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Bioinformatics analysis and transcriptional response information for Pyrococcus furiosus grown on �-glu-
cans led to the identification of a novel isomaltase (PF0132) representing a new glycoside hydrolase (GH)
family, a novel GH57 �-amylase (PF0870), and an extracellular starch-binding protein (1,141 amino acids;
PF1109-PF1110), in addition to several other putative �-glucan-processing enzymes.

Pyrococcus furiosus is a heterotrophic, hyperthermophilic ar-
chaeon that uses a range of glucans as carbon/energy sources
(5). �-Glucan utilization in P. furiosus has been examined using
transcriptional response analysis, providing the basis for pro-
posed mechanisms of starch utilization (8). Bioinformatic anal-
ysis based on domain homology (9) and domain families (12,
14) in the P. furiosus genome identified additional open read-
ing frames (ORFs) that had putative functions related to �-glu-
can utilization. P. furiosus was grown anaerobically at 80°C in
a sea salt-based medium supplemented with 3.3 g/liter of gly-
cogen, maltose, pullulan, or starch (13). RNA was harvested
and subjected to cDNA microarray analysis, as described pre-
viously (8, 16). Based on the leads identified from these com-
plementary approaches, genes encoding candidate enzymes/
proteins were cloned and expressed in Escherichia coli (see
Table S1 in the supplemental material). While no activity or
function could be assigned to several of the ORFs identified,
biochemical analysis of PF0132, PF0870, and PF1109-PF1110
provided insights into the roles that these proteins play in
�-glucan processing (Table 1).

Recombinant PF0870 was specific for short �-glucans (Table
1). Indeed, bioinformatic analysis identified a domain in
PF0870 related to glycoside hydrolase family 57 (17). Tran-
scriptional analysis of PF0870 by quantitative PCR (10)
showed similar responses to maltose, glycogen, and starch but
not to pullulan. PF0870 was most active on pNP-�-malto-
pyranoside (kcat and Km were 962 s�1 and 82.7 �M, respec-
tively, at 90°C, pH 7.0), less active on para-nitrophenyl (pNP)-
�-galactoside, and not active on other substrates. The presence
or absence of various divalent cations or EDTA had a minimal
effect on enzyme activity. No transglycosylation activity was
noted, and PF0870 did not hydrolyze starch, glycogen, pullu-

lan, or large maltooligosaccharides. The biochemical proper-
ties of PF0870 most closely resemble those of �-amylases
found in plants, fungi, and some bacteria; these progressively
cleave maltose from the nonreducing ends of starch, amylase,
and maltodextrins. PF0870 is the most thermostable �-amylase
known (optimum temperature, 110°C). PF0870 primarily hy-
drolyzes maltotriose into glucose and maltose (data not
shown), likely functioning in vivo as the final processing step
prior to intracellular maltodextrin hydrolysis before the trans-
fer of a glucose unit from maltose to maltodextrin by PF0272
(8).

The transcriptional response of PF0132 indicated that it is
likely involved in processing �-1,6-glucans. Since a recombi-
nant version could not be produced, the native form of PF0132
was purified 92-fold, essentially as described previously (1),
from P. furiosus cells grown on pullulan; its identity was con-
firmed by mass spectroscopy (40.2% coverage). PF0132, iden-
tical to an �-glucosidase previously studied in our laboratory
(1), has broad substrate specificity for �-glucan carbohydrates
(Table 1). The native form of PF0132 was determined to have
comparable catalytic efficiencies for panose and maltose (Ta-
ble 2). PF0132 and its homologs in other hyperthermophiles
(e.g., Pyrococcus horikoshii, Pyrococcus abyssi, Thermococcus
kodakarensis, and Aeropyrum pernix) represent a new glycosyl
hydrolase family (7). PF0132, functioning as an isomaltase with
broad substrate specificity, is ideal for the final processing step
in generating glucose from �-glucans for high-fructose corn
syrup production and ethanol fermentation processes (2). Pre-
viously, Lee et al. (8) proposed a starch utilization pathway for
P. furiosus. An issue not considered in that earlier analysis was
how pullulan (an �-1,6-linked glucan) could be used by P.
furiosus. Based on the new information here, pullulan is likely
degraded extracellularly by an amylopullulanase (PF1934-
PF1935) (3, 8) and further hydrolyzed by PF0132 after intra-
cellular transport; indeed, the number of transcripts for
PF0132 was 3.2-fold higher on pullulan than on maltose or
starch.

PF1109 and PF1110 were annotated as separate hypotheti-
cal proteins in the P. furiosus genome. However, the PF1109-
PF1110 locus is very similar to that for a single hypothetical
protein (PAB1790) encoded in the P. abyssi genome. In fact,
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the PF1109-PF1110 locus was found to PCR amplify as a single
ORF corresponding to 1,141 amino acids, including a signal
peptide. This gene, when cloned and expressed in E. coli (with-
out the signal peptide), resulted in a single protein with a
molecular mass of approximately 120 kDa. No enzymatic ac-
tivity could be detected for PF1109-PF1110. A glucan binding
assay (11), however, showed that the protein binds starch (2%
raw corn starch) but not cellulose (Avicel) (data not shown).
The role of PF1109-PF1110 in extracellular �-glycoside utili-
zation is not clear, but it likely plays a role in sequestering
extracellular �-glucans for subsequent hydrolysis by amylolytic
enzymes.

Several genes identified by bioinformatics analysis as “�-
glucan-related” (the PF1108, PF1393, PF1460, and PF1746-
PF1747 genes) were not responsive to the conditions tested.
These genes are either constitutively transcribed or stimulated
under growth conditions not considered here. Note that a
mixture of PF1108, PF1393, PF1746, and PF1747 hydrolyzed
starch and glycogen, although none of these proteins individ-
ually were active against these substrates (D. A. Comfort and
R. M. Kelly, unpublished data).

