or yeast
strains (1, 12), and the metabolic pathway using glucose as a
substrate is well-characterized. In eukaryotes, glucose is phos-
phorylated yielding glucose 6-phosphate (G6P), which is
subsequently converted to ribulose 5-phosphate in the oxi-
dative part of the PPP. In the following, nonoxidative part of
the PPP, carbon backbone rearrangements occur resulting in
the formation of E4P. Prior to erythritol formation, E4P is
dephosphorylated to erythrose and subsequently reduced in
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eukaryotic erythritol-producing microorganisms, such as
Candida magnoliae (13), Yarrowia lipolytica (14), and fila-
mentous fungi (15), the enzyme erythrose reductase, catalyz-
ing the final reduction step is well-characterized. However,
in humans, to our knowledge, the exact metabolic conver-
sions among E4P, erythrose, and erythritol, as well as the
identity of the catalyzing enzyme, are not described and
remain unknown. In this study, we isolated from rabbit liver
two distinct protein fractions capable of catalyzing conver-
sion of erythrose to erythritol. In addition, we confirmed
that the human recombinant forms of these enzymes also
exhibit this activity, effectively identifying novel roles for
two dehydrogenase proteins in glucose metabolism (Fig. 1).

Results

Erythritol synthesis in A549 cells is NADPH-dependent

Hootman et al. (3) previously showed that erythritol can be
synthesized endogenously from glucose, most probably via E4P
through the pentose phosphate pathway (PPP) (Fig. 1). How-
ever, the enzyme responsible for the formation of erythritol in
humans is not known. A colorimetric enzyme kinetics assay was
used to determine the cofactor (NADH or NADPH) and the
substrate (erythrose or E4P) required for erythritol synthesis in
A549 lung cancer cells, in which erythritol production was pre-
viously detected (data not shown). Because the substrate must
be reduced to form erythritol, the amount of reduced cofactor
(NADH or NADPH, �max � 340 nm) decreases as the reaction
proceeds. Although the NADH level did not decrease during
the time course of the assay, NADPH levels strongly decreased
when erythrose and the cell lysate were present in the assay
mixture (Fig. 2a, condition 1, black line). To ensure that the
erythrose was converted to erythritol, we extracted the assay
mixture at four different time points during the assay and mea-
sured the erythritol using GC-MS (Fig. 2b). Erythritol forma-

tion occurred only in the presence of NADPH and not in the
presence of NADH, indicating that the enzyme of interest
requires NADPH as a cofactor. A similar assay was used to
determine the physiological substrate. These experiments re-
vealed that erythrose, rather than E4P, is the substrate used by
the target enzyme both with respect to NADPH consumption
(Fig. 2a, black line) and erythritol formation in A549 cells (Fig.
2b, black line).

Rabbit liver ADH1 and SORD catalyze erythritol synthesis

Two distinct, pure protein fractions (Fig. 3) were purified
from rabbit liver with NADPH-dependent erythrose reduction
activity (Table 1), as described under “Experimental proce-
dures.” After purification and SDS-PAGE, three protein bands
were excised (the most prominent 37-kDa band from purified
fraction “A” and two bands belonging to purified fraction “B1”
and “B2”) and subjected to tryptic digestion. Peptides from each
protein were separated using LC-MS/MS and subsequently
identified as belonging to alcohol dehydrogenase 1 (ADH1,
fraction A, Table 2) and sorbitol dehydrogenase (SORD, frac-
tion B1, Table 3) based on the coverage of the protein from
identified peptides and the “Sequest HT” scores. Although the
protein with the highest Sequest HT score for the smaller band
excised from fraction B2 (Table 4) was identified as 33-kDa
glycine N-methyltransferase, it is likely this band is a degrada-
tion product of the larger 38-kDa SORD protein, which exhib-
ited the second-highest Sequest HT score. First, glycine
N-methyltransferase comprises a significant proportion (1%) of
total soluble liver protein in mammals (16). Second, the purifi-
cation required several purification steps, all of which took
place at room temperature over several days and included sev-
eral freeze-thaw cycles of the liver fractions. Rabbit liver ADH1,
fraction A, exhibited lower apparent Km values for erythrose
than did rabbit liver SORD, fraction B1 (Table 1, Fig. S1).
SORD, however, exhibited a much higher turnover number
(kcat) than did ADH1, especially when NADPH was used as a
cofactor (Table 1, Fig. S1).

Human recombinant ADH1B1, ADH1C2, and SORD catalyze
NADPH-dependent erythritol synthesis

To determine whether human ADH1 and SORD catalyze
erythrose reduction to erythritol, three common variants of
human ADH1 and human SORD were cloned into pet28a(�) to
make His6 fusions proteins, which were expressed in Esche-
richia coli and purified. More specifically, the ADH1B1 and
ADH1C2 cDNAs were directly cloned into pet28a(�). ADH1B2
results from a SNP of ADH1B1 (rs 1229984), which consists of a
Gly to Ala transition that causes a single amino acid change
(Arg to His). Site-directed mutagenesis of Arg-48 in ADH1B1
to His-48 was used to create the ADH1B2 protein (17). Human
recombinant ADH1B1, ADH1C2, and SORD proteins all cata-
lyze the NADPH-dependent conversion of D-erythrose to
erythritol, although apparent Km values are about 5-fold higher
for ADH1 variant proteins than for SORD in an enzymatic assay
(Table 5, Fig. S2). Unexpectedly, the recombinant ADH1B2
protein was not active with respect to D-erythrose reduction
activity with its physiological cofactor NADPH (Table 5, Fig.
S2), although the recombinant protein was capable of catalyz-

Figure 1. Conversion of glucose to erythritol via the pentose phosphate
pathway. Stable isotope tracers indicated that glucose was converted to
erythritol through the pentose phosphate pathway in human cells (3). Here
we demonstrate that the substrate for erythritol synthesis is erythrose, not
erythrose-4-phosphate and that the required cofactor in human cells is
NADPH. In addition, this reaction is catalyzed by ADH1 and SORD. F6P, fruc-
tose 6-phosphate; G3P, glyceraldehyde 3-phosphate; G6P, glucose 6-phos-
phate; R5P, ribose 5-phosphate; S7P, sedoheptulose 7-phosphate; X5P, xylu-
lose 5-phosphate.
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ing ethanol oxidation (ethanol Km � 1.5 mM), indicating that an
active protein was purified. In addition, the human ADH1 var-
iant proteins and SORD were capable of reducing D-erythrose
to erythritol when NADH was used as a cofactor (Table 5, Fig.
S3), but this reaction may only occur in enzymatic assays in
vitro, as ADH1 and SORD are cytosolic enzymes (18, 19) and
NADH levels are relatively low in the cytosol (20). It is also
worth noting that none of the ADH1 variants, or SORD exhib-
ited erythrose reduction activity in vitro when the unnatural
sugar isomer L-erythrose was used as a substrate, regardless of
whether the cofactor was NADPH or NADH.

