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Abstract

Ribose-5-phosphate isomerase (Rpi, EC 5.3.1.6) is widespread in microorganisms, animals, and plants. It has a pivotal role in the
pentose phosphate pathway and responsible for catalyzing the isomerization between D-ribulose 5-phosphate and D-ribose 5-
phosphate. In recent years, Rpi has received considerable attention as a multipurpose biocatalyst for production of rare sugars,
including D-allose, L-thamnulose, L-lyxose, and L-tagatose. Besides, it has been thought of as a potential drug target in the
treatment of trypanosomatid-caused diseases such as Chagas’ disease, leishmaniasis, and human African trypanosomiasis.
Despite increased research activities, up to now, no systematic review of Rpi has been published. To fill this gap, this paper
provides detailed information about the enzymatic properties of various Rpis. Furthermore, structural features, catalytic mech-
anism, and molecular modifications of Rpis are summarized based on extensive crystal structure research. Additionally, the
applications of Rpi in rare sugar production and the role of Rpi in trypanocidal drug design are reviewed.

Key points

» Fundamental properties of various ribose-5-phosphate isomerases (Rpis).

* Differences in crystal structure and catalytic mechanism between RpiA and RpiB.
* Application of Rpi as a rare sugar producer and a potential drug target.

Keywords Ribose-5-phosphate isomerase - Substrate specificity - Structural features - Rare sugar - Potential drug target

Introduction

Ribose-5-phosphate isomerase (Rpi, EC 5.3.1.6), the first en-
zyme of the non-oxidative branch of the pentose phosphate path-
way, could reversibly catalyze the interconversion between D-
ribulose 5-phosphate (Ru5P) and D-ribose 5-phosphate (R5P)
(Stincone et al. 2015) (Fig. S1). It also plays a vital role in the
metabolism of D-allose (Poulsen et al. 1999), and the Calvin
cycle of photosynthesis (Jung et al. 2000). Rpi exists in two
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distinct forms, type A (RpiA) and type B (RpiB); although they
have the same catalytic function, they are evolutionarily and
structurally unrelated to each other. RpiA appears to be ubiqui-
tous in all three kingdoms of life, while RpiB only exists in some
bacteria and protozoans (Lobley et al. 2012). Currently, the par-
asitic trypanosomatid-caused diseases such as Chagas’ disease,
leishmaniasis, and human African trypanosomiasis have severe-
ly threatened human health and economy throughout the world.
However, due to the absence of human effective vaccines, cur-
rent available therapeutic means are restricted to chemotherapy
with limited efficacy, resulting in high levels of morbidity and
mortality (Kovarova and Barrett 2016). Recently, Rpi has been
brought into focus as a potential drug target in the treatment of
trypanosomatid-caused diseases. The Rpis of trypanosomatids,
which are essential for trypanosomatids survival and/or infectiv-
ity, belong to type B, while the Rpis which exist in mammalian
hosts are the completely unrelated type A (Sinatti et al. 2017).
Therefore, specifically competitive inhibitors of trypanosomatids
RpiB appear as promising drugs against trypanosomatids.

In the last two decades, rare sugars, defined by the
International Society of Rare Sugar as naturally existing
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monosaccharides and their derivatives within very small amount
(Izumori 2002), have been studied widely due to the attractive
physicochemical properties and physiological functions. D-
Allulose and D-tagatose, two most intensively studied rare
sugars, have received GRAS (Generally Recognized as Safe)
approval from the United States Food and Drug
Administration and authorized serving as promising low-
calorie sweeteners in the food industry (Zhang et al. 2017).
Increasing the availability of rare sugars is an important guaran-
tee for further discovering their new characteristics and applica-
tions. Considering that direct extraction is cost-prohibitive, the
eco-friendly and highly specific enzymatic approaches are pre-
ferred for the mass production of rare sugars (Granstrom et al.
2004). In this context, Rpi, which cannot only catalyze the isom-
erization reaction between phosphorylated aldoses and ketoses
but also isomerize a variety of monosaccharides with the same
backbone conformation as the phosphorylated substrates, offers
a potential for rare sugar bioproduction. Because of its broad
substrate specificity, Rpi has been used for the biotechnological
production of D-allose and some other L-form rare monosaccha-
rides like L-thamnulose, L-lyxose, and L-tagatose. D-Allose, a C3
epimer of D-glucose, is a low-calorie sweetener with various
beneficial physiological functions such as antitumor, anticancer,
cryoprotection, anti-inflammatory, antihypertension, neuropro-
tection, antioxidant, antiosteoporosis, and immunosuppression
(Chen et al. 2018b). L-Sugars are generally used as essential
precursors in the preparation of many valuable compounds. L-
Rhamnulose, L-lyxose, and L-tagatose are indispensable starting
materials for the synthesis of 2,5-dimethyl-4-hydroxy-3(2H)-
furanone (a caramel-like food flavor substance) (Hecquet et al.
1996), avilamycin A (an oligosaccharide antibiotic) (Hofmann
et al. 2005), and deoxygalactonojirimycin (a glycosidase inhib-
itor) (Jenkinson et al. 2011), respectively.