Starch, glycogen, and pullulan induced a transcriptional
“polysaccharide” effect: 118 ORFs were upregulated twofold

or more, relative to growth on maltose (Fig. 1; see Table S2 in
the supplemental material). Of these, 49 were induced on all
three �-glucan polysaccharides; in particular, 38 of the 49
ORFs were within the PF0682-PF0783 locus, which encodes a
number of hypothetical proteins as well as dehydrogenases and
reductases. Many putative proteins encoded by the PF0682 to
PF0736 loci are unique to P. furiosus and are not found in
other Thermococcales, such as P. horikoshii, P. abyssi, or T.
kodakarensis (see Table S2 in the supplemental material). Of
the 49 �-glucan polysaccharide-induced genes, T. kodakarensis
contained the most homologs, with 32. The PF0776 gene (up-
regulated ca. fourfold on all polysaccharides) encodes a VapC
toxin (and putative RNase) and is paired in an operon with the
PF0775 gene, encoding its cognate VapB antitoxin (PF0775);
toxin-antitoxin loci are thought to be involved in RNA man-
agement functions during stress (6, 15). The fact that the
PF0776 locus was differentially transcribed on �-glucan poly-
saccharides implies that toxins-antitoxins play a role in RNA
management during nonstress conditions. The PF0777 and

TABLE 1. ORFs encoding putative proteins associated with �-glucan processing

ORF
Molecular

mass
(kDa)

Operona
Microarray fold changeb

Annotation Biochemical activities testedc

Gly-Mal Pul-Mal Sta-Mal

PF0132 55.0 PF0132-PF0133 NC 3.2 NC Hypothetical protein Pan, IM, IP, Mal3, T, Mal, p�Glc, p�Gal
PF0133 21.7 PF0132-PF0133 NC 4.3 NC Hypothetical protein Sta, Gly, Pul, Gly
PF0870 69.6 PF0870-PF0872 NCe �3.3e NCe GHF57 pMalt5, p�Glc, pMalt, pMan, p�Glc,

pXyl, pGal, Mal, Sta, Gly, Pul, Mal3,
Mal4, Mal5, Mal6

PF1108 46.9 None NC NC NC Esterase/hydrolase pMalt5, p�Glc, pMalt, pMan, p�Glc,
pXyl, pGal, Stad, Puld, Amyd, Glyd,
CD, pA, pPrp, pC, pPal, pB

PF1109 106.5 None NC NC NC Cell adhesion
domain

Sta, Cel

PF1110 19.3 None 2.0 2.5 2.0 Hypothetical protein Sta, Cel
PF1393 74.5 None NC NC NC GHF57, �-amylase pMalt5, p�Glc, pMalt, pMan, p�Glc,

pXyl, pGal, Stad, Puld, Amyd, Glyd

PF1746 72.7 Mal-I ABC transporter
(PF1739-PF1747)

�10.0 �2.0 �5.0 Glycogen
debranching

pMalt5, p�Glc, pMalt, pMan, p�Glc,
pXyl, pGal, Stad, Puld, Amyd, Glyd

PF1747 38.1 Mal-I ABC transporter
(PF1739-PF1747)

�10.0 NC �5.0 �-Fructosidase pMalt5, p�Glc, pMalt, pMan, p�Glc,
pXyl, pGal, Stad, Puld, Amyd, Glyd, Suc

a Operons determined by the technique of Ermolaeva et al. (4).
b NC, no change.
c Amy, amylose; Cel, cellulose; CD, �-cyclodextrin; Gly, glycogen; IM, isomaltose; IP, isopanose; Mal, maltose; Mal3, maltotriose; Mal4, maltotetraose; Mal5,

maltopentaose; Mal6, maltohexaose; pA, pNP-acetate; pGal, pNP-�-galactopyranoside; p�Glc, pNP-�-glucopyranoside; pB, pNP-butyrate; p�Glc, pNP-�-glucopyran-
oside; pC, pNP-caprate; pMalt, pNP-�-maltopyranoside; pMalt5, pNP-�-maltopentaoside; pMan, pNP-�-mannopyranoside; pPal, pNP-palmitate; pPrp, pNP-propi-
onate; pXyl, pNP-�-xylopyranoside; Pan, panose; Pul, pullulan; Sta, starch; Suc, sucrose; T, turanose. Assays were performed at 90°C in sodium phosphate buffer, pH
5.6 and 7.2. Bold indicates a substrate hydrolyzed by the gene product.

d Tested with and without 1-kDa filtered cellular extract.
e Determined by quantitative PCR.

TABLE 2. Kinetic parameters of PF0132

Substrate kcat (s�1) Km (mM) kcat/Km
(s�1 � mM�1)

pNP-�-glucopyranoside 21.9 0.051 429
Maltose 1,600 7.1 225
Panose 278 3.2 85.6
Isomaltose 58.8 5.0 11.8

FIG. 1. Venn diagram of P. furiosus transcriptional response during
growth on polysaccharides relative to maltose. Those genes upregu-
lated twofold or more relative to maltose are represented.
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PF0782-PF0783 genes (upregulated two- to fivefold on all
polysaccharides) encode putative heteropolysaccharide biosyn-
thesis-related proteins, possibly involved in the production of
capsular polysaccharide or exopolysaccharide.

The results reported here show that P. furiosus (and perhaps
other fermentative anaerobes) use an array of novel enzymes
and proteins in �-glucoside utilization, a potentially important
consideration in efforts related to biofuel production.
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