A computational modeling analysis of the ADH1 active site
containing a zinc atom, D-erythrose, and NADPH reveals that
the Arg-47 residue of ADH1B1 makes three contacts with
NADPH (Fig. 4A), including two contacts with the phosphate
moiety that distinguishes NADPH from NADH. It is important
to note that the primary structure of ADH1B1 in the protein
data bank file lacks the start methionine residue, so Arg-47 is
equivalent to Arg-48 in the cDNA of the recombinant protein
assayed. His-47 of ADH1B2 makes only one contact with
NADPH (Fig. 4B), and no contacts with the distinguishing

phosphate moiety, suggesting that the lack of activity observed
in ADH1B2 with erythrose and NADPH is the result of
impaired cofactor binding by ADH1B2. SORD and ADH1 are
structurally and kinetically homologous (21), but the binding
site for NADH or NADPH is more open in SORD; several of the
NADH/NADPH-protein contacts found in ADH, including
those involving residue 47, are replaced with NADH/NADPH
solvent contacts (Fig. 4, A–C). However, there appears to be a
specific contact made between the phosphate moiety of
NADPH and SORD Arg-208 (Fig. 4C); in ADH the correspond-
ing residue is Lys-228, which is present in all the forms studied
and also contacts NADPH. To interrogate the role of the SORD
Arg-208 residue, recombinant protein was expressed in which
Arg-208 of SORD was mutated to histidine. The SORD R208H
mutation did not affect the apparent Km for D-erythrose (118 �
11 for the WT compared with 141 � 26 mM for R208H, p �
0.05, Fig. S4) when NADPH was used as the cofactor, but did
reduce kcat to less than 20% of WT levels (1.6 � 0.1 compared
with 0.23 � 0.02 s�1 for R208H, p � 0.05, Fig. S4). These obser-
vations suggest that arginine contributes to NADPH binding in
these enzymes (22).

Figure 2. The cofactor NADPH is required for erythritol synthesis activity in A549 lung cancer cell lysate. Enzyme activity assay for (a) cofactor
(NADH or NADPH) and (c) substrate (erythrose or E4P) determination using A549 lung cancer cell lysate; b and d, GC-MS measurement of erythritol_4TMS
extracted from the enzyme activity assay mixture of all tested conditions tested at specified time points to confirm the production of erythritol (n � 3,
representative results).
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SORD contributes to erythritol production in A549 cells

To confirm that the identified enzymes, ADH1 and SORD,
contribute to endogenous erythritol formation in human cells,
we performed silencing experiments using siRNA in A549 lung
cancer cells and subsequently measured intracellular erythritol
levels. Forty-eight hours after siRNA application to the cells, we
determined the expression levels of the target genes by qPCR to
verify knockdown (Fig. 5, a and b). This demonstrated that in
A549 cells, ADH1B was not expressed at all (data not shown),
whereas ADH1C was expressed at very low levels indicated by
the consistently high CT values (CT � 34) (Fig. 5a). This is in
line with the publicly available expression data reported by the
Human Protein Atlas (www.proteinatlas.org) (43)3 for ADH1B
and ADH1C in A549 cells. As a result, A549 cells cannot be

used to determine the role of ADH1B and ADH1C in erythritol
synthesis and further studies in suitable culture models are
required. SORD-targeting siRNA, however, significantly re-
duced SORD mRNA levels to less than 15% of control levels
(p � 0.01, Fig. 5b). Intracellular erythritol levels were reduced
by 50% as a result of SORD knockdown (p � 0.001, Fig. 5c).
Moreover, based on the obtained mass isotopomer distribu-
tions (MIDs) after labeling with [U-13C]glucose (Fig. 5d), the
entire intracellular erythritol pool was labeled at all four carbon
atoms (M4) suggesting that in A549 lung cancer cells, 100% of
the intracellular erythritol is derived from glucose.

Discussion

Two recent publications revealed a strong correlation
between plasma erythritol levels and incident central adiposity
gain (3), increased glycaemia (3), and T2DM onset (4). In addi-
tion, one study uncovered the capacity of human metabolism to

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 3. Two protein fractions (A and B) purified from rabbit liver exhibit erythrose reduction activity. Each pure protein fraction was loaded in
duplicate (10 and 20 �g of total protein) on a 10% Tris glycine SDS-PAGE gel and visualized using Coomassie Brilliant Blue R-250. Molecular weights are defined
by Precision Plus ProteinTM All Blue Prestained Protein Standards (Bio-Rad). The 37-kDa band from the 20 �g lane for protein A and the 10 �g lane for protein
B were excised, digested, and analyzed using LC-MS/MS. In addition, the smaller band in “fraction B” was also analyzed and determined to be a degradation
product of the 37-kDa protein due to the high degree of identity of identified peptides between the 37- and 35-kDa bands.

Table 1
Kinetic characterization of protein fractions with erythrose reduction activity isolated from rabbit liver
Reaction buffer consisted of 50 mM sodium phosphate buffer, pH 6.8, 200 �M NADPH or NADH, and at least 5 concentrations of erythrose ranging from 0.5 to 100 mM.
Reactions were initiated with addition of purified protein. Final concentrations of protein were 49 �M fraction A (ADH1) for NADPH, 25 �M fraction A (ADH1) for NADH,
0.7 �M fraction B (SORD) for NADPH, and 2.6 �M fraction B (SORD) for NADH. Kinetic constants were determined for the NAD-dependent conversion of ethanol to
acetaldehyde for fraction A (ADH1) by monitoring production of NADH at 340 nm. Kinetic constants were also determined for the NAD-dependent conversion of sorbitol
to fructose for fraction B (SORD) by monitoring production of NADH at 340 nm. Reactions were initiated with addition of purified protein (final concentration 1.3 �M for
fraction A (ADH) and 0.13 �M for fraction B (SORD)). Measurements at each substrate concentration were performed in duplicate. Data are shown as average and standard
deviation determined from fitting the data to Y � Vmax � X/(Km � X), where Y represents reaction velocity and X indicates substrate concentration using GraphPad Prism
software. Km values are presented as “apparent Km” because these values were determined at only one saturating concentration of cofactor.