In this review, the first part will present the biochemical char-
acteristics of reported microbial Rpis and compare them in detail.
The second part will mainly focus on the structural features,
catalytic mechanism, and molecular modifications of Rpis.
Finally, recent advances in using Rpi as a powerful biocatalyst
for rare sugar bioproduction and as a potential drug target for
treatment of trypanosomatid-caused diseases are provided.

Biochemical characteristics of Rpis
Novel enzyme sources

Rpis are widely distributed and generally at least one of the two
completely unrelated isoforms, RpiA and RpiB, is present in an
organism. So far, microbial RpiA has been identified from
Escherichia coli K12 (Rangarajan et al. 2002; Zhang et al.
2003a), Pyrococcus horikoshii OT3 (Ishikawa et al. 2002),
Thermus thermophilus HB8 (Hamada et al. 2003),
Saccharomyces cerevisiae S288C (Graille et al. 2005),
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Plasmodium falciparum 3D7 (Holmes et al. 2006), Vibrio
vulnificus YJO16 (Kim et al. 2009), Methanocaldococcus
Jjannaschii MJ1603 (Strange et al. 2009), and Lactobacillus
salivarius UCC118 (Lobley et al. 2012). However, these studies
have mainly focused on the crystal structure analysis which will
be discussed in the next section. Recently, the broad substrate
specificity of RpiB towards diverse monosaccharides, which
represents a potential for rare sugar production, has attracted
ever-increasing attention from researchers. In 2007, Park et al.
(2007a) characterized RpiB from Clostridium thermocellum
ATCC 27405 and experimentally investigated the isomerization
capacity of RpiB towards non-phosphorylated substrates for the
first time. Subsequently, RpiBs from Clostridium difficile ATCC
BAA-1382D-5 (Yeom et al. 2010), Thermotoga maritima
ATCC 43589D-5 (Yeom et al. 2010), Streptococcus
pneumoniae ATCC BAA-255 (Park et al. 2011), Thermotoga
lettingae TMO (Feng et al. 2013), and Ochrobactrum sp. CSL1
(Shen et al. 2018) were identified one after another. The enzy-
matic properties of these mentioned RpiBs are summarized in
Table 1 and discussed below.

Effect of pH, temperature, and metal ions

To achieve high yields of rare sugar production by RpiB,
slightly acidic pH and adequately high temperature are con-
sidered as the most favorable conditions for the isomerization,
because non-enzymatic browning like Maillard reaction is
pH-dependent and will be restrained in a weakly acidic reac-
tion system (Fan et al. 2015; Kwon and Baek 2014). Besides,
the relatively elevated reaction temperature can provide sev-
eral prominent advantages such as high solubility of substrate
and product, low viscosity of reaction mixtures, small risk of
microbial contamination, and profitable shift of reaction equi-
librium (Xu et al. 2016). However, all of the characterized
RpiBs exhibited maximal activity under weakly alkaline con-
ditions of pH 7.5-8.0 (Table 1). T. lettingae TMO RpiB could
maintain 80% of its maximal activity at pH 6.0-9.0 (Feng
et al. 2013), while RpiBs from Ochrobactrum sp. CSL1 and
S. pneumoniae ATCC BAA-255 were unstable below pH 7.0
(Park et al. 2011; Shen et al. 2018). Therefore, screening new
RpiBs with a slightly acidic optimum pH and/or engineering
the pH optimum of characterized RpiBs to lower values are
considered necessary in future research.

As shown in Table 1, the optimal temperature for aldose-
ketose isomerization catalyzed by different RpiBs varied from
35 to 75 °C. T. lettingae TMO RpiB and S. preumoniae
ATCC BAA-255 RpiB showed the most divergence, with
the highest and lowest optimal temperatures of 60 °C and
30 °C, respectively (Feng et al. 2013; Park et al. 2011).
Normally, thermostable enzymes are preferred because they
cannot only provide the abovementioned advantages in indus-
trial mass production but also exhibit higher evolvability to
accept and accumulate more beneficial mutations in protein
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engineering (Bosshart et al. 2015). However, RpiBs from dif-
ferent microorganisms showed significant differences in their
thermostability. Specifically, RpiBs from thermophilic and
hyperthermophilic bacterium, including 7. lettingae TMO
and 7. maritima ATCC 43589D-5, exhibited relatively high
thermostability, with half-lives of 3.3 and 3.2 h at 75 °C, re-
spectively (Feng et al. 2013; Yeom et al. 2010). In compari-
son, RpiBs from mesophilic strains showed poor thermosta-
bility. For example, the C. difficile ATCC BAA-1382D-5
RpiB (Yeom et al. 2010) and the S. pneumoniae ATCC
BAA-255 RpiB (Park et al. 2011) maintained stable only be-
low 50 °C, with half-lives 0f 0.9 h at 55 °C and 6.0 h at 50 °C,
respectively. According to previous literature, for reducing
and inhibiting the Maillard reaction, the temperature for in-
dustrial rare sugar production should be controlled appropri-
ately in 60-70 °C (Zhang et al. 2016). Thus, the thermostabil-
ity of RpiB needs to be improved to satisfy the actual require-
ments in industrial process.

