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Abstract. The determination of several of aldose reduc-
tase-inhibitor complexes at subatomic resolution has re-
vealed new structural details, including the specific inter-
atomic contacts involved in inhibitor binding. In this arti-
cle, we review the structures of the complexes of ALR2
with IDD 594 (resolution: 0.66 A, IC50 (concentration of
the inhibitor that produced half-maximal effect): 30 nM,
space group: P21), IDD 393 (resolution: 0.90 A, 1C50:
6 nM, space group: P1), fidarestat (resolution: 0.92 A,
IC50: 9 nM, space group: P2') and minalrestat (resolu-
tion: 1.10 A, IC50: 73 nM, space group: P1). The struc-
tures are compared and found to be highly reproductible
within the same space group (root mean square (RMS)
deviations: 0.15 ~ 0.3 A). The mode of binding of the car-
boxylate inhibitors IDD 594 and IDD 393 is analysed.
The binding of the carboxylate head can be accurately de-
termined by the subatomic resolution structures, since
both the protonation states and the positions of the atoms

are very precisely known. The differences appear in the
binding in the specificity pocket. The high-resolution
structures explain the differences in IC50, which are con-
firmed both experimentally by mass spectrometry mea-
sures of VC50 and theoretically by free energy perturba-
tion calculations. The binding of the cyclic imide in-
hibitors fidarestat and minalrestat is also described,
focusing on the observation of a Cl- ion which binds si-
multaneously with fidarestat. The presence of this anion,
binding also to the active site residue His110, leads to a
mechanism in which the inhibitor can bind in a neutral
state and then become charged inside the active site
pocket. This mechanism can explain the excellent in vivo
properties of cyclic imide inhibitors. In summary, the
complete and detailed information supplied by the sub-
atomic resolution structures can explain the differences in
binding energy of the different inhibitors.
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Introduction

The diffraction of X-rays by molecular crystals is the
technique of reference for obtaining three-dimensional
information about atomic positions and interactions, in-
formation essential for the comprehension of function
and molecular mechanisms. In the case of small mole-
cules, very precise high-resolution measurements allow
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the observation of hydrogen atoms and of bond electronic
densities. Thus, relations could be established between
the deviations from standard stereochemistry of spherical
atomic models and chemical reactivity. In the case of bi-
ological macromolecules, one could correlate the spatial
arrangement of the components of proteins and nucleic
acids to their biological function.

These two types of studies progressed independently dur-
ing the last 2 decades, primarily because of the limited
resolution of the macromolecular crystallographic re-



764 A. Podjarny et al.

sults: 2—3 A in the majority of cases, against 0.5 A or bet-
ter for small molecules. Resolution, which is the minimal
separation of the crystal plans giving place to an observ-
able X-ray diffraction spot, is indeed an essential para-
meter of a crystallographic study. It is directly related to
the minimum distance separating the details of electronic
density. A resolution of 2 A is sufficient to distinguish
peptides from a protein or the bases of a nucleic acid, but
not the individual atoms, and even less the bond densities.
In the last 10 years, various technical improvements,
ranging from better techniques of expression and crys-
tallisation to the use of synchrotron sources for measure-
ments of diffraction and algorithms of multipolar and
quantum modelling, made it possible to considerably im-
prove the resolution and quality of macromolecular mod-
els [1]. Biological structural studies with resolutions be-
tween 1.5 and 0.9 A became more current [2—3]. In this
range of resolution, the individual atoms can be clearly
distinguished, and the hydrogen atoms start to appear. As
the uncertainities of atomic position are reduced by an or-
der of magnitude (typically from 0.2 to 0.03 A), the ob-
served deviations from standard stereochemistry start to
be significant.

Since 1997, several structures were solved with a resolu-
tion better than 0.9 A, in particular crambin [4—5], sub-
tilisin [6], and aldose reductase [7]. With such resolution,
the level of the details observed in the best-ordered areas
approaches that of small molecule studies. Hydrogen
atoms and bond densities are clearly visible, and the
atomic errors of coordinates are reduced by another order
of magnitude (~ 0.003 A), which makes the stereochem-
ical differences highly significant [8—10]. Estimation of
the atomic charges starts to be possible [5].