Substrate Cofactor Apparent Km kcat kcat/Km

mM s�1 M�1 s�1

Fraction A, ADH1 Erythrose NADPH 64.5 � 7.7 0.0041 � 0.0003 0.064 � 0.009
Erythrose NADH 80.1 � 18.9 0.016 � 0.002 0.205 � 0.059
Ethanol (control) NAD 5.7 � 0.5 0.106 � 0.004 18.6 � 1.8

Fraction B, SORD Erythrose NADPH 340.3 � 29 1.65 � 0.11 4.84 � 0.53
Erythrose NADH 266 � 120 0.13 � 0.05 0.51 � 0.29
Sorbitol (control) NAD 1.15 � 0.16 0.26 � 0.01 230 � 33

ADH1 and SORD catalyze erythritol synthesis
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endogenously synthesize erythritol via E4P in the PPP from
glucose (3). The human metabolic erythritol synthesis pathway
is further characterized here. In humans, the final step of eryth-
ritol formation requires erythrose rather than E4P as the direct
substrate and the enzymes that catalyze this reaction prefer
NADPH over NADH as a cofactor (Fig. 2). These finding are
analogous to erythritol-producing enzymes from eukaryotes
including C. magnoliae, Trichoderma reesei, Aspergillis niger,
and Fusarium graminearum, that also require NADPH as a
cofactor (13, 15).

Two enzymes catalyzing the NADPH-dependent conversion
of erythrose to erythritol, namely ADH1 and SORD, were puri-
fied from rabbit liver (Fig. 3). ADH1 constitutes one of six
classes of mammalian alcohol dehydrogenases (23). One pri-
mary function of ADH1 is the NAD�-dependent oxidation of
ethanol to acetaldehyde for alcohol detoxification (19). Differ-
ent ethnic groups exhibit variable capacity to metabolize etha-
nol, reflecting the varying kinetic properties of the allelic vari-
ants of ADH1 that exist among populations (19, 24). SORD

catalyzes the NAD�-dependent conversion of sorbitol to fruc-
tose, which constitutes the second step of the polyol pathway
(21). The flux through the polyol pathway is increased under
hyperglycemic conditions as occur in T2DM (18, 21).

The kinetic properties of three human recombinant variants
of ADH1 including ADH1B1, ADH1B2, and ADH1C2 and
human recombinant SORD were characterized with respect to
their ability to catalyze the NADPH-dependent conversion of
erythrose to erythritol. These represent the predominant vari-
ants in the Caucasian/African America, Asian, and Caucasian
populations, respectively (19). SORD exhibited a lower Km and
higher kcat value than the ADH1 proteins (Table 3), suggesting
that SORD more efficiently catalyzes the conversion of ery-
throse to erythritol as compared with the ADH1 variants.

Interestingly, the ADH1B2 variant protein did not catalyze
the conversion of erythrose to erythritol in vitro when the phys-
iological cofactor, NADPH, was included in the reaction (Table
3). The lack of erythrose reduction activity of ADH1B2 may be
explained in part by substitution of arginine with histidine at

Table 5
Kinetic characterization of erythrose reduction activity of human recombinant ADH1 variant proteins and SORD in vitro using NADPH as the
cofactor
Reaction buffer consisted of 50 mM sodium phosphate, pH 7.2, 200 �M NADPH or NADH, and at least 5 concentrations of erythrose ranging from 17.5 to 1120 mM.
Reactions were initiated with addition of 100 nM purified protein. The rate of NADPH or NADH consumption at 340 nm was monitored using a Shimadzu UV-2600
spectrophotometer. Measurements at each substrate concentration were performed in duplicate (two technical replicates). For ADH1B2, ADH1C2, and SORD, the Km and
Vmax values from each independent experiment was determined by fitting the data to Y � Vmax � X/(Km � X), where Y represents reaction velocity and X indicates substrate
concentration using GraphPad Prism software. For ADH1B1, the Km,Vmax, and Ki values from each independent experiment was determined by fitting the data to Y � Vmax �
X/(Km � X � (1 � X/Ki)), where Y represents reaction velocity and X indicates substrate concentration using GraphPad Prism software. Data are shown as average and S.D. of two
independent experiments. Km values are presented as “apparent Km” because these values were determined at only one saturating concentration of cofactor.

Allele Highest prevalence Apparent Km kcat kcat/Km Substrate inhibition

mM s�1 M�1 s�1

NADPH used as cofactor
ADH1B1 Caucasian, African American 322 � 168 0.9 � 0.3 1.4 � 1.2 Ki � 335 � 237 mM
ADH1B2 Asian No activity detected No activity detected No activity detected No activity detected
ADH1C2 Caucasian 518 � 180 0.40 � 0.07 0.9 � 0.3 None
SORD 118 � 11 1.58 � 0.05 13.8 � 1.4 None

NADH used as cofactor
ADH1B1 Caucasian, African American 272 � 70 1.04 � 0.19 3.8 � 1.2 Ki � 403 � 127 mM
ADH1B2 Asian 228 � 36 0.70 � 0.05 3.1 � 0.6 None
ADH1C2 Caucasian 443 � 78 1.60 � 0.17 3.6 � 0.7 None
SORD 94 � 2 4.10 � 0.03 43.1 � 2.0 None