Generally, metal ions have considerable impacts on mono-
saccharide isomerases and epimerases such as serving as enzyme
activity activator or enhancer, improving thermostability, and
reinforcing structural stability (Chen et al. 2018c; Zhang et al.
2013). However, it is intriguing that most of the reported RpiBs
were identified as metal-independent enzymes. RpiB from
Ochrobactrum sp. CSL1 was an exception, which exhibited
maximal activity in the presence of Ca®*, but the presence or
absence of metal ions had very little impact since it could still
maintain 92.50% of native enzyme activity after EDTA treat-
ment (Shen et al. 2018). Because adding metal ions may increase
the difficulty in product purification and cause safety problems,
RpiBs offer promising advantages over other metal-dependent
sugar isomerases for industrial applications.

Substrate specificity, selectivity, and kinetics

Similar to other sugar phosphate isomerases such as mannose-6-
phosphate isomerase (Yeom et al. 2009), galactose-6-phosphate
isomerase (Park et al. 2007b), and glucose-6-phosphate isomer-
ase (Yoon et al. 2009b), Rpi exhibits very broad substrate spec-
ificity. As shown in Table 2, the substrate specificity of different
RpiBs varied widely. Although almost all of characterized
RpiBs could recognize D-ribose, D-allose, and L-talose as sub-
strates, there existed considerable differences in their specific
activities. In addition, the optimal aldose substrate differed ac-
cording to the microbial origin. For example, RpiBs from
C. difficile ATCC BAA-1382D-5 (Yeom et al. 2010),
S. pneumoniae ATCC BAA-255 (Park et al. 2011), and
T. maritima ATCC 43589D-5 (Yeom et al. 2010) showed the
highest specific activity towards D-ribose (53 U mg "), L-lyxose
(27 U mg "), and L-talose (307 U mg "), respectively.
Broadly, the substrate selectivity patterns of RpiBs could be
divided into two distinct types and, for the sake of convenience,
herein named pattern A and pattern B. RpiBs with substrate
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selectivity of pattern A, like C. thermocellum ATCC 27405
RpiB (Park et al. 2007a; Yoon et al. 2009a) and 7. maritima
ATCC 43589D-5 RpiB (Yeom et al. 2010), had the following
two characteristics: (1) could only recognize aldoses with hydrox-
yl groups at C2, C3, and C4 in the same orientation as substrates
(Fischer projection); (2) preferred aldose substrates with right-
handed configuration at C2, C3, and C4 than those with left-
handed configuration (Fig. 1). The substrate selectivity of
RpiBs from C. difficile ATCC BAA-1382D-5 (Yeom et al.
2010) and S. pneumoniae ATCC BAA-255 (Park et al. 2011)
were the typical representatives of pattern B (Fig. 1). These en-
zymes were selective for aldoses with right-handed hydroxyl
groups at C2 and C3, including D-ribose, L-talose, D-allose, L-
lyxose, L-mannose, and D-gulose. However, the substrate selec-
tivity of the recently reported RpiB from Ochrobactrum sp.
CSL1 was unconventional. The aldose substrates recognized by
all other characterized RpiBs had to fulfill the requirement of
possessing identically oriented hydroxyl groups at C2 and C3,
while Ochrobactrum sp. CSL1 RpiB exhibited activity towards
aldoses with different configurations at C2 and C3, like D-arabi-
nose and D-xylose (Shen et al. 2018). Furthermore,
Ochrobactrum sp. CSL1 RpiB could also isomerize L-rhamnose
(a deoxy aldose) into L-thamnulose, which has not been reported
by previously identified RpiBs. Since C. thermocellum ATCC
27405 RpiB showed no activity towards L-thamnose, active sites
of these two enzymes were compared. The results showed that
two phosphate recognition residues were different in these two
enzymes (Argl136 and Asp41 in C. thermocellum ATCC 27405
RpiB corresponding to Asn137 and Phe41 in Ochrobactrum sp.
CSL1 RpiB). The two residues in Ochrobactrum sp. CSL1 RpiB
were more hydrophobic, which may explain its expanding activ-
ity towards L-thamnose (Park et al. 2007a; Shen et al. 2018).
Therefore, like L-thamnose isomerase from Caldicellulosiruptor
obsidiansis OB47 (Chen et al. 2018a), the hydrophobic environ-
ment may perform a significant impact on the substrate recogni-
tion of Ochrobactrum sp. CSL1 RpiB.