In the case of aldose reductase (AR), crystals of a com-
plex with the inhibitor IDD594 diffracted up to 0.66 A,
the highest resolution observed so far for a protein of this
size (35 KD). Furthermore, several structures of com-
plexes with different inhibitors were determined to sub-
atomic resolution, enabling comparison of the structural
features and of the charge states. This leads to a deeper
understanding of the mechanism of inhibitor binding,
which is described below.
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S

Figure 1. Scheme of IDD594 inhibitor structure vs. ponalrestat.

Aldose reductase inhibitor binding

High resolution AR structures

Though several crystallographic structures have been
solved for aldose reductase, the most remarkable results
— to understand the inhibition mechanim from a method-
ological point of view — come from high and ultra-high-
resolution crystallographic studies [11].

AR diffraction data at atomic and subatomic resolution
have been collected and the structure have been solved
for complexes with the following inhibitors:

1) IDD-594, 0.66 A, carboxylate head, IC50: 30 nM [25]

2) IDD-393,0.9 A, carboxylate head, IC50: 6 nM [sent to
publication]

3) SNK-860 (fidarestat), 0.9 A, hydantoin head, IC50:
9nM [12]

4) WAY-509 (minalrestat), 1.1 A, hydantoin head, IC50:
73 nM [12]

The high-resolution structures of SNK-860 and WAY-509
[12] have been described in the previous review on AR —
inhibitor structures. IDD-594 and IDD-393 are close to
Ponalrestat (Statil), with the difference that the double-
ring system is replaced by a single ring plus an internal
hydrogen bond [13] (fig. 1).

Crystallization and structure solution

Human AR was expressed in Eschericchia coli and co-
crystallised with the oxidised form of the coenzyme (S-
NADP*) with the different inhibitors at pH 5.0 and at
277 K, using ammonium citrate buffer and poly(ethylene
glycol) (PEG) as the precipitating agent [14]. Two differ-
ent space groups, P1 and P2!, can be obtained with the
same crystallisation conditions, as shown in table 1. The
crystal diffraction quality was significantly improved by
cocrystallisation with the cofactor and inhibitor, by mi-
croseeding and by optimisation of the cryofreezing pro-
tocol [7]. Diffraction experiments were conducted on the
undulator line 191D of Structural Biology Center Collab-
orative Access Team (SBC-CAT) at the Advanced Photon
Source (APS) and on the Photon Source (PX) line at the
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Table 1. Statistics of data collection and refinement.
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Data collection IDD 594 IDD 393 SNK 860 WAY 509
Resolution 20-0.66 50-1.0 99.0-0.92 50.0-1.1
Rmerge 0.029 0.062 0.036 0.041

I/s(I) 14.5 13.7 13.5 25.6

# reflections 511247 158045 193488 115145

space group pP2! P1 P2! pP2!

Cell dimensions

a,b,c(A) 49.43,66.79,47.40  47.2,47.15,40.31 49.4,67.0,47.3 40.0,47.1,47.4
o By () 90, 92.4, 90 67.58,76.47,76.11  90.0,92.1, 90.0 75.7,67.5,76.8
Solvent content 34% 34.4% 34% 34.4%

Final model

Residues 313 316 316 316

NADP 1 1 1 1

Inhibitor 1 1 1 1

Citrate 2 0 0 0

Water 613 428 597 427

Residues with non-unit occupancies 99 63 98 42
R-factor/Rfree (all reflections) 9.38/10.33% 11.04/13.33% 10.42/12.85 9.86/12.42

Swiss Light Source (SLS) [Sanishvilli et al., in prepara-
tion]. Several scans in different sample orientations and
in four different resolution shells allowed the accumula-
tion of sufficient completeness and redundancy to ensure
accurate measurements [26]. The structures were solved
using the molecular replacement method [15—16], and
refined with CNS and SHELX [16].