Figure 4. Active site model of the ADH1B1, ADH1B2, SORD, erythrose, and NADPH complex. Modeled NADP(H) binding sites for (A) ADH1B1, (B) ADH1B2,
and (C) SORD. In ADH1B1, residue Arg-47 makes 3 H-bonds with NADP(H); in the B2 variant the corresponding residue, His-47, makes only one. In SORD, the
corresponding residue is Gly-45; it makes no contacts with NADP(H), but residue Arg-208 is in position for H-bonding. Modeled H-bonds are labeled with their
lengths, in Ångstroms. Zinc (gray) and a modeled bound erythrose (brown) are included, with their coordinating residues. The main chain is shown as a green
“worm” except for residues involved in coordinating ligands. Protein surrounding the active site is shown as a gray surface, with portions in front of the ligands
omitted for clarity. The figure was prepared with the program CCP4MG.
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position 48, which eliminates a hydrogen bond to the phos-
phate moiety of NADPH (Fig. 4). The homology model suggests
that this substitution reduces the potential for NADPH to bind
to the enzyme, apparently to the point where catalysis does not
occur. The importance of Arg-48 for ADH1B1 and Arg-208 for
SORD has been recognized before in the context of NAD�

binding (25, 26). However, to our knowledge, the essentiality
of the Arg-48 residue for NADPH-dependent function of
ADH1B2 has not been described before. ADH1B2 exhibits a
high catalytic efficiency for ethanol using NAD as a cofactor
(24) and exhibits erythrose reductase activity when NADH is
used as a cofactor. As described above, use of NADH as a cofac-
tor for erythritol synthesis likely does not occur in vivo because
ADH1 and SORD localize primarily to the cytosol, where
NADH levels are low (20). In addition, our results clearly indi-
cated that the enzymes catalyzing the reaction, ADH1 and
SORD, distinguish between the stereoisomers D- and L-ery-
throse. Only the physiological isomer, D-erythrose, was
enzymatically converted to erythritol. This is also consistent
with the inability to model L-erythrose into the active site of

ADH1B1 without creating unacceptably close interatomic
contacts.

siRNA targeting SORD demonstrated that SORD catalyzes
the formation of 50% of the intracellular erythritol pool in A549
cells (Fig. 5c). Moreover, based on stable isotope labeling using
[U-13C]glucose as a tracer, intracellular erythritol is derived
exclusively from glucose in A549 cells (Fig. 5d). These findings
indicate that, in a controlled in vitro experiment, all possible
precursors of erythritol, e.g. erythrose and E4P, are derived
from glucose. In the experimental setup chosen by Hootman et
al. (3) intracellular erythritol in blood cells was labeled to a
lesser extent from [U-13C]glucose. This may be explained by a
significantly shorter incubation time of the blood cells with the
tracer. In that experiment, only 50% of the total glucose avail-
able was labeled after tracer addition. In addition, whole blood
represents a very complex mixture containing a vast array of
metabolites; additional, nonlabeled metabolites might be pres-
ent that serve as potential substrates for erythritol synthesis.

Hootman et al. (3) demonstrated a strong association be-
tween elevated plasma erythritol and incident central adiposity

Figure 5. SORD contributes to intracellular erythritol in A549 lung cancer cells. Validation of gene expression knockdown, intracellular erythritol levels,
and erythritol labeling from [U-13C]glucose. mRNA levels were determined by quantitative real-time PCR for (a) ADH1C and (b) SORD, (c) resulting intracellular
erythritol levels represented by the measurement of the derivative erythritol_4TMS: signal intensity was normalized to internal standard (IS) d6-pentanedioic
acid and live cell number. d, MID of erythritol_4TMS (mean � S.E.) after 30 h of [U-13C]glucose labeling in A549 lung cancer cells, extraction and derivatization;
obtained p values compared with siCtrl using Welch’s t test and Bonferroni correction (n � 5) to adjust for multiple comparison: *, p � 0.05; **, p � 0.01; ***, p �
0.001 (n � 4, representative results).
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gain and elevated glycemia. However, it is unclear whether
increased dietary intake or increased endogenous synthesis of
erythritol from glucose lead to these increased plasma erythri-
tol levels (3). Our results revealed two enzymes capable of
erythritol synthesis from the substrate erythrose. Therefore,
enzymatic function of either SORD or ADH1 could result in
altered erythrose metabolism and directly influence plasma
erythritol levels. Based on the well-known association between
hyperglycemia and increased polyol pathway flux (18, 27),
increased plasma erythritol levels might represent a SORD-de-
pendent, early-stage readout of hyperglycemia. Additionally,
ADH1B is expressed in adipose tissue where expression
strongly correlated with increased waist circumference, BMI,
and insulin resistance (28). This suggests that increased central
adiposity may lead to increased erythritol synthesis because of
increased ADH1B expression.

The findings presented here have some important limita-
tions that highlight the need for ongoing investigation. First,
the plots of enzyme activity (Figs. S1–S4) used to determine
kinetic parameters for erythritol synthesis do not fully saturate,
which decreases the reliability of some of the resulting kinetic
parameters, although it does not significantly impact the pri-
mary findings of the study. This is due largely to the lack of
erythrose of sufficient purity and concentration from commer-
cial sources required for the highest concentrations in kinetic
assays. Second, the expression levels of ADH1 variants were too
low to obtain meaningful conclusions on the contribution of
ADH1 to intracellular erythritol synthesis in A549 lung cancer
cells. Third, although erythritol formation was significantly
reduced upon SORD knockdown, considerable amounts of
erythritol were still produced, suggesting that there may be an
additional enzyme capable of erythritol synthesis present in
A549 lung cancer cells. Finally, erythrose reductase activity in
A549 cells was not detected when excess NADH was added to
the cell lysate, which contrasts the observation that the recom-
binant human ADH1 and SORD proteins were capable of using
NADH as a cofactor in vitro. This could be due to differences in
binding affinity of NADH and NADPH for ADH1 and/or
SORD. Although outside the scope of the current study, this is
worth further characterization in other cell types, especially
noncancer cell types.

In summary, we identified two human enzymes, ADH1 and
SORD, that catalyze the NADPH-dependent reduction of ery-
throse to erythritol in humans. These studies have not only
identified previously unknown metabolic activities for these
enzymes, but have further characterized this novel human
metabolic pathway. Based on the in vitro kinetic properties
obtained for human SORD and the ADH1 variants, catalysis of
erythritol formation by SORD is more efficient than that of
ADH1. In addition, SORD meaningfully contributes to intra-
cellular erythritol production in A549 lung cancer cells. Further
studies are needed to determine the contribution of allelic vari-
ants of ADH1 to intracellular erythritol formation in ADH1-
expressing tissues, such as liver. Importantly, these findings
also suggest that the relationships among ADH1 variants
and/or SORD expression, glucose utilization, and ultimately
energy balance may contribute, in part, to individual differ-
ences in response to diet.