It is commonly known that Michaelis—Menten constant (K.,,)
and catalytic efficiency (k./K.,) are pivotal parameters for eval-
uating the catalytic performance of enzymes. As shown in
Table 1, the fast enzyme kinetics of C. thermocellum ATCC
27405 RpiB were distinctive among all RpiBs (Yoon et al.
2009a). Its k.,/K,, value towards D-ribose was 448 and 57 times
higher than that of C. difficile ATCC BAA-1382D-5 RpiB and
T. maritima ATCC 43589D-5 RpiB (Yeom et al. 2010). Further
analysis of the three-dimensional structure of C. thermocellum
ATCC 27405 RpiB revealed that Met94 and Glu97 were respon-
sible for the fast enzyme kinetics. Probably because these two
residues can improve the efficiency of sugar-ring opening cata-
lyzing by His98 (Jung et al. 2011). In addition, all of the RpiBs
exhibited far lower K, values and much higher 4,/K, values to
D-ribose 5-phosphate than to D-ribose, indicating that RpiB is
one of the enzymes with phosphorylated substrate preference.
Obviously, RpiBs with non-phosphorylated substrate preference
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Table 2 Specific activities (U mg ") of different RpiBs for various monosaccharides
Substrate C. difficile ATCC  C. thermocellum Ochrobactrum sp.  S. pneumoniae T. maritima
BAA-1382D-5 ATCC 27405 CSL1 ATCC BAA-255 ATCC 43589D-5

Aldose D-Ribose 53+0.3 5800+ 64 NR 53+0.07 194422
L-Ribose ND 272+1.7 6000 ND 4£0.1
D-Talose ND 50+0.7 NR ND 18+0.3
L-Talose 28+0.5 7363 +183 NR 19+0.07 307+53
D-Allose 45+0.1 1352+13 4794 1.9+0.03 23+£0.4
L-Allose ND 600+ 12 NR ND 12+0.1
D-Lyxose ND ND NR ND ND
L-Lyxose 15+£0.1 ND NR 27+0.05 ND
D-Mannose ~ ND ND NR ND ND
L-Mannose ~ NR ND NR 2.5+0.05 ND
D-Gulose 7+04 ND NR 9.6+0.10 ND
L-Gulose ND ND NR ND ND
D-Xylose NR ND 3564 ND NR
D-Arabinose  NR ND 1746 ND NR
L-Rhamnose NR ND 1770 NR NR

Ketose  D-Ribulose 120+0.6 5374+110 NR 48+0.08 263+54
L-Ribulose ND 12+0.07 NR ND 8+0.1
D-Tagatose =~ ND 0.21+0.002 NR ND 14+0.1
L-Tagatose 14+0.1 720+21 NR 1.3+0.05 55+0.5
D-Allulose 3£0.1 103715 NR 2.1£0.02 21+0.3
L-Allulose ND 0.53+0.009 NR ND 12+0.1
D-Xylulose ~ ND ND NR ND ND
L-Xylulose 57+04 ND NR 121+0.10 ND
D-Fructose ND ND NR ND ND
L-Fructose 9+0.1 ND NR 1.1£0.02 ND
D-Sorbose 1+0.1 ND NR 0.5+0.03 ND
L-Sorbose ND ND NR ND ND

Reference (Yeom et al. 2010)  (Park et al. 2007a; Yoon et al. 2009a)  (Shen et al. 2018)  (Park et al. 2011) (Yeom et al. 2010)

One unit (U) is defined as the amount of enzyme required to produce 1 nmol product from substrate per minute

ND: Specific activity was not detected by the analytical method used in the reference

NR not reported

are more suitable for industrial-scale rare sugar production.
Therefore, strategy like redesigning the phosphate binding site
for obtaining new variants of RpiBs with improved affinity to-
wards non-phosphorylated substrates has been attracting a lot of
interest (Yeom et al. 2013).

Crystal structure and molecular modification
Overall structures

There is a large volume of published studies investigating the
crystal structures of various Rpis, including eight RpiAs and

six RpiBs (Table 3). Interestingly, the overall structures of the
same type of Rpi are roughly similar, but RpiA and RpiB

show significant structural differences, though they can cata-
lyze the same reaction (Fig. 2). As for RpiA, single subunit,
consisting of mixed a-helices and [-strands, contains two
domains with different roles. The N-terminal domain with
partial key residues is related to catalytic reaction, while the
C-terminal domain is responsible for the oligomerization state
through the “tetramerization loop,” and these two domains are
linked via several 3-strands (Holmes et al. 2006; Lobley et al.
2012; Strange et al. 2009). Besides, as previously reported,
RpiAs from bacteria (E. coli K12, T. thermophilus HBS,
V. vulnificus YJ016, and L. salivarius UC188) and protozoa
(P. falciparum 3D7) assembled into dimers, while RpiAs
found in archaea (P. horikoshii OT3 and M. jannaschii
MIJ1603) and fungi (S. cerevisiae S288C) presented in tetra-
mers. The homomultimeric form of RpiAs varied depending