The different structures are remarkably similar, as seen in
table 2, which shows the RMS deviation difference be-
tween all CA atoms (top right) and CA atoms with B<5
in the IDD 594 structure (bottom left). Note that the
smallest differences (bold) are obtained between struc-
tures solved in the same space group.

Figure 2 shows the superposition of the different struc-
tures (594: yellow; 860: green; 509: red; 393: blue) which
are essentially identical with the exception of the loops
around the active site.

The inhibitors occupy the same place in the active site
cleft. Three of them (594, 393 and 509) enter the speci-
ficity pocket (for definition of the specificity pocket, see
the previous review by el-Kabbani et al. [13]), while the
fourth one (860) does not.

Table 2. RMS differences between CA atoms in different com-
plexes.

IDD 594 SNK 860 IDD393 WAY

(P21) (P21) (P1) 509(P1)
IDD 594 (P21) 0.31 0.51 0.45
SNK 860 (P21) 0.20 0.55 0.50
IDD 393 (P1)  0.35 0.37 0.23
WAY 509 (P1)  0.30 0.33 0.15

Carboxylate inhibitors: IDD 594 and IDD 393

The inhibitors IDD 594 and IDD 393 were prepared as part
of a cogeneric family sharing a common scaffold (fig. 3).
The structure-activity relations indicate that the carboxy-
late moiety, the ether oxygen of the phenoxyacetic acid and
the amide N-H are necessary for activity. The carboxylate
group appears to be particularly necessary for efficient in-
hibition. The aromatic side chain is critical for both po-
tency and selectivity [M. Van Zandt et al., in preparation].
The observed selectivity pattern is consistent with the ma-
jor differences between human AR 2 (hALR2) and 1
(hALRT1), which are in the C-terminal loop (adjacent to the
aromatic side chain) [17—18]. The preferred substitution
pattern for the benzyl side chain is either a 6-nitro group
(IDD 393), or a fluorine in the 5-position with a bromide in
the 7-position (IDD 594). The affinity and selectivity of
these inhibitors is pointed by the IC50 values against AR
(=30nM, IDD 393 = 6 nM) vs. the ones against AR (IDD
594 =33000 nM, IDD 393 => 50000 nM).

The inhibitors bind similarly to the active site cleft and
the specificity pocket [19] (fig. 4). The accuracy of the
experimental data allows observation of individual elec-
tron densities for each atom (see fig. 5), deviations from
the spherical atom model in an electron difference map,
correlations between C-O and C-N bond lengths and
some deviations of the @ angle in peptide bonds [20], un-
usually short distances CH-O, ordered solvent molecules
and 54 % of all the possible atoms in the protein. This last
fact permits the unequivocal assignement of the protona-
tion states in the active site zone (a well-ordered region
with B-factors between 3 and 5 A2).

The protonation states were specially analysed for IDD
594. The difference electron density map contoured at
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Figure 4. Superposition of carboxylate inhibitors IDD 393 (in yel-
low) and IDD 594, showing the contacts of IDD 594.

Figure 2A, B. (a) Superposition of the different structures (594:
yellow; 860: green; 509: red; 393: blue) which are essentially iden-
tical with the exception of the loops around the active site. (b) Same
as (a), zoomed on the inhibitor binding site.

Figure 3. Scaffold for inhibitor preparation.

Figure 5A, B. Electron density maps contoured at 2.5 o around
IDD594 (a, from [12]) and IDD 393 (b). Resolution: 0.66 A and
0.9 A, respectively. Ultra-high resolution allows differention of
each atom from its neighbours. Electronic density peak sizes are
proportional to the corresponding atomic number.
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0.4 ¢/A2 (4.0 o) (fig. 6) showed that His110 is singly pro-
tonated in the NE2 position, and that a water molec ule is
the proton donor in the H bond with the ND1 atom. The
difference between C-NE2 bond length (1.348 A) and the
C-ND1 bond length (1.330 A) confirms the single proto-
nation state of His110. This residue is H bonded with a
carboxylate oxygen of the inhibitor.