Experimental procedures

Cell culture and preparation of A549 cell extract

Human A549 lung cancer cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM D5796) supplemented with
10% fetal bovine serum and grown in a humidified incubator at
37 °C, 5% CO2. To prepare sufficient amounts of cell extract,
106 A549 lung cancer cells were seeded on a 10-cm cell culture
dish until confluence reached 90 to 100%. Culture medium was
removed and cells were washed with PBS once prior to cell lysis.
800 �l of M-PER protein extraction reagent (Thermo) com-
pleted with protease inhibitor mixture (Roche) was applied and
cells were detached from the plate by scraping on ice. The liquid
was collected in a 1.5-ml reaction tube and centrifuged for 5
min at 15,000 � g and 4 °C. The supernatant was directly used
in the enzyme assay.

Enzyme activity assay using A549 cell extract

The enzymatic assay was performed in cuvettes at 37 °C
with a total volume of 1 ml. The assay mixture was composed
of 15 mM sodium pyrophosphate buffer, pH 8.5, and 150 �l of
A549 cell extract. The cofactors NADH and NADPH (final
concentration: 400 �M) and substrates erythrose (final con-
centration: 3 mM) and erythrose-4-phosphate (final concen-
tration: 400 �M) were tested, and enzyme activity was de-
termined spectrophotometrically by monitoring A340 upon
oxidation of NADH/NADPH.

Time-resolved metabolite extraction

To confirm the formation of erythritol during the enzymatic
assay, we performed a metabolite extraction at several time
points (0, 20, 60, and 120 min) during the enzyme assay. To do
so, 10 �l of assay solution was added to 90 �l of ice-cold extrac-
tion fluid composed of methanol and water in a ratio of 9:1. The
mixture was vortexed for 5 min at 1,400 rpm and 4 °C and
subsequently centrifuged for 5 min at 16,000 � g and 4 °C. 70 �l
of the supernatant were transferred in a glass vial with inlet and
dried in a refrigerated vacuum centrifuge at �4 °C overnight.

Knockdown of ADH and SORD in A549 cells using siRNA

Nontargeting siRNA as well as siRNAs for ADH1B
(L-008112-00-0005), ADH1C (L-006521-00-0005), and SORD
(L-008323-00-0005) were purchased from Dharmacon and
sequences are given in Table S1. A549 cells were reversely
transfected using RNAiMAX (Thermo Fisher Scientific)
according to manufacturer’s instructions. Briefly, per well (12-
well plate), 1 �l of 20 �M siRNA and 2.5 �l of RNAiMAX were
diluted in 200 �l of OptiMEM (Thermo Fisher Scientific),
mixed gently, and incubated for 20 min at room temperature.
The solution was applied to the well 5 min prior to cell seeding
(100,000 cells in 800 �l of Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum). Transfected cells
were incubated for 48 h until metabolite extraction or cell
counting.

Stable isotope labeling of A549 cells with [U-13C]glucose

17 h post-transfection, the nonlabeled standard culture
medium was removed and replaced by the tracer medium con-
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taining 25 mM [U-13C]glucose. The cells were incubated with
the tracer for an additional 30 h.

Extraction of intracellular metabolites

Intracellular metabolites were extracted as described by Sap-
cariu et al. (29). Briefly, medium was removed and cells were
washed with 0.9% NaCl. 200 �l of ice-cold methanol and
ddH2O containing 2 �g/ml of d6-pentanedioic acid as internal
standard was added to the well and cells were scraped on a cold
plate. The liquid was transferred to a 2-ml reaction tube con-
taining 200 �l of chloroform. The mixture was then vortexed
for 20 min at 4 °C and 1400 rpm and subsequently centrifuged
for 5 min at 4 °C and 17,000 � g. 200 �l of the upper, polar phase
were transferred to a glass vial and dried in a refrigerated vac-
uum centrifuge overnight at 4 °C.

RNA extraction and cDNA production

RNA was extracted from the interphase obtained during
“Extraction of intracellular metabolites” using the NucleoSpin
RNA kit (Macherey and Nagel); it was then reversely tran-
scribed to cDNA using qScript cDNA SuperMix (Quantabio)
according to the manufacturer’s instructions.

Knockdown verification by qPCR

Individual 20-�l qPCR consisted of 10 �l of 2� iTaqTM Uni-
versal Probes Supermix (Bio-Rad), 4 �l of RNase-free H2O, 4 �l
of diluted cDNA, and 1 �l each of dye-labeled �20 TaqManTM

Gene Expression Assay primer mix (forward and reverse;
ADH1B (Hs00605175_m1), ADH1C (Hs02383872_s1), SORD
(Hs00162091_m1), S18 (Hs01375212_g1)), where the house-
keeping gene ribosomal protein S18 (RPS18) was labeled with
VIC fluorescent dye, the target genes were labeled with FAM
fluorescent dye to enable multiplexing. qPCR was carried out
on a QuantStudio 5 (Thermo Fisher), using a comparative CT
program provided by the manufacturer. All experiments were
performed in three biological replicates and included three
controls. RPS18 was amplified simultaneously for normaliza-
tion and 	CT was calculated for the relative quantification of
the targeted genes. Data were analyzed using a Welch’s t test
and Bonferroni correction (n � 5) to adjust for multiple
comparison.

Derivatization and GC-MS measurement of erythritol

Prior to GC-MS measurement, the dried extracts were
derivatized using a Gerstel MPS as described previously (30).
Briefly, dried polar metabolites were dissolved in 15 �l of 2%
methoxyamine hydrochloride in pyridine and incubated for 90
min at 40 °C under continuous shaking. Thereafter, 15 �l of
N-methyl-N-TMS-fluoroacetamide was added and incubated
for 30 min at 40 °C under continuous shaking. For erythritol,
the 4TMS derivative was detected (M: C16H42O4Si4, m/z 410),
however, the fragment M-90 (C13H32O3Si3, m/z 320) was
used to calculate the MID. The respective structure and result-
ing fragment are provided in Fig. S5.

GC method 1—1 �l of sample was injected into an SSL injec-
tor at 270 °C in split mode (1:10). GC was performed using an
Agilent 7890A GC equipped with a 30m DB-35MS capillary
column (0.25 mm internal diameter, 0.25 �m film thickness).

