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Figure 1. Structure of phenylthiazolylhydrazides (PTH).
Figure 2. Structural alignment of the PTH derivatives around the 
common substructure OC‒N‒N‒C=N‒C=C‒S.

The pathological hallmarks of Alzheimer’s disease (AD) are 
two types of aggregates in brain: extracellular amyloid plaques 
consisting of the Aβ peptide1 and intracellular neurofibrillary 
tangles (NFTs).2-4 Abnormal filaments called paired helical fila-
ments (PHFs) are major components of NFTs, and a micro-
tubule-associated protein tau consists of its core protein. Even 
though the primary cause of these aggregation processes in 
not well-understood, there is a general consensus that protein 
aggregates are toxic for neurons and a pathological series of 
neurotoxic events lead to neurodegeneration and finally AD. 
Therefore, inhibition of the aggregation process by a small mole-
cule has been intensively studied as a therapeutic intervention 
for AD. Even though Aβ inhibitors have been a major focus of 
research on anti-Alzheimer therapy,5 recent report of a phase II 
clinical trial of the tau aggregation inhibitor MTC (methylthio-
nium chloride) which significantly slowed down the decline of 
cognitive functions of AD patients6 proposes a valuable thera-
peutic use of the tau aggregation inhibitor as a potential di-
sease-modifying drug for AD. Interests towards inhibitors of the 
tau aggregation continues to grow by recent findings of several 
classes of inhibitors such as rhodanines,7 phenylthiazolylhydra-
zides,8-10 N-phenylamines,11 anthraquinones,12 benzothiazoles,13 
phenothiazines,14 porphyrins14 and polyphenols.14 However, 
the low membrane permeability of most of the aggregation in-
hibitors is the key issue which needs to be resolved for future 
development of new generation of aggregation inhibitors. In 
this regard, as most potent inhibitors including MTC are nega-
tively or positively charged, the neutral phenylthiazolylhydra-
zides (PTH, Fig. 1) drew our specific attention.

The PTH derivatives show in vitro nanomolar IC50 values 
for tau aggregation inhibition10 but, presumably due to the pre-
sence of the hydrazothiazole toxicophore,15 the PTH derivatives 
are relatively cytotoxic.10 Thus, in this study, we report a 3D- 
QSAR study on the PTH derivatives in anticipation of getting 
a model that would account for the quantitative differences in 
bioactivity seen in this series and provide insights into designing 

of novel tau aggregation inhibitors with improved activity.
The in vitro biological activity data reported as IC50 for in-

hibition of tau aggregation by the PTH derivatives10 were used 
for the current study. Out of total 48 PTH derivatives, 20 com-
pounds lacking inhibitory activity in exact numerical form have 
been removed from the analysis. During the rigorous cycle of 
model development and validation, we found four compounds 
not to fit to either the training set or test set. These outliers pro-
bably acting via a different mechanism were also dropped and 
27 compounds were left for our study (Table 1). 

The data set was randomly separated into a training set (22 
compounds) for which 3D-QSAR models were derived and a 
test set (5 compounds) that would prove the external predictivity 
of the resulting model. Compound number with * in Table 1 
stands for molecules included in the test set.

All calculations were carried out on a linux enterprise operat-
ing system using molecular modeling software package SYBYL 
v 7.2.16 The PTH derivatives were sketched, assigned with 
Gästeiger-Hückel charges, and energy-minimized with Tripos 
force field. In order to locate the most stable rotamer around 
the hydrazide N-N bond, systematic searches were performed 
with an interval of 10o. The most crucial step in performing 
3D-QSAR is to determine the bioactive conformations of the 
compounds so that all compounds could be aligned together. 
In this study, the central thiazolylhydrazide moiety [OC‒N‒N‒ 
C=N‒C=C‒S; Fig. 1] commonly found in the PTH derivatives 
was used as the substructure for structural alignment. The most 
active compound 1 (Table 1) was used as a template for align-
ment, and 22 training set molecules and 5 test set molecules 
were all aligned together (Fig. 2).
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Table 1. PTH derivatives used for 3D-QSAR study
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With the ligand alignment in hand, we attempted 3D-QSAR 
study by using CoMFA17,18 as well as CoMSIA19,20 method. 
Tripos standard CoMFA field was used for construction of a 
CoMFA model, whereas a CoMSIA model was built by using 
combinations of steric, electrostatic, hydrogen bond donor, hy-
drogen bond acceptor, and hydrophobic fields as descriptors. As 
biological activities are generally skewed, the reported IC50 
values (concentration of a compound required to inhibit the tau 
aggregation by 50%) were converted into the corresponding 
logIC50. CoMFA and CoMSIA were set at standard values (with 
default grid spacing of 2.0 Å), with a sp3 carbon atom with one 
positive charge used to probe steric and electrostatic fields. The 
standard cutoff value was set to 30 kcal/mol. As usual, PLS (par-
tial least squares) method was used to establish and validate 
3D-QSAR, and LOO (leave-one-out) cross-validation method 
was used to evaluate the initial model. The cross-validated co-
efficient q2 was calculated, the optimum number of components 
was then given, and the 3D model was finally derived corres-
ponding to the optimum number. The column filtering box was 
kept unchecked during all operations, and the results obtained 
from the PLS analysis are summarized in Table 2.