The second carboxylate oxygen is a proton acceptor in
the two H bonds, where it is involved [with NEI of
Trpl11(3.07 A) and with the central nitrogen of IDD594
(3.01 A)], because the two nitrogens are protonated for
chemical reasons. The C-O bond lengths in the carboxy-
late group (1.243 and 1.266 A) are consistent with a fully
deprotonated state for this moiety (for a protonated car-
boxylate, the difference between the single and double
bond lengths is at least 0.1 A). One oxygen atom of the
negatively charged carboxylate also interacts with the
positively charged aromatic ring of the NADP* cofactor,
at a distance of 3.06 A from the nicotinamide C3 atom
and at 3.17 A from C4 (see fig. 7).

The most important hydrophobic interaction is observed
in the specificity pocket: the stacking between one of the
inhibitor rings and Trp111 (about 3.4 A distance between
planes), as shown in figure 8 for IDD 393.

The differences between IDD 594 and IDD 393 are found
in the specificity pocket. While IDD 393 shows a hydrogen
bond between the NO2 group and the main chain N atom
of Leu 300 (fig. 8), IDD 594 shows an interaction between
a polarised bromine and the oxygen of Thr 113 (fig. 9).
The stronger binding of IDD 393 shown by the IC50 val-
ues (30 nM for IDD594 vs. 6 nM for IDD393) indicates

IDD 594 l

Figure 6. Difference map of the active site region with omited
hydrogen atoms contoured 0.44 ¢/A3 (4.0 o), in green at 0.31 /A3
(2.8 o from [25]). The single protonation of His110 is clearly visible.
The strong peak [including a double contour at 0.44 e/A3 (4.0 o) near
the water molecule H bonded with the ND1 indicates that this mol-
ecule is the proton donor. Electronic densities in the bonds indicate
deviations from the spherical atom model. The hydrogen atom
linked to CE2, marked *, is visible at lower contours (0.11 e/A3).
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IDD594

NADP*

Figure 7. Interactions of the inhibitor IDD 594 carboxylate head.

Figure 8. Stacking between one of rings of IDD393 and Trpl11.
Note also the interactions with Leu300.

IDD 594

Figure 9. Interaction between a polarized bromine of IDD594 and
the oxygen of Thr113 from [25]. Note the peak of the difference
map (2.5 o contour), showing that the side chain of the threonine
makes an H bond with the main chain.
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a stronger binding of IDD393. This might be due to a
more favorable interaction in the specificity pocket, as
shown by mass spectrometry measures of the electrosta-
tic binding energy. This energy is estimated by the VC50
values, which indicates the voltage difference in a colli-
sion chamber necessary to dissociate half of the protein-
inhibitor complex. The VC50 is 94 for IDD594 and 102
for IDD393. Therefore, the observed increase in binding
of IDD393 vs. IDD59%4 is likely due to the electrostatic
contribution of the NO2-N300 contact.

To confirm this hypothesis, free energy perturbation cal-
culations [21] were performed in which IDD594 was
gradually mutated into IDD393 and the difference in
binding energies AAG was calculated. The result is indi-
cated in table 3, where AAGs, is estimated from the IC50
differences and AAG,,, is the electrostatic component of
the free energy difference, mostly coming from the NO2-
N300 interaction.

Comparison with other published carboxylate
inhibitors

Inhibitor binding geometries similar to IDD 594 were ob-
served with inhibitors statil [13] (fig. 10), tolrestat [19]
(fig. 11) and zopolrestat [22] (fig. 12).

In all of these complexes the inhibitors have their car-
boxylate moieties firmly attached with His110, Tyr48 and
Trpl11 by H bonds and a ring — or a ring system — bound
into the specifity pocket. Statil binds in a position very
close to that of IDD594 [13]. The difference in the Br-
OG113 distances (2.98 A in IDD 594, 3.11 A in statil)
could be due to the different resolution of the crystallo-
graphic structure solution (0.66 A for IDD 594, 2.1 A for
statil). The most significant divergence in this group is
the perpendicular position into the specificity pocket of
tolrestat [19].