@ Springer
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Fig. 1 A schematic diagram for r
the substrate selectivity patterns

of RpiBs. The blue and red boxed I
structures indicate the specifically I Y OH
recognized hydroxyl group 0
configurations in pattern (A) and | === HO
pattern (B), respectively HO
I OH OH
I L-Ribose L-Ribulose
I r———=—=--
I /0 OH
| 0
| =———= [-OH
| OH
I I OH OH
I D-Ribose D-Ribulose
/0 OH
| 0
OH
|Ho HO
I OH OH
I L-Lyxose L-Xylulose
L — — — — — —

on the length of the “tetramerization loop,” and two equal
dimers with the longer loop were more likely to generate in-
teraction to form a tetrameric architecture (Graille et al. 2005;
Kakuta et al. 2004; Strange et al. 2009).

As for RpiBs, most of them present in the tetrameric forms,
except Mycobacterium tuberculosis H37Rv RpiB which
forms a dimer. And each subunit is folded into a oS sand-
wich with a five-stranded parallel §-sheet core flanked by
three a-helices on each side (Jung et al. 2011; Roos et al.
2005; Stern et al. 2007). In addition, noteworthy is that the
active sites of RpiA and RpiB are quite different. First, unlike
RpiA forming independent catalytic site in each subunit, the
active site of RpiB is located in the border regions of two
subunits, composed of residues from both sides. Second,
RpiB exhibits a high composition of aromatic residues, where-
as RpiA possesses none (Fig. 2). Third, the functions of sub-
strate recognition and catalysis are executed by apparently
distinct residues in RpiA and RpiB (Fig. 3).

Catalytic mechanism

Studies on crystal structures of Rpis complexed with sub-
strates, products, or inhibitors have contributed to under-
stand well the catalytic mechanism. Together, these studies
indicated that both RpiAs and RpiBs perform the catalytic
reaction via two main successive steps: (1) transform the
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pattern A |

/O OH /0 OH
0 0 I

——w HO —— HO

HO HO I
OH OH HO HO I

OH OH OH OH
D-Talose D-Tagatose L-Allose L-Allulose I

P ¢ I
0 o] I

OH oH |
—~— OH ~—— OH I

HO HO OH OH |
OH ©OH OH I

OH I
D-Allulose I
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/O OH /o OH I
o] o}
OH OH I
HO HO HO ~—  HO
HO HO OH OH I
OH OH OH OH |
L-Mannose L-Fructose D-Gulose D-Sorbose |
pattern B |

