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A series of new N-hydroxyguanidines were synthesized and tested for electron acceptor activity
on bovine milk xanthine oxidase using xanthine as reducing substrate. Manual inspection of
the structure—activity data revealed that molecules containing nitro groups (“set A”) show a
different structure—activity relationship pattern compared to non-nitro compounds (“set B”).
Accordingly separate QSAR models were built and validated for the two sets. Substantial
differences were found in properties governing acceptor activity for the models, the only common
property being sterical access to the imino nitrogen atom of the hydroxyguanidinimines. For
set A molecules the presence of a nitro substituent at a certain distance range from the
hydroxuguanidino group was most important. In addition, the presence of a nitro group in the
ortho position interacting with NH; of the hydroxyguanidino group, and the mutual geometry
of the phenyl ring, hydroxyguanidine, and imine groups was important for this set. By contrast,
for set B molecules the acceptor activity was most influenced by the geometry of methoxy groups

and the size and geometry of meta and para substituents of the phenyl ring.

Introduction

Xanthine oxidase (EC 1.1.3.22) (XO) is a complex
molybdoflavoprotein that catalyzes the hydroxylation of
xanthine and hypoxanthine by utilizing molecular oxy-
gen as an electron acceptor.? During a period of re-
stricted supply of oxygen (i.e., ischemia), xanthine and
hypoxanthine will accumulate in tissue. A subsequent
restoration of the delivery of oxygen may then lead to
an increase in the oxidation of xanthine and hypoxan-
thine by XO, under a massive formation of superoxide
and other oxygen-derived free radicals.3* Such XO-
generated reactive oxygen species are suggested to have
pathogenic roles in a variety of clinical disorders, in-
cluding the so-called ischemia/reperfusion syndrome.56

Several approaches have been tried to prevent XO-
mediated tissue damage.””® Thus, the XO inhibitor
allopurinol was shown to improve cardiac function in
patients undergoing coronary artery bypass surgery.10.11
Pentoxifylline, a novel inhibitor of XO, was also shown
to reduce lipid peroxidation and to ameliorate histo-
pathological signs of injury in experimental rat intes-
tinal ischemia-reperfusion.'? Another is to compete for
reducing equivalents, thereby diminishing the likelihood
for the reduction of molecular oxygen by XO. Methylene
blue was shown to function as an alternative electron
acceptor at XO and to be capable of inhibiting the
reduction of molecular oxygen to its superoxide radi-
cal.’314 Supposedly by virtue of this mechanism meth-
ylene blue prevented the pulmonary injury otherwise
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elicited in experimental intestinal ischemia—reperfu-
sion.1415

It is known that the specificities of XO active com-
pounds are relatively low for substrates that undergo
reduction and oxidation. In addition to the natural
substrates, XO is able to oxidize and reduce a large
number of compounds that show quite varying struc-
tures. In particular, nitrogen-containing substrates
show large structural variations.117 Inhibitors of XO
include allopurinol and alloxanthine, which are ana-
logues of the XO’s natural purine substrates. Allopurinol
(one of the most studied XO active compounds) becomes
oxidized by XO, and then it inhibits the enzyme by
forming a tight complex with the molybdenum of the
enzyme’s active site.”18 Electron acceptors of XO have
been investigated to a far lesser extent. It has been
observed for most of the evaluated cases that the
reduction of the electron-accepting substance is greatly
inhibited by the presence of oxygen. Accordingly the
reduction of such compounds can be observed essentially
only under anaerobic conditions.’®=21 However, meth-
ylene blue was found to be reduced aerobically, with the
reaction proceeding at the iron—sulfur center of X0O.22
Detailed structure—activity relationships for XO-medi-
ated reductions have earlier been studied only for
aromatic nitro compounds and benzoquinones.19:20.23

We have shown previously that some aromatic hy-
drazones of N-hydroxyguanidine may become reduced
to the corresponding guanidines by XO at the enzyme’s
molybdenum center.242526 We found that a novel N-
hydroxyguanidine derivative N-(2-chloro-3,4-dimethoxy-
benzylideneamino)-N'-hydroxyguanidine (PR5) was par-
ticularly effective functioning as an alternative electron
acceptor in the XO-catalyzed oxidation of xanthine, the
PR5 being effective even under aerobic conditions.26
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Pharmacological testing of PR5 revealed furthermore
that it had a remarkable protective effect against the
induction of myocardial necrosis and life-threatening
arrhythmias in a heart ischemia and reperfusion model,
where the rat's left coronary artery was first occluded
during a timed interval and then reopened.?”