A nonequivalent binding was found for IDD384 [23]
crystallised at pH 5. This inhibitor — longer than the pre-
vious ones — binds without any substantial protein con-
formational change and without opening the specificity
pocket (fig. 13).

The carboxylic group of these inhibitors shows a differ-
ent position making H bonds with His110 and Tyr48 but
none with Trp111. In contrast, a sulfonyl oxygen interacts
with Trpl11. The same inhibitor has another carboxyl
conformation when complexed (at pH 6.2) with pig AR

Table 3. Differences in binding energies between IDD393 and
IDD59%4.

<AAG> AAGICSO <AAGe]ecl>
[kcal/Mol] [kcal/Mol] [kcal/Mol]
2.5 -1.03 -2.0

Aldose reductase inhibitor binding

Statil

Figure 10. Superpositon of the active site structures of the IDD594
complex (in yellow) and the statil complex. From [10]

His110

Figure 11. Superpositon of the active site structures of the IDD594
complex (in yellow) and the tolrestat complex [13].

Zopolrestat

Figure 12. Superpositon of the active site structures of the IDD594
complex (in yellow) and the zopolrestat complex [14].
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Figure 13. Superposition of the active site structures of the
IDD594 complex (in yellow) and the IDD384 complex [15]. From
Ref. [10].

[23]. As the pKa of IDD384 is 4.2, the inhibitor probably
has a diferent protonation state in each complex (at pH 5
an important portion could be protonated). This differ-
ence highlights the correlation between the protonation
state and the geometry of binding of the polar head of the
inhibitor.

NH,

(0)
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Cyclic imide inhibitors at subatomic resolution:
SNK-860 and WAY-509

Within the same collaborative effort, two crystal struc-
tures were determined for the complexes with the bound
inhibitors fidarestat (SNK-860) and minalrestat (WAY-
509) [13] (fig. 14), both of them belonging to the cyclic
imides group of AR inhibitors. The details of the solved
structure are given in table 1. All atoms appear clearly in
electron density maps, as shown in figure 15.

As shown in figure 16, carbonyl atoms of both inhibitors
are H bonded with the Nel atom of Trp111(2.80 A for fi-
darestat and 2.87 A for minalrestat) and with the Tyr48
hydroxylate (2.63 A and 2.60 A, respectively). The nitro-
gen in the cyclic imide forms an H bond with His110 Nel
in both cases (2.76 A for fidarestat and 2.80 A for minal-
restat). The C-O bond distances in the cyclic imide rings
(1.2 A) indicate a double bond.

This observation supports the idea that inhibitors are neg-
atively charged into the active site as has been observed
by calorimetric assays in sorbinil, a member of the same
family of AR inhibitors [O. Kraemer, personal communi-
cation].

The isoquinoline ring of minalrestat is placed into the
specificity pocket stacked with Trp111 (mean distance of
3.65 A). A bromine atom is placed at 3.02 A from the

Figure 14. Scheme of fidarestat (left) and minalrestat (rigth) structures.

Figure 15. 2Fo-Fc 0-A weighted maps of fidarestat (right) and minalrestat (left) contoured at 4 o from [25].
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Trplil His110
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2.76,

Leu300

2.63 -

Phel22

Fidarestat

Trp20

Trp219

Thri13
His110
Trplill

Minalrestat

Leu300

Trp219

Phel22

Figure 16. Contacts of fidarestat and minalrestat. For the case of fi-
darestat, note the chlorine ion interacting with His110 and the H-
bond between the carboxyl oxygen of the inhibitor and N atom of
Leu300.

OG1 of Thr113, a distance similar to that observed in the
IDD594 complex. Fluorine atoms form H bonds with the
main-chain nitrogen of Leu300 (3.20 A; this distance is
0.1 A longer in the IDD594 complex). The overall geom-
etry is very close to IDD 594, as shown in figure 17.