ring form of sugar substrate into the catalytically active
linear form; (2) implement aldose-ketose isomerization
through 1,2-cis-enediol (ate)-mediated proton transfer.
This catalytic mechanism is different from the metal ions
required hydride shift mechanism adopted by other isomer-
ases such as L-thamnose isomerase (Korndorfer et al. 2000)
and D-xylose isomerase (Fenn et al. 2004), and to some
extent, explained the metal ion independence of Rpis
(Soares et al. 2019; Stern et al. 2007). Furthermore, it
should be noted that the key residues responsible for ring
opening and isomerization in RpiAs and RpiBs are signif-
icantly different (Fig. 3). Taking the process of converting
R5P to Ru5P as an example, in RpiBs, the furanose ring of
R5P opening relies on a histidine (Fig. 3(b)) serving as a
general acid for donating a proton to O4 (Roos et al. 2008;
Stern et al. 2007). Once the ring is opened, the isomeriza-
tion step follows immediately which begin with the proton
abstraction from C2 performed by the catalytic base (cys-
teine in all reported RpiBs, except M. tuberculosis H37Rv
RpiB which using a glutamate as an alternative; Fig. 3(b)).
Subsequently, with the participation of a threonine or a
serine (Fig. 3(b)), the O1 protonation and O2 deprotonation
are in turn carried, accompanied by the forming of enediol
(ate) intermediate. Finally, C1 accepts the proton released
from the initial catalytic base to form RuSP (Roos et al.
2008; Wang and Yang 2013; Zhang et al. 2003b). While in
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Table 3  Summary of published crystal structures of RpiA and RpiB
Microorganism source PDB Resolution Mutation or  Ligand Reference
D A) native
RpiA  Escherichia coli K12 ILKZ 2.50 Native - (Rangarajan et al.
2002)
1KS2  1.50 Native — (Zhang et al. 2003a)
108B 1.25 Native D-Arabinose-5-phosphate (Zhang et al. 2003a)
Lactobacillus salivarius UCC118 4GMK 1.72 Native Phosphate (Lobley et al. 2012)
Methanocaldococcus jannaschii 3IXQ  1.78 Native - (Strange et al. 2009)
MJ1603
Plasmodium falciparum 3D7 2F8M  2.09 Native Phosphate (Holmes et al. 2006)
Pyrococcus horikoshii OT3 ILK5  1.75 Native - (Ishikawa et al. 2002)
ILK7  2.00 Native 4-Phospho-D-erythronate (Ishikawa et al. 2002)
Saccharomyces cerevisiae S288C 1XTZ 2.10 Native - (Graille et al. 2005)
Thermus thermophilus HB8 1UJ4 180 Native - (Hamada et al. 2003)
1uJs  2.00 Native D-Ribose-5-phosphate (Hamada et al. 2003)
1uJ6 1.74 Native D-Arabinose-5-phosphate (Hamada et al. 2003)
Vibrio vulnificus YJ016 3ENQ 2.00 Native - (Kim et al. 2009)
3ENW  2.00 Native D-Ribose-5-phosphate (Kim et al. 2009)
3ENV  2.00 Native D-Arabinose-5-phosphate (Kim et al. 2009)
RpiB  Clostridium thermocellum 3HE8 1.90 Native - (Jung et al. 2011)
ATCC 27405 3HEE 2.00 Native D-Ribose-5-phosphate (Jung et al. 2011)
3PH3 2.07 Native D-Ribose (Jung et al. 2011)
3PH4 2.07 Native D-Allose (Jung et al. 2011)
Coccidioides immitis RS 3QD5  1.90 Native - (Edwards et al. 2011)
3SDW 1.80 Native Phosphate (Edwards et al. 2011)
3SGW  1.70 Native Malonic acid (Edwards et al. 2011)
Escherichia coli K12 INN4 220 Native - (Zhang et al. 2003b)
2VVR  2.10 Mutant D-Ribose-5-phosphate (Roos et al. 2008)
H99N
Mycobacterium tuberculosis H37Rv IUSL 1.88 Native Phosphate (Roos et al. 2004)
2BET 2.20 Native 4-Phospho-D-erythronate (Roos et al. 2005)
2BES  2.10 Native 4-Phospho-p-erythronohydroxamic  (Roos et al. 2005)
2VVP  1.65 Native D—Ia:i:‘tl)((i)se 5-phosphate (Roos et al. 2008)
D-Ribulose 5-phosphate
2VVQ 2.00 Native 5-Phospho-D-ribonate (Roos et al. 2008)
2VVO  1.85 Native D-Allose 6-phosphate (Roos et al. 2008)
Thermotoga maritima MSBS 101X 190 Native - (Xu et al. 2004)
Trypanosoma cruzi CL Brener 3K70  2.00 Native - (Stern et al. 2011)
3K7P 140 Mutant Phosphate (Stern et al. 2011)
C69A
3K7S  1.90 Native D-Ribose-5-phosphate (Stern et al. 2011)
3K8C  2.10 Native 4-Phospho-p-erythronohydroxamic  (Stern et al. 2011)
3MIP 215 Mutant D—/i(;llgse 6-phosphate (Stern et al. 2011)
C69A

“-: Apo structure with no ligand

RpiAs, it has been proposed that the aspartic acid plays a
vital role in substrate ring opening and all proton transfers

in C1-C2 and O1-O2 are carried by the glutamate (Fig.
3(a)) (Hamada et al. 2003; Zhang et al. 2003a).
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Fig. 2 The three-dimensional
structures of RpiAs and RpiBs.
(a) and (b) are superimposed dia-
grams of monomers of RpiAs
from E. coli (red, 1KS2),

L. salivarius (yellow, 4GMK),
M. jannaschii (green, 31XQ),

P. falciparum (cyan, 2F8M),

P. horikoshii (blue, 1LK5),

S. cerevisiae (purple, 1XTZ),

T. thermophilus (magenta, 1UJ4),
and V. vulnificus (gray, 3ENQ)
and monomers of RpiBs from

C. thermocellum (red, 3HER),

C. immitis (yellow, 3QD5),

E. coli (green, INN4),

M. tuberculosis (cyan, 1USL),

T. maritima (blue, 101X), and
T. cruzi (orange, 3K70), respec-
tively. (c) and (d) are ribbon rep-
resentations of the overall struc-
ture of R5P-complexed

T. thermophilus RpiA (1UJ5) and
R5P-complexed C. thermocellum
RpiB (3HEE), respectively.
Monomer A is shown in red and
monomer B is shown in blue in
both structures. (e) and (f) are
close-up views of the active sites