In the present study we synthesized a series of new
N-amino-N'-hydroxyguanidines and tested them for
electron acceptor activity in the XO-catalyzed oxidation
of xanthine. We also performed quantitative structure—
activity relationship studies using a novel 3D-QSAR
approach. The novel XO electron-accepting N-hydroxy-
guanidines might find use for the prevention of free
radical formation to protect tissues during conditions
related to ischemia—reperfusion.

Results and Discussion

Synthesized Compounds and Their Activities.
The 51 compounds synthesized herein are listed in
Table 1, together with their XO electron acceptor
activity. The above-mentioned substance PR5 (40) is
also included (Table 1).

From Table 1 it can be seen that the two compounds
(6, 14) having the highest acceptor activity contain two
nitro groups each. In fact, out of the four compounds
that contain two nitro groups, three (6, 14, 16) show
very high acceptor activities while one (11) shows
relatively low activity. However, there are also active
compounds (38, 40, 45) that do not contain nitro groups.
A common feature of the latter ones is the presence of
several methoxy groups. Still, there are several com-
pounds that contain several methoxy groups that show
very low acceptor activity. Moreover, nitro-group-
containing compounds having several methoxy groups
generally show quite low acceptor activity.

QSAR Modeling. The above SAR analysis showed
that it was not possible to derive a simple relationship
between the presence and absence of different substit-
uents on the N-hydroxyguanidines and their activities
on the XO enzyme. We assumed that this was due to
spatial differences in the molecules rather than the
presence or absence of some substituents at particular
positions. To understand the three-dimensional proper-
ties that determine the activities of hydroxyguanidines,
we performed 3D-QSAR analysis. The three-dimen-
sional structures of compounds were calculated by
semiempirical modeling, using the X-ray structure of
N-benzilideneamino-N'-hydroxyguanidine?® as the start-
ing template. In addition to the semiempirical calcula-
tions, we also performed a simple conformational search
for each molecule. The molecules having the calculated
lowest heat of formation was chosen for the evaluation.

To avoid problems of three-dimensional alignment of
the molecules in space, we used a novel alignment-
independent 3D-QSAR technology.?® Initial elaboration
of the data showed that it was not possible to obtain
good correlation if all the substances were included in
one data set. Careful inspection of the structures and
comparison with the binding data suggested that com-
pounds containing nitro groups might behave differently
from the remaining compounds. Thus, we generated
separate QSAR models for compounds containing NO;
group(s) (1—17, set A) and the remaining compounds
(18—51, set B). This led to good QSAR models for both
sets.
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Table 1. Structures of Hydroxyguanidines and Their Xanthine
Oxidase Electron Acceptor Activity?

