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Abstract. Aldose reductase and aldehyde reductase
belong to the aldo-keto reductase superfamily of
enzymes whose members are responsible for a wide
variety of biological functions. Aldose reductase has
been identified as the first enzyme involved in the
polyol pathway of glucose metabolism which converts
glucose into sorbitol. Glucose over-utilization through
the polyol pathway has been linked to tissue-based
pathologies associated with diabetes complications,
which make the development of a potent aldose

reductase inhibitor an obvious and attractive strategy
to prevent or delay the onset and progression of the
complications. Structural studies of aldose reductase
and the homologous aldehyde reductase in complex
with inhibitor were carried out to explain the differ-
ence in the potency of enzyme inhibition. The aim of
this review is to provide a comprehensive summary of
previous studies to aid the development of aldose
reductase inhibitors that may have less toxicity prob-
lems than the currently available ones.

Keywords. Aldose reductase, aldehyde reductase, polyol pathway, glucose metabolism, enzyme inhibition, drug
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Aldose reductase (ALR2; EC 1.1.1.21) and aldehyde
reductase (ALR1; EC 1.1.1.2) belong to the aldo-keto
reductase (AKR) superfamily of enzymes whose
members are responsible for a wide variety of bio-
logical functions. These include the regulation of the
pro-inflammatory response via the reduction of alde-
hyde phospholipids [1], the synthesis of metabolically
vital compounds such as prostaglandins [2, 3] and the
modulation and modification of steroids in vivo [4-7],
which include progesterone signalling in breast mam-
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mary cells [8]. Members of the AKR superfamily are
composed of approximately 315-330 residues, which
generally form monomeric proteins with a molecular
weight of 36 kDa [9, 10]. While ALR1 prefers the
reduction of aromatic rather than aliphatic aldehydes
[11], both ALR1 and ALR2 catalyse the NADPH-
dependent reduction of aldehydes, xenobiotic alde-
hydes, ketones, trioses and triose phosphates [9, 10,
12-15]. The two enzymes have been isolated and
purified from a number of tissues including the brain,
kidney, liver, lens and skeletal muscle [16-18]. ALR2
is the first enzyme in the polyol pathway and converts
glucose to sorbitol, which is subsequently transformed
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to fructose by sorbitol dehydrogenase. During a
hyperglycaemic event, the elevated glucose level
enhances ALR2 activity, increasing the glucose flux
through the polyol pathway which impacts other
NADPH-dependent enzymes shown to play a key
role in long-term diabetic onset complications such as
neuropathy and nephropathy [19]. Moreover, the
consequent accumulation of sorbitol in the eye is
believed to be responsible for the development of
glaucoma, retinopathies and cataracts in diabetic
patients [20]. Inhibition of ALR2 thus offers patients
suffering from diabetes mellitus a viable therapeutic
measure against the debilitating pathologies associ-
ated with chronic hyperglycaemia [21-23]. While
many aldose reductase inhibitors (ARIs) have been
reported in the literature, adverse side effects and lack
of efficacy have curtailed the prospect of many drug
candidates for clinical use. Epalrestat is the only ARI
that is currently marketed for treatment of diabetic
neuropathy in Japan, with several other potential
candidates in current clinical trials [23-25].

ALRI1 and ALR?2 share a high degree of sequence
(~65%) and structural homology [26], with the
majority of the differences present at the C-terminal
end of an o/p-TIM barrel structure (Fig. 1) [27], which
is the region mainly responsible for substrate and
inhibitor specificity among members of the AKR
superfamily [28]. Earlier studies indicated that most
known ALR?2 inhibitors inhibit ALR1 and illustrated
that the active sites of both enzymes contain common
characteristics in the manner in which they bind
substrate and inhibitor [26, 29]. An ARI specificity is
often determined by measuring its activity against
ALRU1, an enzyme that metabolizes 3-deoxyglucosone
and methylglyoxal which are intermediates for the
formation of the advanced glycation end products
(AGESs) [30, 31]. Thus, ALRT1 inhibition may account
for some of the undesirable side effects associated
with the present ARIs. It is therefore necessary to
identify any structural differences between these
enzymes that may be exploited in the design of
inhibitors that are highly selective for ALR2 over
ALRI.