(e)

of T. thermophilus RpiA (1UJ5)
and C. thermocellum RpiB
(3HEE) bound to R5P, respec-
tively. All of the stereo views
were generated by the program
UCSF Chimera

|giA>G|03A
E108A
5 Gjoza
» K99.A

Molecular modification

Consistently, researchers are focusing on molecular modifica-
tion of enzymes to tailor substrate preferences, ameliorate cat-
alytic properties, and even create new functions. At present,
molecular modification of RpiAs has not been explored, but
rational design of RpiBs has been reported. In 2011, through
structure-based sequence alignment, Stern et al. imitated the
phosphate binding loop in E. coli RpiB to construct a
A135E136G mutant of Trypanosoma cruzi CL Brener
RpiB. Interestingly, this mutant maintained the ability of cat-
alyzing the RSP/Ru5P isomerization and gained the D-allose-
6-phosphate isomerase activity which initially did not exist
(Stern et al. 2011). Furthermore, using scanning alanine mu-
tagenesis and site-directed mutagenesis, a R132E mutant of
C. thermocellum ATCC 27405 RpiB and a R133D mutant of
C. difficile ATCC 43255 RpiB were generated successively
by Yeom et al. Due to eliminating the positive charge of the
phosphate binding residue Arg, these two mutants showed
higher catalytic efficiencies for non-phosphorylated sugars.
More specifically, the k.,/K,, values of R132E mutant to-
wards D-allulose and R133D mutant towards D-ribose were

@ Springer

1.5 and 1.8 higher, respectively, compared with those of the
corresponding wild-type enzymes (Yeom et al. 2011; Yeom
et al. 2013). In addition, Jung et al. transformed two residues
of T. maritima ATCC 43589D-5 RpiB into corresponding
residues of C. thermocellum ATCC 27405 RpiB which exhib-
ited the fast enzyme kinetics. As a result, the catalytic activity
of L94M mutant and S97E mutant towards D-ribose increased
by 75% and 25%, respectively. This result can be explained
by the enhancement of ring opening efficiency since these two
residues are located nearby the ring opening required residue
His (Jung et al. 2011). Therefore, selecting phosphate recog-
nition and ring opening assisted residues as hotspots is con-
sidered to be a reasonable strategy for designing improved
mutants and can be further used to engineer other Rpis.

Bioproduction of rare sugars by Rpis
Production of p-allose

D-Allose, an aldose with all of the four chiral carbons present-
ing in the R-configuration, has a bright future for applications
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Fig. 3 Structure-based sequence alignments of Table 3—-listed RpiAs (a)
and RpiBs (b). The blue, green, and purple frames in (a) indicate the
phosphate recognition, sugar recognition, and catalysis motifs of RpiAs,
respectively. The blue and green boxes in (b) highlight the phosphate

in food systems, clinical treatment, and health care due to its
unique physicochemical properties and diverse physiological
functions. To the best of our knowledge, thus far, biotechno-
logical production of D-allose can only be performed using D-
allulose as the substrate. It has been reported that several sugar
isomerases possess the catalytic ability for isomerizing D-
allulose into D-allose such as L-rhamnose isomerase (Xu

C.thermocellum VVGLDLALDIVDTWLKAEFQGG.

A

ATRTVADPGSLGIVLGESENGEORANYKVP[EARCALAWSVQTAALAREHENNAQLIGIGGRE
* * A

(16

140

VIGIELAKRLAGEWLTYRFDQKSEGAQIVOAISDYEKKFVEVN. ... ..
VVGLELAKMIVDAWLGAQYEGG .BEIQQIIVEAITAIEQRRN . . .. .. ...
LIGAELAFWIVDTFLSTPFDGG.BEIERIRIIRKIDEV . . . ... .. ... ...
TTGVEVIREIIITFLOQTPFSGEERGEIVRRIIEKIRAIEASHAGKKGVQ.

BIATIAVGKIGEIEKKYSK. . ... ...
MHTVAEALAIVDAFVTTPWSKAQBREIORIFZID ILAEYERTHEAPPVPGAPA

binding and sugar binding residues of RpiBs, respectively. The triangle
and star in both (a) and (b) mark the ring opening and catalytic residues,
respectively. The alignments were prepared using the CLUSTALW and
ESPript 3.0 service

et al. 2017), D-galactose-6-phosphate isomerase (Park et al.
2007b), and RpiB. The first application of RpiB for D-allose
production was carried out by Park et al. in 2007. Under the
optimized conditions of pH 7.5, 50 °C, and 500 g L' -
allulose, RpiB from C. thermocellum ATCC 27405 produced
165 g L ! p-allose in 6 h, with an overall yield of 33% (Park
et al. 2007a). Four years later, through rational design, a single-
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site mutant (R132E) of C. thermocellum ATCC 27405 RpiB
was obtained which exhibited a 7% increase in conversion
yield comparing with the wild-type enzyme under the same
reaction conditions and enzyme concentration (Yeom et al.
2011). In addition, by using purified RpiB from 7. lettingae
TMO, the sole product D-allose could be formed in the pres-
ence of 100 mM D-allulose at pH 8.0 and 55 °C, and the final
reaction equilibrium approached at 4 h, with a ratio of 32:68
between D-allose and D-allulose. Furthermore, by whole-cell
transformation using recombinant E. coli cells expressing
RpiB from 7. lettingae TMO, after 24 h, 28 g L' p-allose
could be obtained from 100 g L' p-allulose in a 1-L reaction
system, at pH 8.0 and 55 °C (Feng et al. 2013). Since D-
allulose is very scarce and expensive, directly using D-allulose
as a substrate for industrial-scale D-allose production would be
unrealistic. To decrease the production cost, recently, Lee et al.
established a two-enzyme system for D-allose production from
D-fructose by coupling the enzymatic epimerization catalyzed
by D-allulose 3-epimerase (DAE) and isomerization catalyzed
by RpiB. Under the optimized conditions of pH 7.5, 60 °C,
1 mM Co**, and 600 g L™ p-fructose, 0.1 g L' DAE from
Flavonifractor plautii ATCC 29863 and 12 g L' RpiB from
C. thermocellum ATCC 27405 were added sequentially or
simultaneously, with an overall conversion yield of 32% and
42%, respectively (Lee et al. 2018). In addition, integration of
the two-enzyme cascade reaction and product separation into a
continuous process by using simulated moving bed chroma-
tography may further improve the conversion yield (Morimoto
et al. 2006; Wagner et al. 2015).