R,
acceptor
activity
compd Ry R, R3 R4 Rs + SEM
1 H NO, H H H 244 +53
2 H NO, CI H H 42.1+3.3
3 H H NO; H H 942 +58
4 OH H H NO, H 258+ 3.3
5 NO> H H H H 56.4 £ 6.5
6 NO; H NO; H H 295.7 £ 16.0
7 Cl H H H NO; 440 £ 4.7
8 NO, H H OH H 31.5+59
9 OCH; H H OCH3 NO 473+ 7.3
10 OCHz OCHs; H NO, H 08+1.2
11 OCH3z OCH; H NO, NOz 529+94
12 OCH; OCHs; H H NO; 22.0+£5.3
13 H NO, Br H H 35.0+2.8
14 NO, NO, H H Cl 216.3 £ 3.0
15 NO, Cl H H Cl 68.3 £ 10.0
16 NO; H H H NO, 154.5+3.0
17 CI OCH3; OCHs3 H NO- 488+ 2.4
18 Br H H H H 729+ 9.6
19 OCH; H H OCHz H 423+7.2
20 H H N(CHs), H H 41.0 + 8.4
21 H Cl H H 454 £ 7.2
22 H H Cl H H 57.9+4.2
23 H H Br H H 82.1+56
24 H H N(CzHs)2 H H 62.1+ 3.3
25 OCH; H H H OCH; 13.2+85
26 F H H H H 49.6 £9.0
27 OCH; H H H H 59.7 £ 6.7
28 H OCH; H H H 55.0 £ 8.2
29 Cl H H H H 90.2+8.1
30 H H F H H 43.2+23
31 H F H H H 56.2 £ 8.3
32 H Br OCH3 H H 35.6 £3.5
33 OCHs; H OCH3; OCHz H 29.7+£29
34 H OCH3; OCHs3 OCHs H 54.6 + 8.8
35 H H OCH3 H H 509 £ 5.7
36 OCH3z OCH3; OCH3 H H 815+ 3.9
37 OCH; H OCHg3; H OCHs; 10.8+12
38 Br OCH3; OCHz3 OCHs; H 119.5+12.9
39 H OCH; H OCH3z; H 30.7+£5.1
40 ClI OCH3z OCH3 H H 155.6 + 16.4
41 OCH; H OCHg3; Br H 16.3 + 3.8
42 OCH20 H H H 447 £ 4.1
43 OH H OH H H 729 +£29
44 OH OH H H H 43.7 +£5.0
45 OH H OCHg3; H OCHsz 101.7 £ 2.7
46 OH OCH; H H H 455 + 3.9
47 OH H H H H 33.8+1.0
48 H H OH H H 64.2 +29
49 OH OH OH H H 40.5+6.9
50 H OH OCH3; H H 68.9+7.6
51 OH OCHz; H Br H 724 +£5.0

2 All compounds are tosylates. The bonds shown with bold lines
in the structure indicate that they were rotated during the
conformational searches.

The results from the modeling of both data sets,
obtained by applying the PLS algorithm, are shown in
Table 2. In the modeling process, different probe
atoms were elaborated for the creation of the MIFs. For
set A, the best results were obtained using just chlorine
(CL) probe atoms, while for set B, the (hydrophobic)
DRY, carbonyl (O), and amide (N1) probe atoms?®
proved to be satisfactory. Moreover, the use of three
probe atoms in the latter case required application of
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Table 2. PLS Modeling Results?

data set
parameter set A set B

probe atoms CL DRY, N1, O
number of nodes 150 50
number of LVs 2 3
R? 0.84 0.87
SDEC 30.4 125
Q2 0.59 0.65
SDEP 48.2 175
external SDEP 31.6 14.4

a For details, see text.

variable selection. The GOLPE variable selection used
herein was validated by applying it to a subset of data
and predicting the activities of the excluded data (see
Table 2.)

Interpretation of the Models. To understand the
meaning of the models, we explored the PLS coefficient
plots of each GRIND descriptor block separately. The
descriptors that had high positive or negative values
were considered to be important. The important de-
scriptors were arranged into groups by collecting de-
scriptors originating from similar distances between
MIF nodes and having the same direction of PLS
coefficients. The meaning of these groups of coefficients,
and also of individual descriptors, was investigated by
assessing their origins (in three-dimensions) in the MIFs
for every particular molecule. During this investigation,
we considered splitting or joining groups of coefficients
into subgroups if the physical meaning of the coefficient
appeared to be similar or different. An example of the
analysis is shown in Figure 1.

Thus, as shown in Figure 1A the descriptors of the
DRY—-DRY autocorrelogram could be divided into six
groups according to the PLS coefficient plot. The three-
dimensional analysis of these groups are exemplified in
Figure 1B—E. Panels B and C illustrate compounds 38
and 40 showing high acceptor activity, while panels D
and E illustrate compounds 39 and 41 showing low
acceptor activity. In all four cases, the lines representing
GRIND descriptors connect MIFs around the phenyl
ring. Shorter GRINDs of groups 1 and 2 connect MIFs
on one side of the phenyl ring, while little longer
GRINDs of groups 3 and 4 connect MIFs from opposite
sides of the phenyl ring. For the substances shown in
Figure 1B,C the red color of the GRIND descriptors
indicates that descriptors have high values, while for
the substances shown in Figure 1D,E the GRIND
descriptors have a blue color indicating low values of
these descriptors. Thus, these GRIND descriptors have
high values if MIFs around the phenyl ring have high
values and vice versa. From Figure 1 it can be seen that
high values of MIFs around the phenyl ring are associ-
ated with methoxy substituents, where the plane of the
C—0-—C atoms of this group is not parallel to the plane
of the phenyl ring. Thus, the positive correlation of these
descriptors with activity indicates that methoxy sub-
stituents, which are not coplanar with the phenyl ring,
increase acceptor activity.