In the fidarestat complex, the chroman ring has van der
Waals contacts with residues: Trp20, Trp111, Phe122 and
Trp219 (fig. 16). The oxygen atom of the carbonyl group
forms an H bond with the N atom of the main chain of
Leu300. In this complex this residue presents a double con-
formation (occupancies 63.6% and 36.4%) with H bond
distances of 2.96 and 3.03 A. Oka et al. [24] suggest that
this interaction is the responsible of the high affinity of fi-
dalrestat (a 1300 times more potent inhibitor against AR
than against AR). The affinity of this residue is not due to
the binding into the specificity pocket but to an H bond
with one of the residues forming this region. In AR Leu300
is replaced by Pro, and the crucial H bond cannot be made.

Aldose reductase inhibitor binding

His110

Minalrestat

Figure 17. Superposition of minalrestat and IDD594.

Another feature was observed in this atomic resolution
structure: the presence of a chlorine ion interacting with
the Nel atom of His110 (3.06 A) (fig. 18). Initially inter-
preted as a water molecule, the nature of the correspond-
ing electronic density peak was unequivocally determined
by means of anomalous scattering data.

The presence of the CI- ion can explain the binding of
fidarestat in the neutral state, as proposed by the mecha-
nism outlined in the scheme in figure 19. This scheme
shows the following states:

I) Inthe native configuration, the active site is occupied
by a citrate ion (observed in the native structure)
which compensates the charge of NADP*.

1) Part of the inhibitor binds in neutral state, displacing
the citrate ion. Simultaneously, a Cl-ion replaces the
water molecule. This happens for fidarestat in ~80%
of the cases (as indicated by the Cl~ occupation), and
does not happen in minalrestat.

III) In fidarestat, the presence of the CI- ion positively
shifts the pKa of His110, as indicated by theoretical

His110

"‘\.“:‘

7 51
% - ‘_'.‘
& -
b

c-.,-o W
3.06 ™
-
Cl @
Figure 18. Anomalous difference map showing the peak corre-
sponding to the CI- ion linked to His110 contoured at 6 0. The wa-

ter molecule represents an alternative molecule linked to the
His110.
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Figure 19. Scheme of fidarestat binding.

calculations [Ruiz et al. unpublished]. The histidine
accepts the proton from the N1 atom of the hydan-
toin. An electrostatic interaction appears between the
charged histidine and the charged inhibitor.

IV) Alternatively, a charged population of the inhibitor is
bound in a way similar to that observed for the car-
boxylic acid inhibitors. In the fidarestat case, the oc-
cupation of the water molecule bound to His110 sug-
gests that this happens in ~20% of the cases. With
minalrestat, it happens for all cases.

The determination of His110 pKa as a function of CI- is

necessary to elucidate the importance of this ion in the in-

hibitor-binding mechanism.

Considering as titrable the residues placed into the 10 A

sphere plus His41, His187 and His306, different theoret-

ical states were analysed following the binding mecha-
nism proposed by El-Kabbani et al. [13] (table 4). This
mechanism starts with the NADP* bound to the protein
after citrate leaving the active site and before inhibitor

II d

Jon
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binding. In this state the pKa of His110 is very low (2.27),
as was pointed out in previous work [19]. His110 is prin-
cipally single protonated at pH 5. In the second step the
neutral inhibitor binding reduces the pKa value of His110
still more (to 0.193). Single protonation is favored in the
N6 position, pointing to the water molecule (94.7 and
95.7% at pH 5 and 7.4, respectively). In the third step the
water molecule is changed by the chlorine ion without
changing the protonation state of the inhibitor. The pKa
of His110 starts to rise but still is remarkably low (1.9).
The protonation state is the same as in the previous step.
Finally, the inhibitor lost a proton — becoming charged —
and we see the crystallographic geometries.