We used helium as the carrier gas at a flow rate of 1.0 ml/min.
The GC-MS oven temperature was held at 80 °C. After 6 min at
80 °C, the temperature was increased to 300 °C at a rate of 6 °C/
min. When 300 °C was reached, the temperature was further
increased to 325 °C at a rate of 10 °C/min and held for 4 min.
This temperature profile results in a total run time of 59.167
min.

GC method 2—1 �l of sample was injected into an SSL injec-
tor at 270 °C in splitless mode. GC-MS analysis was performed
using an Agilent 7890A GC equipped with a 30m DB-35MS �
5m Duraguard capillary column (0.25 mm inner diameter, 0.25
�m film thickness). Helium was used as the carrier gas at a flow
rate of 1.0 ml/min. The GC oven temperature was held at 90 °C
for 1 min, subsequently increased to 270 °C at 9 °C/min, and
then further increased to 320 °C at 25 °C/min and held for 7 min
resulting in a total run time of 30 min per sample.

Mass spectrometry

Tuning—According to the supplier’s instruction, an auto-
mated tuning routine is applied every 150 injections.

SCAN mode—The GC was connected to an Agilent 5975C
inert XL MSD. The transfer line temperature was set to 280 °C
and the MSD was operating under electron ionization at 70 eV.
The MS source was held at 230 °C and the quadrupole at 150 °C.
Full scan mass spectra were acquired from m/z 70 to 700 at a
scan rate of 5.2 scans/s and a solvent delay of 5 min. GC-MS
chromatograms were analyzed using the MetaboliteDetector
software package (31).

Protein purification from rabbit liver

Preparation of rabbit liver extract—Four frozen rabbit livers
were thawed at room temperature, and homogenized in 50 mM

sodium phosphate buffer, pH 6.8, containing �-mercaptoetha-
nol (0.1%, v/v) and PEG3350 (10%, w/v) in a Waring blender.
The homogenate was found to have NADPH- and NADH-de-
pendent erythrose dehydrogenase activity. The suspension was
clarified by centrifugation at 9000 rpm at 4 °C for 30 min. The
pellet did not contain erythritol synthesis activity and was dis-
carded. PEG3350 was added to the supernatant to a concentra-
tion of 50% (w/v). The resulting suspension was stirred at room
temperature for 30 min and clarified by centrifugation at 9000
rpm and 4 °C for 30 min. The pellet, but not the supernatant,
was found to have erythritol synthesis activity and was dis-
solved in 20 mM sodium phosphate buffer, pH 6.8.

The dissolved pellet was applied to a CM Sephadex C50 col-
umn (bed size: height, 17 cm; radius, 1.5 cm) equilibrated with
10 mM sodium phosphate buffer, pH 6.8. The column was
washed with 20 mM sodium phosphate buffer, pH 6.8, until the
absorbance at 280 nm was less than 0.1. Proteins that bound
were eluted with 200 mM potassium phosphate buffer, pH 7.5.
The activity that bound to the CM column was labeled as “pro-
tein A,” and the activity present in the flow-through was labeled
as “protein B.”

Purification of protein A

Ammonium sulfate fractionation—The solutions containing
proteins A and B were precipitated using ammonium sulfate
(30%, w/v) and the suspension was clarified by centrifugation
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(9000 rpm, 4 °C, 30 min). Both proteins A and B were present in
the protein pellet. The pellets were dissolved in 50 mM sodium
phosphate buffer, pH 6.8, and dialyzed overnight against 20 mM

potassium phosphate buffer, pH 7.2.
Heat treatment—The dialyzed fraction of protein A was heat

treated at 60 °C and denatured protein was removed by centrif-
ugation at 12,000 rpm and 4 °C for 20 min. The ammonium
sulfate concentration of the supernatant was adjusted to 50%
(w/v) and the suspension was clarified by centrifugation at
12,000 rpm and 4 °C for 20 min. The pellet was dissolved in 10
mM potassium phosphate buffer, pH 7.2, and dialyzed overnight
against 10 mM potassium phosphate buffer, pH 7.2.

Size exclusion chromatography—The dialyzed fraction of
protein A was loaded onto a Sephadex G 100 –120 column (par-
ticle size: 40 –200 �M, bed size: h, 43 cm; r, 1 cm) equilibrated
with 10 mM potassium phosphate buffer, pH 7.2. Fractions were
collected until the absorbance at 280 nm was less than 0.1.
Active fractions were pooled.

Hydroxyapaptite chromatography—The active fraction con-
taining protein A from the size exclusion column was diluted
1:2 with 10 mM potassium phosphate buffer, pH 6.8, and loaded
on a hydroxyapatite column (BioGel, Bio-Rad; bed size: h, 10
cm; r, 1 cm). A 10 –200 mM phosphate gradient was used for the
elution of the binding proteins, and fractions were collected
until the absorbance at 280 nm was less than 0.1. The active
fractions were combined and concentrated in a size exclusion
filter tube with a cut off of 5 kDa (Spin-X UF, 5K MWCO PES,
431487 Corning). The concentrated fraction was used for fur-
ther characterization.

Purification of protein B

DEAE Sephadex chromatography—The dialyzed fraction
containing protein B was applied to a DEAE Sephadex column
(bed size: h, 9 cm; r, 2.75 cm) equilibrated with 10 mM potas-
sium phosphate buffer, pH 6.8, and active fractions of the DEAE
flow-through were combined. The ammonium sulfate concen-
tration was adjusted to 50% (w/v) and the suspension was clar-
ified by centrifugation at 12,000 rpm and 4 °C for 30 min. The
pellet was dissolved in 10 mM potassium phosphate buffer at pH
6.8 and the PEG3350 concentration was adjusted to 40% (w/v).
The precipitated protein was harvested by centrifugation at
12,000 rpm and 4 °C for 30 min and dissolved in 10 mM potas-
sium phosphate buffer, pH 6.8.

Size exclusion chromatography—The active fraction contain-
ing protein B from the DEAE Sephadex column was applied to
a Sephadex G 100 –120 column (particle size: 40 –200 �M, bed
size: h, 43 cm; r, 1 cm) equilibrated with 10 mM potassium
phosphate buffer, pH 7.2. Fractions were collected until the
absorbance at 280 nm was less than 0.1 and active fractions
were pooled.