Performing this analysis for both data sets showed
that although some similarities exist, there are impor-
tant differences, which require a separate discussion for
each of the data sets. Below, we first discuss the set B
model followed by a discussion for the set A model.
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Compounds without Nitro Groups (Set B Model).
As already discussed above and illustrated graphically
in Figure 1 for four of the molecules in set B, the most
important property for high acceptor activity is that
methoxy substituents should not be coplanar with the
phenyl ring. This property emerged also from analysis
of DRY—0 and DRY—NL1 cross-correlograms.

The second main property increasing acceptor activity
was that access to the nitrogen atom of the imine should
be sterically hindered.

A third important property also appears to be the size
and geometry (with respect to the iminohydroxyguani-
dine group) of the para and meta substituents of the
phenyl. If these substituents are within a certain size
range (e.g., Cl—, Br—, and in some cases CH30—), they
in most cases improve acceptor activity. On the other
hand, substituents outside this size range (F—, (CH3),N—,
and (Cz;Hs)2N—) have no or a diminishing effect on the
activity.

Besides these three main properties influencing ac-
ceptor activity, a few other features of the molecules
were found to be important, giving a smaller effect on
the activity. For example, the composition, orientation,
and geometry of meta and ortho substituents, as well
as the geometry of the hydroxyguanidinium imine
group, appear to be of importance.

Nitro-Group-Containing Compounds (Set A
Model). Several properties were found to play major
roles for the XO electron acceptor activity of arylhydra-
zones of N-hydroxyguanidines having nitro group sub-
stituents in their aromatic moiety. The most important
property causing an increase of activity is the presence
of nitro groups at a certain distance (typically at Ry, Rg,
or R4 position; see Table 1) from the hydroxyguanidino
moiety. Very important for activity was the presence of
a nitro group at position R5, which interacts with the
NH; group of the hydroxyguanidine. Also important was
the mutual geometry of the hydroxyguanidine and the
phenyl ring. It was found that if the planes of the
guanidine and phenyl ring were coplanar, it led to a
decrease in the electron acceptor activity. At the same
time the hydroxyguanidine and imine planes should be
in the same plane in order to yield high activity. Steric
access to the nitrogen atom of the imino group was also
found to be important for acceptor activity, as found for
the set B compounds lacking nitro groups, although to
a lesser extent.

Conclusion

The results show that it is not possible to obtain
predictive models when all hydroxyguanidines of the
present series are modeled together. However, good
predictive models can be obtained when the compounds
containing nitro groups (set A) and the compounds
lacking a nitro group (set B) were modeled separately.
When we compared the results obtained from the
interpretation of both sets A and B models, we found
that steric access of the imino group to the nitrogen
atom was important for both cases. No other evident
similarities were found for the two models. One possible
explanation for this might be that nitro- and non-nitro
compounds have different but partially overlapping
binding pockets centered around the imino group.

The present QSAR models may be amenable for the
design of improved xanthine oxidase electron acceptors.
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Figure 1. Example of the interpretation of the PLS model for acceptor activity of set B: (A) PLS coefficients of GRIND descriptors
for the DRY—DRY autocorrelogram; (B—E) three-dimensional visualization of GRIND descriptors. Compound numbers (according
to Table 1) are shown in parentheses, followed by the experimentally determined acceptor activity. MIFs are shown in yellow.
The lines connecting two nodes of MIFs indicate the origin of GRIND descriptors, which were calculated as the product of the two
MIF nodes. The colors of these lines are coded so that they gradually change from blue for a low value of the variable to red for
a high value. Note that for the active compounds, bromine and chlorine atoms are located close to the nitrogen atom of the CH=N
group (panels B and C, respectively), while for the inactive compounds this location is taken by a much smaller hydrogen (panels
D and E). The larger chlorine and bromine atoms hinder the probe atom from accessing the nitrogen of the CH=N group in the
active compounds, whereas the smaller hydrogen found in the inactive compounds does not hinder the probe atoms from interacting

with the nitrogen of the CH=N group.