Production of L-sugars

As mentioned above, L-series sugars have emerged as impor-
tant starting materials for the synthesis of diverse compounds
with special functions and commercial value. Recently, due to
the broad substrate specificity, RpiB has also been utilized for
several L-form rare sugars, including L-rhamnulose, L-lyxose,
and L-tagatose. L-Rhamnulose (6-deoxy-L-fructose) could be
produced from L-rthamnose by Ochrobactrum sp. CSL1 RpiB
and the highest production was observed at pH 8.0, 50 °C, and
1 mM Ca®* for 4.5 h, with a conversion yield of 26% (Shen
et al. 2018). RpiB from S. pneumoniae ATCC BAA-255
could produce 350 g L ™" L-lyxose from 500 g L' L-xylulose
in 3 hat pH 7.5 and 35 °C, with a volumetric productivity of
117 g L' h™" and a conversion yield of 70% (Park et al.
2011). As for enzymatic production of L-tagatose,
C. thermocellum ATCC 27405 RpiB catalyzed the isomeriza-
tion of L-talose to L-tagatose, with a conversion yield of 89%,
at pH 7.5 and 50 °C in about 1.5 h (Yoon et al. 2009a). And
450 g L' L-tagatose could be obtained from 500 g L' L-
talose by 600 U mL™" S. pneumoniae ATCC BAA-255
RpiB at pH 7.5 and 35 °C after 5 h, and a 90% conversion
yield with a volumetric productivity of 90 g L' h™' was
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achieved (Park et al. 2011). It is worth mentioning that there
were no byproducts formed in all of the aforementioned pro-
duction processes, indicating that RpiB is an ideal L-sugar
producer.

Rpi as a potential drug target against
trypanosomatids

Due to the unsatisfactory efficacy and severe side effects of
current chemotherapeutic agents for treatment of
trypanosomatid-caused diseases, searching rational molecular
targets and designing target specifically inhibitory drugs are
imperative. Considering the critical role of Rpi in the pentose
phosphate pathway, researchers have explored the impact of
Rpi on different trypanosomatids. Through RNAi-based gene
silencing, Loureiro et al. (2015) demonstrated that
Trypanosoma brucei Rpi significantly affected the in vitro
growth and in vivo infectivity of 7. brucei (a trypanosomatid
of the Trypanosoma genus). Moreover, the study by Faria
et al. (2016) suggested that Rpi was necessary for the survival
of Leishmania infantum (a trypanosomatid of the Leishmania
genus) since Rpi inactivated mutants could not be constructed
unless an episomal copy of Rpi gene was provided. The es-
sentiality of Rpi for trypanosomatids favors it as a potential
drug target candidate. However, it should be noted that previ-
ous studies have shown that human Rpi was related to
hepatocarcinogenesis (Ciou et al. 2015) and human deficient
in Rpi would present progressive leukoencephalopathy and
peripheral neuropathy (Huck et al. 2004; Kaur et al. 2019).
Consequently, new drugs aiming at Rpi need to be highly
selective and be able to specifically inhibit the Rpi of
trypanosomatids, with little/no influence on human Rpi in
the meanwhile. Fortunately, designing such specific inhibitors
is theoretically feasible since the Rpis of trypanosomatids and
human host belong to type B and type A, respectively, and
their active sites are sufficiently different (Capriles et al. 2015;
Sinatti et al. 2017). Up to now, several compounds have
shown inhibitory activity against trypanosomatid RpiB, in-
cluding 4-phospho-D-erythronate, 4-phospho-D-
erythronohydroxamic acid, and D-allose-6-phosphate (Stern
et al. 2007; Stern et al. 2011). More recently, two novel com-
pounds (ZINC ID 36975961 and 43763931) were identified
as promising inhibitors of trypanosomatid RpiB by Sinatti
et al. (2017) via pharmacophore modeling, molecular
docking, and molecular dynamic simulations. Although there
is still a sizable gap between the inhibitory effects and the
requirement for clinical application, these compounds provide
good references for future work in drug design.
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