Traditionally, ARIs emerged from two major classes,
depending on whether they contain an acetic acid
moiety [32] or a cyclic imide group. The latter in turn
comprises hydantoin/imidazoline-2,4-dione deriva-
tives [33], such as Fidarestat and Sorbinil, or succini-
mide derivatives [34], like Minalrestat and AS-3201.
These polar groups are usually attached to a hydro-
phobic ring system [22]. X-ray structures of several
ALR2-inhibitor complexes showed that the polar
hydantoin and carboxylate groups bind in a conserved
anion-binding site adjacent to the nicotinamide ring of
the coenzyme. They form hydrogen bonds with ALR2
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Figure 1. Superposition of aldose reductase (white ribbon) and
aldehyde reductase (black ribbon). Note that the two structures are
very close except at the C-terminal end. The active site is marked by
catalytic residues Tyr48 and His110. Leu300 (Pro in aldehyde
reductase) marks the beginning of the C-terminal end.

residues Tyr48, His110 and Trp111 [33, 35]. Inhibitors
containing either the cyclic imide or carboxylic acid
anchor exhibit similar in vitro but lower in vivo activity
with respect to the carboxylic acid derivatives. This
observation has been attributed to the relatively lower
pK, values and, accordingly, their ionization at
physiological pH [36—38]. Most ALR?2 inhibitors are
also effective against ALR1 because they bind to the
enzyme in a very similar manner, with the polar
inhibitor moiety wedged between the nicotinamide
ring and the conserved residues Tyr48, His110 and
Trp79 [35,39,40]. The hydrophobic ring systems of the
inhibitors are bound tightly in a pocket that is adjacent
to the anion-binding site. Inhibition and biochemical
studies have suggested that inhibitors with different
potencies for ALR1 and ALR?2 are likely to interact
with residues in the C-terminal loop [28, 39], since this
portion is not conserved across members of the aldo-
keto reductase superfamily [41]. Moreover, crystallo-
graphic and modelling studies of ALR1 and ALR2 in
complex with inhibitors have shown that inhibitors
specific to ALR?2 interact with C-terminal residues by
binding to the same subsite, which has been described
as the ’specificity’ pocket [33, 35, 42].

In this review we compare the three-dimensional (3D)
structures of ALR1 and ALR2 in complex with the
cyclic imide inhibitor Fidarestat {(2S,4S5)-6-fluoro-
2',5'-dioxospiro-[chroman-4,4"-imidazoline]-2-car-
boxamide} complemented with data obtained from
molecular modelling calculations and inhibitory ac-
tivity measurements to illustrate the selectivity-deter-
mining features that may be used in a rational
approach to the drug design process [43-46].
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Figure 2. Stereoview of Fidarestat bound into the active site of human ALR?2. Residues within 4 A of the inhibitor are shown. Hydrogen
bonds (dashed lines) are drawn between the inhibitor and His110 Ne2, Tyr48 OH, Trp111 Nel and Leu300 N, with distances given in A.

Structure of the ALR2/Fidarestat complex

A stereo diagram of Fidarestat bound to the active site
of ALR2 is presented in Figure 2. The overall
structure of human ALR2 folds into an eight-stranded
o/f-barrel with the active site located on the C-
terminal end of the barrel [47]. The NADP*-binding
site is located adjacent to a hydrophobic active site
pocket. As previously observed in crystal structures of
ALR?2 in complex with hydantoin inhibitors [33, 35],
Fidarestat is bound in the active site with its hydantoin
moiety entering the anion-binding site [44]. This
moiety is held in place by 13 van der Waals inter-
actions with the nicotinamide ring of NADP*. Thus,
the inhibitor’s polar head is firmly anchored in the
active site. Both carbonyl oxygen atoms are present
within hydrogen-bonding distances from the Nel
atom of Trp111 (2.80 A) and the OH group of Tyr48
(2.63 A). His110 forms a hydrogen bond with the 1'"-
position nitrogen atom in the cyclic imide substituent
of Fidarestat (2.76 A). Peaks in the experimental
electron density obtained by X-ray diffraction clearly
indicated two positions for the H atom in this bond.
Furthermore, the C-O bond distances in the cyclic
imide rings (1.2 A +/- 0.04) clearly indicated a double
bond, excluding the protonation of the oxygen atoms.
These observations lead to the conclusion that the
inhibitor can have different protonation states at the
1’-position nitrogen atom in the cyclic imide substitu-
ent [44].