Such compounds might be useful to reduce the forma-
tion of toxic superoxide. PR5 (40) was reported to be a
strong cardioprotector in a heart infarction model in the
rat.?’ It was speculated that the effect was due to the
xanthine oxidase electron-accepting property of the
compound, which would reduce the formation of toxic
superoxide during the so-called ischemia—reperfusion
syndrome associated with heart infarction.26 However,
the mechanism of action of PR5 (40) is still elusive,
while its dehydroxy metabolite, termed ME10092, was

equally effective as PR5 (40) in the very same heart
infarction model.3% Guanoxabenz is a structurally re-
lated hydroxyguanidine that has been used clinically as
an antihypertensive.3! The design of improved xanthine
oxidase electron acceptors may lead to compounds with
new interesting pharmacological profiles.

Experimental Section

Organic Synthesis. Compounds 1,32 2,3 28,32 19,33 3534
36,34 37,34 33,34 34,34 50,% 31,3 47,36 49,36 and 45% (see Table
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1) were synthesized according to the methods described in the
literature. Melting points were determined with the Fisher
table. 'H NMR spectra were obtained on a Bruker WH 90/DS
in DMSO-ds. Thin-layer chromatography was performed on
Merck precoated silica gel 60 Fzs4 sheets.

General Procedure for the Synthesis of Hydrazones
of N-Amino-N'-hydroxyguanidine. An equimolar amount
(20 nmol) of N-amino-N'-hydroxyguanidine p-toluenesulfonate
and the appropriate carbonyl compound were heated under
reflux in ethanol (15 mL) for 0.1-1 h. Reactions were moni-
tored by TLC. When a reaction was complete, the product was
precipitated after cooling (2 h at 0 °C) or in some cases isolated
by concentrating the reaction mixture in a vacuum, and the
product crystallized using a suitable solvent. The detailed
description for the synthesis procedure is given for compound
40. The results of the synthesis and the analytical data for all
compounds are summarized in Supporting Information.

N-(2-Chloro-3,4-dimethoxybenzylideneamino)-N'-hy-
droxyguanidine tosylate (40). A solution of 2-chloro-3,4-
dimethoxybenzaldehyde (2.0 g, 10 mmol) and N-amino-N-
hydroxyguanidine p-toluenesulfonate (2.6 g, 10 mmol) in
ethanol (15 mL) was heated at 50—60 °C for 5—8 min. After 2
h at 0 °C, the precipitate was filtered off and gave 2.9 g (62%)
of product. The filtrate was evaporated, and an additional
portion of product was obtained. Yield 93%; mp 95—-97 °C; 'H
NMR ¢ 2.29 (3H, s), 3.76 (3H, s), 3.91 (3H, s), 7.13 (2H, d),
7.16 (1H, d), 7.49 (2H, d), 8.09 (1H, d), 8.22 (2H, s), 8.58 (1H,
s), 10.11 (1H, br. s), 11.34 (1H, br s), 11.76 (1H, br. s). Anal.
(C10H13C|N4O3'C7H3038'H20) C, H, N.

Electron Acceptor Activity Assay. Reduction rates of
N-hydroxyguanidines were determined under anaerobic condi-
tions. An amount of 1 mL of a mixture containing 50 uM
N-hydroxyguanidine compound, 50 M xanthine, 0.05 units/
mL bovine milk xanthine oxidase (obtained from Sigma, St.
Louis, MO) in 25 mM Tris-HCI, 1 mM EDTA, pH 7.5, was
incubated at 25 °C in a Helma sealable cuvette for anaerobic
applications. Incubation mixtures where N-hydroxyguanidine
was excluded served as controls. Prior to incubation, all
solutions were gassed for at least 10 min with argon. The
reaction was started by the injection of milk xanthine oxidase
into the cuvette. The anaerobic control readings were sub-
tracted from each test reading. Values in Table 1 represent
the mean of three separate determinations expressed as umol
of uric acid formed (calculated from the increase in absorption
at 295 nm, euric acia = 12.4 £ 0.16 mmol~* cm~?1) per min per
unit of xanthine oxidase.