Hydroxyapatite chromatography—The active fraction con-
taining protein B from the size exclusion column was diluted
1:2 with 10 mM potassium phosphate buffer, pH 6.8, and
applied to a hydroxyapatite column (BioGel, Bio-Rad; bed size:
h, 5 cm; r, 1.25 cm). The active protein B was present in the
flow-through. Fractions were collected until the absorbance at
280 nm was less than 0.1 and all active fractions were combined.

Phenyl-Sepharose chromatography—The salt content of the
flow-through fraction containing the active protein B from the
hydroxyapatite column was increased by adjusting to a NaCl
concentration of 2 M. The high salt fraction was applied to a
phenyl-Sepharose column (bed size: h, 10 cm; r, 1 cm) equili-
brated with 2 M NaCl in 10 mM potassium phosphate buffer, pH
6.8. Protein B bound to the phenyl-Sepharose column and was
eluted with 10 mM potassium phosphate buffer, pH 6.8. Frac-
tions were collected until the absorbance at 280 nm was less
than 0.1 and the active fractions were pooled and concentrated
using a size exclusion concentrator with a cutoff of 5 kDa
(Spin-X UF, 5K MWCO PES, Corning). The concentrated frac-
tion was used for further characterization.

Activity assay—Throughout purification, erythrose reduc-
tion activity was determined sprectrophotometrically by mon-
itoring A340 upon oxidation of NADPH at room temperature to
identify fractions with the activity of interest. During purifica-
tion, the assay mixture contained 900 �l of 50 mM sodium phos-
phate buffer, pH 6.8, 200 �M NADPH (Sigma), 50 �l of enzyme
solution, and 11.6 mM erythrose (Sigma). The reaction was ini-
tiated by addition of the substrate. Kinetic constants were also
determined for the proteins that were subject to SDS-PAGE
and subsequent proteomic identification. In this assay, the
reaction buffer consisted of 50 mM sodium phosphate buffer,
pH 6.8, 200 �M NADPH or NADH, and at least 5 concentra-
tions of erythrose ranging from 0.5 to 100 mM. Reactions were
initiated with addition of purified protein; protein concentra-
tion was determined as previously described (32). Final concen-
trations of protein were 49 �M fraction A (ADH1) for NADPH,
25 �M fraction A (ADH1) for NADH, 0.7 �M fraction B (SORD)
for NADPH, and 2.6 �M fraction B (SORD) for NADH. Kinetic
constants were determined for the NAD-dependent conver-
sion of ethanol to acetaldehyde for fraction A (ADH) by moni-
toring production of NADH at 340 nm. Kinetic constants were
also determined for the NAD-dependent conversion of sorbitol
to fructose for fraction B (SORD) by monitoring production of
NADH at 340 nm. Reactions were initiated with addition of
purified protein (final concentration 1.3 �M for fraction A
(ADH) and 0.13 �M for fraction B (SORD)). Km and Vmax values
determined from fitting the data to Y � Vmax � X/(Km � X),
where Y represents reaction velocity and X indicates substrate
concentration using GraphPad Prism software (Michaelis-
Menten kinetics), and kcat values were determined by dividing
Vmax by the concentration of purified protein in the assay,
which was determined as previously described (32).

Identification of proteins isolated from rabbit liver

In-gel trypsin digestion of SDS gel bands—The protein bands
from an SDS-PAGE gel (3 slices: A1, B1, and B2) were cut into

1 mm cubes and subjected to in-gel digestion followed by
extraction of the tryptic peptide as reported previously (33).
The excised gel pieces were washed consecutively in 200 �l of
distilled water, 100 mM ammonium bicarbonate (Ambic)/ace-
tonitrile (1:1), and acetonitrile (ACN). The gel pieces were
reduced with 70 �l of 10 mM DTT in 100 mM Ambic for 1 h at
56 °C, alkylated with 100 �l of 55 mM iodoacetamide in 100 mM

Ambic at room temperature in the dark for 60 min. After the
wash steps as described above, the gel slices were dried and
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rehydrated with 50 �l of trypsin in 50 mM Ambic, 10% ACN (20
ng/�l) at 37 °C for 16 h. The digested peptides were extracted
twice with 70 �l of 50% acetonitrile, 5% formic acid (FA), and
once with 70 �l of 90% acetonitrile, 5% FA. Extracts from each
sample were combined and lyophilized.

Protein identification by nano-LC/MS/MS analysis

The in-gel tryptic digests were reconstituted in 20 �l of 0.5%
FA for nano-LC-ESI-MS/MS analysis, which was carried out
using an Orbitrap FusionTM TribridTM (Thermo Fisher Scien-
tific, San Jose, CA) mass spectrometer equipped with a nanos-
pray Flex Ion Source, and coupled with a Dionex UltiMate
3000RSLC nano system (Thermo, Sunnyvale, CA) (34, 35). The
gel-extracted peptide samples (19 �l) were injected onto a Pep-
Map C-18 RP Nano-Trap column (5 �m, 100 �m inner diam-
eter � 20 mm, Dionex) with nanoViper Fittings at 20 �l/min
flow rate for on-line desalting and then separated on a PepMap
C-18 RP nano column (2 �m, 75 �m � 25 cm) at 35 °C, and
eluted in a 120-min gradient of 5 to 38% ACN in 0.1% FA at 300
nl/min, followed by an 8-min ramping to 90% ACN, 0.1% FA,
and a 9-min hold at 90% ACN, 0.1% FA. The column was re-
equilibrated with 0.1% FA for 25 min prior to the next run. The
Orbitrap Fusion is operated in positive ion mode with spray
voltage set at 1.6 kV and source temperature at 275 °C. External
calibration for FT, IT, and quadrupole mass analyzers was per-
formed. In data-dependent acquisition (DDA) analysis, the
instrument was operated using FT mass analyzer in MS scan to
select precursor ions followed by 3-s “Top Speed” data-depen-
dent CID ion trap MS/MS scans at 1.6 m/z quadrupole isolation
for precursor peptides with multiple charged ions above a
threshold ion count of 10,000 and normalized collision energy
of 30%. MS survey scans were done at a resolving power of
120,000 (full width at half-maximum at m/z 200), for the mass
range of m/z 375–1575. Dynamic exclusion parameters were
set at 50 s of exclusion duration with �10 ppm exclusion mass
width. All data were acquired under Xcalibur 3.0 operation
software (Thermo Fisher Scientific).