While cyclic imide and carboxylic acid ARIs have
comparable activities in vitro, the exchange of the
acetic acid functional group with a cyclic imide
substituent has been found to transform the com-
pound from being exclusively active in vitro to a

compound with high potency in vivo [48-50], likely
due to accompanying changes in the pharmacokinetic
properties of the compound, such as the pKa value.
Carboxylic acids have low pKa values (generally
below 4) which causes them to be ionized at physio-
logical pH and more difficult to cross the biological
membrane than cyclic imides which have higher pKa
values (between 8 and 9) [37]. Interestingly, the
experimentally measured pKa value (pKa ~8) for
the catalytic residue Tyr48 has been shown to be
approximately 2.5 units lower than the pKa value
calculated for a Tyr residue in solution [51]. Similarly,
the presence of the cyclic imide substituent of Fidare-
stat in close proximity with the positively charged
nicotinamide ring of the coenzyme and the protonated
Ne2 of His110 could lower the pKa value of the cyclic
imide substituent, resulting in a partial population of
inhibitors which would be negatively charged at the 1'-
position nitrogen atom at the crystallisation pH of 5.0.
Biochemical and crystallographic studies have sug-
gested that ARIs preferably bind to the ALR2/
NADP" complex whereas the substrates bind to the
ALR2/NADPH form [35, 52]. At physiological pH,
the inhibitor population that is negatively charged at
the 1’-position nitrogen atom in the cyclic imide
substituent would interact favourably with the proto-
nated Ne2 atom of His110 and positively charged
nicotinamide of the coenzyme. This suggests that cyclic
imide inhibitors initially cross the biological membrane
as neutral compounds, then lose the proton and bind to
the enzyme’s active site, with their negative charge
contributing to the tight inhibitor binding. This obser-
vation is supported by the fact that the translation from
in vitro to in vivo activity for this class of compounds
was usually easily achieved [37, 53].
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Figure 3. Stereo-diagram showing the binding site of Fidarestat to ALR1. Residues within 4 A and hydrogen bonds as dashed lines, with

distances given in A. The two conformations for Trp 220 are included.

The orientation of the bound Fidarestat in the active
site of human ALR2 holoenzyme determined at ultra-
high resolution (0.9 A) is in agreement with an earlier
crystallographic investigation conducted at 2.8 A
resolution where the chroman ring of Fidarestat was
located within van der Waals contacts with the side
chains of Trp20, Trp111, Phe122 and Trp219 [44, 33].
The oxygen of the carbonyl group was hydrogen-
bonded to the main-chain nitrogen atom of Leu300
(Leu300 adopts a double conformation in the high-
resolution structure with hydrogen bond distances
equal to 2.96 and 3.03 A). This interaction was
suggested to be responsible for the higher potency of
Fidarestat for ALR2 over ALRI [33]. Leu300 that
lines the ‘specificity’ pocketin ALR2 is a Proin ALR1
and is unable to form a hydrogen bond with the
inhibitor.

Structure of the ALR1/Fidarestat complex

Fidarestat binds to the active site of ALR1 with its
cyclic imide moiety anchored in the anion-binding site
[43] (Fig. 3). The carbonyl oxygen atoms are present
within hydrogen-bonding distances from the Nel
atom of Trp114 (2.91 A) and the OH group of Tyr50
(237 A), while the Ne2 of His113 forms a hydrogen
bond with the 1'-position nitrogen atom in the cyclic
imide substituent (2.85 A). The hydrogen-bonding
interactions between the cyclic imide moiety of
Fidarestat and ALRI1 are conserved in the ALR2
structure which includes an additional hydrogen bond
between the main-chain N atom of Leu300, a residue
lining the ’specificity’ pocket, and the exocyclic amide
oxygen of Fidarestat [44]. A superposition of the

ALR1 and ALR? active sites with the bound Fidare-
stat molecules is shown in Figure 4. While the side-
chain orientations for the anion-binding-site residues
Tyr50, His113 and Trpl14 are conserved, the exper-
imental electron density obtained from X-ray diffrac-
tion studies indicated a disordered double conforma-
tion for the indole ring of Trp220 in ALRI1 that may
have resulted from a short contact interaction with the
flexible exocyclic amide group, inducing the major
conformation (80 % occupancy). The two conforma-
tions have van der Waals contacts with the exocyclic
amide group equal to 2.99 and 3.59 A, respectively
[43]. The former short contact is likely to contribute to
a less favoured inhibitor binding compared to ALR2,
where a single conformation was observed that has a

NH,

Sorbinil

2R4S
Scheme 1
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Table 1. Comparisons of ALR1 and ALR?2 inhibitor binding constants ICy, (uM) and AH (kcal/mol).