The effect of chlorine ion is pointed out by the 3.854 units
difference between the pKa values when the ion is consid-
ered (8.066) and when the water molecule is considered
(4.212). When chlorine is placed near His110, this residue
is principally double protonated (98.14 and 74.67% of
probability at pH 5 and 7.4; respectively). When the water

Table 4. Comparison between the pKa values for His110 and Tyr48 when the atomic charges of charged molecules are zero. These results
were obtained using the crystallographic structure and considering as titrable residues His41, Asp43, Cys44, His46, Tyr48, Glu51, Lys77,

Cys80, His83, His110, His187, Tyr209, Cys298 and His306.

System His110 His110 Tyrd8 Tyr48
pKa value ApKa pKa value ApKa
Chlorine ion with zero atomic charges 5.331 -1.6 9.004 1.1
NADP* with zero atomic charges 8.835 1.9 14.865 4.7
Fidarestat with zero atomic charges 4.091 -2.8 10.585 0.5
Chlorine ion, NADP" and fidarestat with zero atomic charges 1.592 -5.3 9.872 0.3
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molecule is considered, His110 is mostly single protonated
in the Ne atom. This protonation state is the observed one
in the SNK509 [13], IDD393 and IDD594 [25] complex
structures. In both cases a water molecule binds in this
place, and no chlorine ion is observed.

The change in the pKa value of Tyr48 is 1.5 units (12.797
with chlorine, 11.261 with water). In both cases is proto-
nated over the complete pH range of enzyme activity.
Similar observations can be applied to Lys77, with pKa
values of 21.22 and 20.21 when chlorine or water is con-
sidered, respectively.

The inhibitor effect was studied by deleting this molecule
from the active site, which is considered to be full of wa-
ter. The His110 pKa is reduced to 4.73. A similar value is
found when a water molecule replaces, the ion, but in this
case — without SNK860 — His110 is principally singly
protonated in the N atom, being a proton donor in an H
bond with the ion.

Conclusions

The inhibition of AR is a field which has been widely
studied, as reviewed in the previous article of this series.
These studies include a number of crystallographic struc-
tures which help to explain the details of the mechanisms
of catalysis and of inhibitors binding. These include the
opening of the specificity pocket and occupation of the
anionic hole in the active site cleft by the charged head of
inhibitors. However, a number of questions remained
open, such as the protonation state of active site residues
and of the inhibitor, and the specific role of interactions
in the specificity pocket, such as the ones implying the
bromine atom. In some cases, such as the charge state of
the bound head of the cyclic imides, these questions are
puzzling, as the pKa of the inhibitor binding the anionic
hole is too high to be charged in solution. Other tech-
niques, such as microcalorimetry, mass spectrometry,
site-directed mutagenesis and modelling, have been used
to provide additional information, but the answers are
necessarily indirect. Subatomic resolution crystallogra-
phy has the major advantage of giving a direct image of
the state of protonation of relevant residues; when cou-
pled with anomalous scattering studies, it is also very
powerful in resolving ambiguities about the atomic
species. In the cases described, this introduces new infor-
mation about binding, such as

1) Occupation and position of H atoms, for example
those of His110 and Thr113, determine the strength
binding interactions. This is complemented by the ac-
curate measurement of bond lengths, interatomic dis-
tances, bond angles and torsion angles.

2) Determination of the precise distance of Br(inhibitor)-
OG (Thr113), which implies a strong electrostatic in-
teraction in the IDD594 complex.

Aldose reductase inhibitor binding

3) Determination of the atomic species of the Cl- ion
bound to His110 is essential to determine the inhibitor
binding mechanism, and in particular to explain how
the hydantoin head can bind in the neutral state. The
double conformation Cl-/water suggests two modes of
binding, neutral and charged.

This crystallographic information has provided the start-
ing point for the precise calculation of binding energy dif-
ferences using the free energy perturbation protocol and
of the pKa’s of the concerned residues. The results con-
firm the experimental information provided by the IC50
and VC50 (voltage at which half the complexes are asso-
ciated in a mass spectrometry collision experiment) val-
ues. The ensemble provides an explanation of the mecha-
nism of binding, which can then be used for drug design.
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