Data analysis

The DDA raw files for CID MS/MS only were subjected to
database searches using Proteome Discoverer (PD) 2.2 soft-
ware (Thermo Fisher Scientific, Bremen, Germany) with the
Sequest HT algorithm. The database search was conducted
against an NCBI database for Oryctolagus cuniculus that
contained 38,600 entries (downloaded on 4/4/2017 from
NCBInr) with two missed trypsin-cleavage sites allowed.
The peptide precursor tolerance was set to 10 ppm and frag-
ment ion tolerance was set to 0.6 Da. Variable modification
of methionine oxidation, N-terminal acetylation, and deami-
dation of asparagines/glutamine and fixed modification of
cysteine carbamidomethylation, were set for the database
search. Only high confidence peptides defined by Sequest
HT with a 1% FDR by Percolator were considered for the
peptide identification. The final protein IDs contained pro-
tein groups that were filtered with at least 2 peptides per
protein. The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (36) partner
repository with the dataset identifier PXD015178.

Cloning, expression, and purification of recombinant human
ADH1 and SORD proteins

ADH1B1 (clone ID 4828235), ADH1C2 (clone ID 30408761),
and SORD (clone ID 2989137) cDNA constructs were pur-
chased from GE Dharmacon. ADH1B1 was cloned into the
pet28a(�) vector using EcoRI and XhoI restriction sites (for-
ward primer: 5�-aagaattcatgagcacagcaggaaaagtaatcaaatg-3�;
reverse primer: 5�-aactcgagtcaaaacgtcaggacggtacggata-3�).
ADH1C2 was cloned into the pet28a(�) vector using EcoRI and
XhoI restriction sites (forward primer: 5�-aagaattcatgagcacag-
caggaaaagtaatcaaatg-3�; reverse primer: 5�-aactcgagtcaaaacgt-
caggacggtacggata-3�). SORD was cloned into the pet28a(�)
vector using SacI and XhoI restriction sites (forward primer:
5�-aagagctcatggcggcggcggccaa-3�; reverse primer: 5�-aactc-
gagtcagggattctggtcactggggtc-3�). PCR was performed using
GoTaq (Promega) according to the manufacturer’s instruc-
tions. Pet28a-ADH1B2 was generated by mutating the Arg-48
codon of pet28a-ADH1B1 to His-48 using the QuikChange II
kit (Stratagene) per the manufacturer’s instructions (forward
primer: 5�-ctgtaggaatctgtcacacagatgaccacgtg-3�; reverse prim-
er: 5�-cacgtggtcatctgtgtgacagattcctacag-3�). Pet28a-SORD-
R208H was also generated using the QuikChange II kit with
primers 5�-gatctgtctgctacccatttgtccaaagccaagg-3� and 5�-cct-
tggctttggacaaatgggtagcagacagatc-3�. All constructs were se-
quence verified and then transfected into BL21(DE3) cells
(Invitrogen) for recombinant protein expression. His-
ADH1B1, His-ADH1B2, His-ADH1C2, and His-SORD (WT
and R208H) were expressed in BL21(DE3) cells grown to mid-
late log phase in Luria-Bertani broth containing 50 �g/ml of
kanamycin. Expression was induced using 750 �M isopropyl
�-D-thiogalactopyranoside after which bacteria were grown
overnight at 16 °C. Purification was carried out as previously
described for His-MTHFS (37). The erythrose reduction activ-
ity was determined spectrophotometrically by monitoring A340
upon oxidation of NADPH at room temperature. The assay
buffer consisted of 50 mM sodium phosphate buffer, pH 6.8, 200
�M NADPH (or NADH), and at least 5 different concentrations
of erythrose (measured in duplicate) ranging from 17.5 to 1120
mM. The reaction was initiated by addition of 100 nM recombi-
nant protein. For ADH1B2, ADH1C2, and SORD (WT and
R208H) Km and Vmax values and their associated standard devi-
ations were determined from fitting the data to Y � Vmax �
X/(Km � X), where Y represents reaction velocity and X indi-
cates substrate concentration using GraphPad Prism software.
For ADH1B1, the Km, Vmax, and Ki values from each indepen-
dent experiment was determined by fitting the data to Y � Vmax �
X/(Km � X � (1 � X/Ki)), where Y represents reaction velocity
and X indicates substrate concentration using GraphPad Prism
software. kcat values were determined by dividing Vmax by the
enzyme concentration (determined as previously described
(32)). Activity at each substrate concentration was measured in
duplicate. Data are reported as average and standard deviation
of two independent determinations.

Model construction

A model of ADH1B1 with bound Zn2�, NAD�, and ery-
throse was constructed from PDB entry 1U3U, which contains
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bound Zn2�, NAD�, and an N-benzylformamide inhibitor, by
replacing the inhibitor with D-erythrose. Erythrose was placed
manually, using Coot (38), in position to accept a hydrogen
from NADH, as expected according to the reaction mechanism
proposed by Agarwal et al. (39). A second model, with NAD�

replaced by NADPH, was generated by matching NADPH from
the HIC-Up database (40) with NAD� and manually adjusting
it to optimize fit in the binding site. Similar models were con-
structed for ADH1B2 and ADH1C2, starting with PDB entries
1HDY and 1U3W, respectively.

For SORD, structures available in the PDB include 1PL6,
with Zn2� and NAD� bound, and 1PL8, with Zn2�, NAD�, and
an inhibitor bound. From these, plus the structure of sorbitol
from PDB entry 5A06, a model was first constructed for SORD,
Zn2�-NAD�-sorbitol. In this case, the sorbitol was positioned
so that a primary hydroxyl was adjacent to the Zn2�, whereas
the adjacent secondary hydroxyl was in position for hydride
transfer to NAD�. This is different from the ADH case, where
the same primary hydroxyl in the canonical substrate ethanol
interacts with both Zn2� and NAD�. From the sorbitol-con-
taining version, models were constructed, replacing sorbitol
with erythrose, and NAD� with NADPH, using the same pro-
cedure as for ADH.

For each model, hydrogen atoms were generated in riding
positions using REFMAC (41) and the structure was relaxed to
minimize energy using Rosetta (42). An attempt to place L-ery-
throse in the active site of ADH1B1 showed that steric hin-
drance prevented positioning the molecule correctly for reac-
tion with NADH.
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