Inhibitor ICs. ICs, . 1Cy . ICs. AH. AH.
porcine ALR1 human ALR1 human ALR2 rat . porcine ALR1 human ALR2
ALR2
Fidarestat 2.5 1.2¢ 0.009* 0.035¢ -12 -15
Sorbinil 4.0 5.4° 2.0° 0.90°
2R4S 17.8 0.57¢

ICs, values reported by “Mizuno et al. [55] "Barski et al. [56] and “Yamaguchi et al. [57].
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Figure 4. Superposition of the inhibitor-binding site residues Tyr50, His113, Trp114, Trp220 and Pro301 (Leu300 in ALR2) in ALR1 and

ALR2.

van der Waals contact with the exocyclic amide group
equal to 3.61 A [44]. The correlation between the
electrostatic component of the binding enthalpy (AH)
and the binding constants measured in solution (ICs)
for Fidarestat was examined for ALR1 and ALR2.
Estimates of the electrostatic interactions between the
residues Tyr50, His113, Trp114 and Leu300 (Pro301 in
ALR1) and the inhibitor were obtained from molec-
ular modelling. Additionally, for comparison and to
illustrate the role of the exocyclic amide group in
inhibitor binding to ALR1 and ALR?2, the IC;, values
of the 2R4S-isomer and Sorbinil (Scheme 1) for the
two enzymes are provided in Table 1 as a guide for
inhibitor-binding affinity in solution [43].

A comparison between the structures of the ALR2
complexes with Fidarestat (254S) and its 2R4S isomer
shows differences in the interaction between the
exocyclic amide group and the C-terminal loop
residues [45]. While the hydrogen bond between the
exocyclic amide group of the compounds and the
main-chain nitrogen atom of Leu300 is conserved in
the Fidarestat and the 2R4S structures, an induced
rotation in the exocyclic amide group occurred to
accommodate the 2R4S into the binding site, resulting
in a short contact with Trp219 (2.79 versus 3.61 A with
Fidarestat). Moreover, a comparison of the IC, values

of Fidarestat, the 2R4S-isomer and Sorbinil for the rat
ALR2 (Table 1) suggests that the exocyclic amide
group in the S-configuration (ICs5,=0.035puM) is
optimally positioned to form a hydrogen bond and
van der Waals contacts with Leu300 and Trp219,
respectively. The missing exocyclic amide group in
Sorbinil (ICs,=0.90 uM) and the short contact be-
tween the exocyclic amide group of the isomer in the R
configuration (IC5,=0.57 uM) and the side chain of
Trp219 were suggested to account for the weaker
binding of both Sorbinil and the 2R4.S isomer to ALR2
[45].

Structure of the Leu300Pro ALR2/Fidarestat
complex

To investigate the role of Leu300 of ALR?2 in inhibitor
selectivity, the mutant form Leu300Pro of ALR2 was
prepared and its 3D structure in complex with
coenzyme and inhibitor was determined [46]. Fidare-
stat binds to Leu300Pro ALR2 adopting an orienta-
tion similar to that observed previously [44]. The
inhibitor’s hydantoin moiety is placed deeply into the
active site interacting with the residues Tyr48, His110,
Trp111 and the cofactor NADP™. The N atom of this
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Figure 5. Superposition of the wild-type ALR2 (cyan carbons)
and Leu-Pro mutant (grey carbons) residues 299-302 and
Fidarestat. Hydrogen bonds are shown as dashed lines, with
distances given in A.