The cross-validated correlation coefficient (q2) defines the 
goodness of prediction whereas the conventional (non-cross- 
validated) correlation coefficient (r2) indicates goodness of fit 
of a QSAR model. SEP and SEE (Table 2) are statistical mea-
sures available for evaluation of the significance of the model 
and in both cases the smaller is the better. The F-test value (F, 
Table 2) also stands for statistical significance of the model (the 
higher, the better). Both the CoMFA model (q2 = 0.61, N = 5) 
and CoMSIA method using steric as well as electrostatic field 
as descriptor variables (CoMSIAse) (q2 = 0.57, N = 4, Table 2) 
are determined to be statistically significant, but CoMFA field 
provided better model with r2 of 0.98 (with SEE = 0.10 and F = 
147.73; Table 2). The field distributions of the steric and electro-
static field descriptor variables were 48.4 and 51.6%, respec-
tively, which indicates that electrostatic and steric field contri-
butes equally well to the final CoMFA model.

Graphical representations of CoMFA steric and electrostatic 
contour plots obtained by the field type “stDev*coeff” are dis-
played in Fig. 3. The contour maps were superimposed on the 
most active compound 1. The green and blue regions in Fig. 3(a) 
and Fig. 3(b) indicate areas where steric bulk and electron-
egative groups enhance biological activity, respectively. On the 
other hand, the yellow and red contours indicate regions where 
steric bulk and electronegative groups are detrimental to bio-
logical activity. The PTH derivatives have tweezer-like struc-
tures with a pair of prongs (two aromatic rings) attached to a 
hinge (central thiazolylhydrazide functionality). The CoMFA 
contour plot (Fig. 3) shows that the binding sites of the receptor 
for these two aromatic rings are unsymmetrical. Among the two 
aromatic prongs, one attached to the hydrazide carbonyl carbon 
is allowed to adopt wide structural variations (dumbbell-shaped 
green contour in the left side of Fig. 3a) while the other attached 
to the thiazole ring is strictly confined in a small region of con-
formational space (green and yellow contours in the right side 
of Fig. 3a). In addition, substitution on the thiazolic aromatic 
ring is not favored, which is clearly seen by the red contours 
surrounding the right-hand side of the PTH derivative (Fig. 3b). 
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(a)

(b)

Figure 3. 3D contour maps around compound 1 as the result of CoMFA
analysis of inhibition of tau aggregation by the PTH derivatives. (a) 
The color coding indicate regions where substitution enhances (green)
or reduces (yellow) the anti-aggregative activity; (b) Regions where 
electronegative substituents enhance (blue) or reduce (red) the inhi-
bition of tau aggregation.
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Figure 4. (a) Structure of the compound 28. (b) Steric contour map of 
the CoMFA model superimposed with the compounds 1 (in blue) and
28 (in red).

Table 2. PLS analysis on PTH derivatives

Model
Cross-validated Non-cross-validated Fraction %

q2 SEP N r2 SEE F S E

CoMFA 0.61 0.44 5 0.98 0.10 147.73 48.4 51.6
CoMSIAse

a 0.57 0.44 4 0.92 0.20 47.76 33.2 66.8
CoMSIAda

b 0.15 0.61 3 -d -d -d -d -d

CoMSIAh
c 0.40 0.50 2 -d -d -d -d -d

q2: leave-one-out (LOO) cross-validated correlation coefficient, SEP: standard error of prediction, N: optimum number of components, r2: non-cross- 
validated correlation coefficient, SEE: standard error of estimate, F: F-test value, S: fraction of steric field, E: fraction of electrostatic field. as = steric 
field, e = electrostatic field. bd = hydrogen bond donor field, a = hydrogen bond acceptor field. ch = hydrophobic field. dnot determined.
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Figure 5. Plot of experimental versus CoMFA model-predicted logIC50
of training set (diamond) and test set (rectangle).