Molecular Modeling. Molecular modeling was done using
the SYBYL program.®® The X-ray structure of 1-(benzylidene-
amino)-3-hydroxyguanidinium tosylate,?® obtained from the
Cambridge Structural Database,® served as an initial tem-
plate for all molecules. Prior to the calculations, the hydrogens
of the X-ray template were substituted with the appropriate
chemical groups. Conformational searches were performed by
rotating selected bonds by 180°. (The bonds selected for
conformational search are shown by bold lines in the structure
template in Table 1.) The geometry of each such conformer
was then optimized using semiempirical calculations using the
PM3 parameter set.“>*! The calculations were performed using
MOPAC#*42 (keywords applied were PREC DENSITY
LOCAL VECT MULLIK Pl BONDS GRAPH PM3 T=3600
CHARGE=1) implemented in SYBYL.%¥ The conformer for
each compound that had the lowest heat of formation was
chosen for the QSAR studies.

GRID and GRIND Descriptors. The modeled three-
dimensional structure of each molecule was coded into grid
independent descriptors (GRIND)?® using the ALMOND soft-
ware.** GRIND descriptors are independent from spatial
alignment of compounds. The calculation of these descriptors
involves several steps. Molecular interaction fields (MIFs) on
grid points surrounding the molecule are first calculated using
the GRID program.** This is achieved by placing some probe
atom at all nodes of the grid surrounding the molecule. (The
distance between grid nodes used this study was 0.5 A)
Several different probe atoms can be used, thus creating
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different MIFs. The compounds were kept charged throughout
the modeling. A number of grid nodes are then extracted,
which show the energetically most favorable interactions and
which are as far as possible from each other (see Pastor et
al.? for details). The number of extracted nodes for each model
is shown in Table 2. The products and distances between each
two extracted nodes of the same type of MIFs (autocorrelo-
grams) and different types of MIFs (cross-correlograms) are
then calculated. From all these products the GRIND descrip-
tors are thereafter chosen, which have a maximum value at
specified distance ranges. For set A the probe atom was CL,
resulting in a CL—CL autocorrelogram. For set B and all its
three subsets, the probe atoms were DRY, N1, and O, resulting
in DRY—DRY, N1—N1, and O—O autocorrelograms and DRY —
N1, DRY—-0, and N1—0O cross-correlograms.

PLS and GOLPE. The GRIND descriptors were correlated
with the measured biological activities. The presence of a large
number of covarying descriptors prompts the use of PLS as
the correlation method.*> PLS transforms the descriptor matrix
to a new matrix of lower dimensionality. The descriptors of
this new matrix, called latent variables (LV), are orthogonal.
The LVs are calculated so that explanation of the descriptor
matrix and simultaneously maximum correlation to the activ-
ity data are achieved. The goodness of PLS models were
evaluated using R? and SDEC values.*® The PLS models were
validated using 20 rounds of cross-validation with five random
groups. The cross-validation was characterized using Q2
values* and SDEP.46

The large number of GRIND descriptors in the case of set
B causes a risk for chance correlations. One of the methods to
decrease the number of descriptors and thereby reduce the risk
for chance correlations is variable selection. In the present
work we chose to use the GOLPE variable selection procedure*
as implemented in the ALMOND program.® The GOLPE
variable selection was further validated by applying it on a
subset of molecules (test set) for both data sets and predicting
activities (prediction set) of the remaining compounds. The
prediction set was chosen so that it contained /3 of all
molecules and spanned the activity scale. Thus, for set A, the
prediction set contained molecules 7, 8, 12, 14, 15, and 17,
but for set B, the prediction set contained molecules 21, 22,
23, 25, 30, 34, 35, 38, 39, 43, 48, and 49. The predictability
was assessed by external SDEP values.*®
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Appendix

Abbreviations. 3D-QSAR, three-dimensional quan-
titative structure—activity relationship; GRIND, grid
independent descriptors; LV, latent variables; MIF,
molecular interaction field; PLS, partial least squares
projection to latent structures; SAR, structure—activity
relationship; SDEC, standard deviation of errors of
calculation; SDEP, standard deviation of errors of
prediction; XO, xanthine oxidase.

Supporting Information Available: Analytical data for
the compounds. This material is available free of charge via
the Internet at http:/pubs.acs.org.
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