moiety is placed at 2.76 A from the Ne2 atom of
His110, while one O atom is at 2.60 A from the Tyr48
hydroxylate, and the other O atom is at 2.83 A from
the Nel atom of Trp111, making H bonds in all cases.
At the level of Pro300, the mutation Leu-Pro causes a
local shift of residues 299-302 due to the need to
accommodate the geometry of the Pro main chain
(Fig. 5). The H-bond of the O atom of the Fidarestat
amide with the N atom of Leu300 in the wild type
(2.96 A) is lost. There is a contact of 3.48 A between
the O atom of the Fidarestat exocyclic amide and the
main-chain N atom of Ala299, but the geometry is not
adequate for a proper Hbond. The crystallographic
temperature factors (B factors) of the N and O atoms
of Fidarestat’s exocyclic amide group are larger than
those of the remaining part of the inhibitor (~14 A% vs
~9 A?), suggesting that upon loss of the H bond to
Leu300, this portion gains higher residual mobility. In
comparison, the B factors for these atoms in the
Fidarestat-ALR?2 complex are of the same order as for
the remaining portion of the inhibitor.

The superposition of the structure of the Leu300Pro
ALR2-Fidarestat complex with the ALR1-Fidarestat
complex in the active-site region (Fig. 6) indicates that
the orientation of the inhibitor is very similar in both
cases and the interactions of the hydantoin head with
active site residues His110, Tyr48 and Trp20 follow the
same patterns [43, 46]. The position of Pro300 in
ALR? superimposes with that of Pro301 in ALR1. In
both cases, the exocyclic amide moiety of the inhibitor
does not form any H bonds with the protein. Instead,
close van der Waals contacts occur through different
contacting atoms in ALR1 and ALR2 because the
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Figure 6. Superposition of the structure of the Leu300Pro ALR2-
Fidarestat (grey carbons) complex with the ALRI-Fidarestat
complex (magenta carbons, major conformation of Trp220 in
yellow carbons) in the active-site region.

flanking side chains of Pro300 (Pro301 in ALR1) and
Trp219 (Trp220 in ALRI1) reside on the protein
backbones that take a slightly different trace in
space due to structural and sequential differences
[43, 46]. In the case of ALR1, the side chain of Trp220
occupies two conformations of which the minor one
(20% occupancy) has an orientation similar to that
observed in the ALR2 structure. The exocyclic amide
moiety makes van der Waals contacts with the side
chain of Trp220 in both conformations (2.99 A for the
minor and 3.59 A for the major one). This suggests that
the short contact might induce some conformational
changes.

The selectivity-determining features in terms of the
thermodynamic data were investigated by studying
the binding of Fidarestat and Sorbinil, using micro-
calorimetry, towards wild-type aldose reductase and
its Leu300Pro mutant [46]. The binding of the two
inhibitors is affected by superimposed changes in
protonation states which, in principle, have to be
corrected before a subsequent factorization into
absolute enthalpic and entropic contributions can be
performed. However, assuming that for each individ-
ual ligand such protonation effects are identical for
wild-type and mutant, a relative comparison of the
thermodynamic differences and thus driving forces
was attempted for each ligand with respect to the wild-
type and Leu300Pro mutant.

The free energy of binding, AG®, drops for Fidarestat
when comparing the wild type and the Leu300Pro
mutant by approximately 8 kJ/mol [46]. When con-
sidering the structurally related Sorbinil, virtually
identical AG® values were observed for the same
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pair. Taking the structural difference of the Fidare-
stat and Sorbinil complexes into account [35, 44], the
first inhibitor forms a hydrogen bond via its carbonyl
oxygen of the exocyclic amide functional group and
the Leu300 backbone NH. In the Leu300Pro-Fidare-
stat complex, a similar hydrogen bond cannot be
formed due to the absence of an NH functionality in
proline. Obviously, this loss of a hydrogen bond
relates to the AG® difference of 8 kJ/mol. Sorbinil
lacks an appropriate functional group to hydrogen
bond to the main-chain atoms of Leu300; accord-
ingly, the loss of such functionality on the side of the
protein due to the Leu300Pro replacement is not
experienced by ligand binding. The free energy drop
of Fidarestat is mainly attributed to an enthalpy loss,
whereas entropy remains nearly unchanged. For
Sorbinil, the unchanged AG® for both complexes
factorizes into mutually compensating enthalpy and
entropy changes leading to an enthalpically more
favorable and entropically less beneficial binding to
the wild type [46].