It is of particular interest that even the most active compound 1, 
superimposed with the contour plots in Fig.3, is not in perfect 
match with the sterically favored green contours located on the 
thiazole side of the central hydrazide moiety (green contours in 
right side of Fig. 3a), and the thiazolic aromatic ring is located 
between the two green contours.

Thus, it is fair to assume that the rigid thiazolylhydrazide 
hinge structure prevents PTH derivatives to adopt the most 
active conformation covering both sides of the sterically allowed 
regions at the same time. In this context, it is conceivable that 
more potent tau aggregation inhibitors can be designed by re-
placement of the central thiazolylhydrazide with a more flexible 
hinge. As anticipated, compound 28 with two aromatic rings 
(biphenyl and 4-nitrophenyl) connected with a flexible ethylene 
glycol linker (Fig. 4a) showed a perfect match with the steric 
contour map, in which the aromatic rings on both ends occupy 
the green contours (Compound in red, Fig. 4b). In particular, the 
aromatic ring of 28 corresponding to the thiazolic aromatic 
ring of 1 is located on the green contour. Also, as the thiazolyl-
hydrazide moiety is a well known toxicophore, replacement of 
the thiazolylhydrazide with an ethylene glycol linker would help 
reduce the cytotoxicity of the PTH derivatives.

The predictive ability of the CoMFA models was assessed 
by predicting logIC50 values of an external test set composed of 
5 compounds (4, 8, 15, 19, and 27; Table 2). The external vali-
dation process is considered the most reliable validation method, 
as the test set compounds are not included in the construction of 
the 3D-QSAR models. The results are listed in Table 3, and the 
graphic results for the experimental versus predicted activities 
of both training set and test set are displayed in Fig. 5. The good 
agreement between actual and predicted logIC50 values for the 
test set compounds [r2

pred = 0.88, residual (δ) = ‒0.33 ~ 0.69] 
suggests that the constructed 3D QSAR models are reliable and 
can be used for the design of novel tau aggregation inhibitors. 
The CoMFA model also predicted significant tau aggregation 
inhibition by the proposed novel lead compound 28 (logIC50 = 
0.22, Table 3).
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Table 3. Comparison of experimental (Exp) and CoMFA model-pre-
dicted (Pred) inhibition of tau aggregation (logIC50) by the PTH deri-
vatives. Differences between the two values are represented by residuals
(δ). Data shaded in this table belong to the test set compounds (4, 8, 
15, 19, and 27).

Compd
logIC50

δ
Exp Pred

1 0.11 0.13 ‒0.02
2 0.20 0.38 ‒0.18
3 0.28 0.27 0.01
4 0.30 0.63 ‒0.33
5 0.49 0.41 0.08
6 0.59 0.48 0.11
7 0.69 0.72 ‒0.03
8 0.76 0.76 0.00
9 0.80 0.69 0.11

10 0.84 0.85 ‒0.01
11 0.89 0.97 ‒0.08
12 1.03 1.04 ‒0.01
13 1.13 1.13 0.00
14 1.23 1.43 ‒0.20
15 1.26 1.39 ‒0.13
16 1.37 1.38 ‒0.01
17 1.40 1.38 0.02
18 1.45 1.34 0.11
19 1.53 1.70 ‒0.17
20 1.55 1.63 ‒0.08
21 1.67 1.67 0.00
22 1.67 1.61 0.06
23 1.77 1.77 0.00
24 1.78 1.72 0.06
25 2.17 2.03 0.14
26 2.17 2.25 ‒0.08
27 2.26 1.57 0.69
28 - 0.22 -

In summary, a 3D-QSAR study on the PTH derivatives was 
performed in anticipation of getting a model that would account 
for the quantitative differences in inhibitory activity against the 
tau protein aggregation seen in this series and provide insights 
into designing of novel tau aggregation inhibitors with improved 
activity and reduced cytotoxicity. A 3D-QSAR model was con-
structed by using 22 PTH derivatives and, on the basis of a co-
mmon thiazolylhydrazide structural motif, a stable and predic-
tive CoMFA model with acceptable q2-value was developed. 
The CoMFA 3D-QSAR model along with the information ga-
thered from the 3D contour maps indicated that the relative 
orientation of the two aromatic rings (Ar1 and Ar2, Fig. 1) atta-
ched to both ends of the tweezer-like structure of the PTH is 
the key to its biological activity. Also, by replacement of the 
rigid and toxicophoric thiazolylhydrazide moiety with a more 
flexible ethylene glycol linker, we showed that the two aromatic 

rings attached to the central ethylene glycol functionality can 
adopt the most favorable conformation for inhibition of tau 
protein aggregation, which warrants extensive structure-activity 
relationship study around the thiazolylhydrazide moiety to de-
velop more potent and safe tau aggregation inhibitors.
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