Inhibitor selectivity between ALR1 and ALR2

The inhibitory activities of Sorbinil against porcine
and human ALRI1 are similar to those reported for
human and rat ALR2 (Table 1), which have a
conserved inhibitor-binding site. This is not surprising
when considering that Sorbinil lacks the exocyclic
amide group which is responsible for the difference in
Fidarestat’s potency for the two enzymes, and that the
hydrogen-bonding interactions between the cyclic
imide moiety of the inhibitor and the active-site
residues Tyr50, His113 and Trp114 are conserved [43].
Significant selectivity for ALR2 over ALRI1 is ob-
served with respect to the more potent ALR2
inhibitors, the 2R4S isomer and particularly Fidarestat
(2854S8) [43, 45]. The crystal structures of the two
enzymes in complex with Fidarestat suggest that the
278-fold difference in the binding of inhibitor to
porcine ALR1 and human ALR?2 is due to both the
additional hydrogen bond present between the main-
chain nitrogen atom of Leu300 and the more favoured
van der Waals contact between the exocyclic amide
group and the side chain of Trp219 in ALR?2 [43, 44].
In the case of 2R4S binding, the inability of Pro301 to
form a hydrogen bond with the exocyclic amide group
of the compound in porcine ALRT1 is the factor that
likely accounts for the 31-fold difference in potency
with the rat ALR2 [45]. Additionally, similar to
ALR?2, the R configuration of the exocyclic amide
group may result in a less favoured interaction with
the side chain of Trp220 in ALR1, as suggested by the
ICs, values [43]. An estimation of the electrostatic
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interactions between Fidarestat and Tyr50, His113,
Trp114 and Leu300 (Pro301 in ALR1) was obtained
from molecular modelling (Table 1). The values for
the binding enthalpies (AH) for porcine ALR1 and
human ALR2 were equal to —12 and —15 kcal/mol,
with corresponding ICs, values of 2.5 and 0.009 pM,
respectively [43]. These values, together with the
crystal structures, suggest that while the hydrogen-
bonding interaction between the main-chain nitro-
gen atom of Leu300 and the exocyclic amide group of
Fidarestat in ALR2 plays an important role in
inhibitor binding and selectivity, it does not account
for the full difference in the binding for the two
enzymes. The only other observed significant differ-
ence in the ALR1 and ALR2 structures is the
interaction between the exocyclic amide group and
the side chain of Trp220, which is ordered in ALR2
but adopts a disordered double conformation in
ALR1, with the minor conformation (20% occu-
pancy) similar to that of Trp219 in ALR2 [43, 44].
Therefore, it is likely that this interaction contributes
to a less favoured inhibitor binding to ALR1.

The selectivity advantage of Fidarestat to the Leu300-
Pro mutant over the wild type is approximately 23-
fold, arising from a AG° of 8kJ/mol [46]. This
corresponds essentially to the enthalpy loss of one H
bond. However, considering the ICy, values for the
binding of Fidarestat to ALR2 and ALRI, a larger
difference (278-fold) in favour of ALR?2 is indicated.
This supports the concept that the binding of Fidare-
stat towards both enzymes is discriminated by addi-
tional features, such as the difference attributed to the
observed disorder of Trp220 in the ALR1 complex
[43]. In the ALR2 mutant case, this residue is well
ordered, and makes a favourable contact (3.40 A) with
Fidarestat [44]. In ALRI, this residue adopts at least
two conformations, one with a closer contact to
Fidarestat (2.99 A). It is likely that this interaction of
Fidarestat with Trp220in ALR1, together with the loss
of one H bond, is responsible for the reduced free
energy of binding accounting for the selectivity
advantage.

Conclusions

The interaction between ALR1 and the exocyclic
amide of Fidarestat results in a disordered split
conformation for the side chain of Trp220, making
inhibitor binding less favourable compared to ALR2.
The H bond of the exocyclic amide group of the
inhibitor with Leu300 is lost in the complex structure
of the ALR2 Leu300Pro mutant without being
compensated by a similar interaction. This hypothesis
is supported by the thermodynamic data, as the
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predominant difference between mutant and wild
type is of enthalpic nature. The H bond towards
Leu300 in ALR?2 and the split conformation of Trp220
observed in the ALR1 complex are the key determi-
nants for the specificity of Fidarestat for ALR2 over
ALRI. Preliminary molecular modelling and design
studies suggest that the replacement of the exocyclic
amide group of Fidarestat with a carboxylate func-
tional group enhances the net binding energy of the
enzyme-inhibitor complex by capturing additional
interactions with non-conserved residues from the C-
terminal loop of ALR2 [54].
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