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Abstract: In order to explore structural features of minoxidil
analogs with a view of enhancing lysyl hydroxylase (LH)
inhibitory activity, molecular holographic QSAR (HQSAR)
and CoMSIA (comparative molecular similarity indices
analysis) were performed. The results from the atomic
contributions with optimized the HQSAR 6-2 model indicated
that, in case of pyrimidine-1-N-oxide substituent, C2 atom
of pyrimidine ring and C'3-C'4 bond of 4-piperidinol group
showed the highest impact on the inhibitory activity towards
LH enzyme. It was also evident from the information of the
optimized CoMSIA F5 model that the inhibitory activity
mainly depended on the hydrophobic field contribution (36%)
and the hydrogen bond (H-bond) field contribution (49.2%)
of substrate molecule. Particularly, it is predicted that the
functional groups which disfavor H-bond acceptors in large
space around the piperidinol group and also the functional
groups which favor the H-bond acceptors at C'4 (& C'S) atom
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in Rs group play a role for increased inhibitory activity. With
this in mind, it is likely that a novel candidate having more
improved inhibitory activity on hair growth could be designed
in the future.
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hydroxylase, Hair growth agent
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Minoxidil:> 18t X 5AZ /g F3t sPgA|=A AL
T Ao = W Akgo] o5 sjtEelrt [1]. 201 o
Minoxidil&] LEE e tfsto] B2 A57} o]Fojf ot
ojd w7t Fo R WEFIE Ueh=A] 1rgo] 5
27golt. o] 2mellA] Minoxidile] HE Hl7RES ¥l
© A7 2RI B A5HS Mdeks Aol T2
ok 8 ohe}, AJEEtA o w2 Wte) #st olalE w9l
the SHelA e B8k F-2.8kt. Minoxidil 7} t&o] #A)
FDACY 5318 F 2] URA| Folx 7P de] 2rol=
Finasteride (%3%"; Propecia”™)= MinoxidilZR= tF27] 50-
reductase®] &/JS A5t dihydrotestosterone 2] 375
ApdatE 2 RS frsitkal G ST (2], Minoxidil<>-
Aol sulpho-transferase 2] Fri14-8-0 = W=7] Minoxidil
sulphate = 1$Rg © Z4] vascular smooth muscle®] W ©]
S-S frdete] dPAdete] avs frEdthal By
ST} [3]. Minoxidil ©]&]ol THZ potassium channel opener
£ o= sk Ay (41914 Cromakalin 2 P-1075
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(Pinacidil analog)= R @37} $15%]0] potassium channel
o] AR ge] FQshk A0 JAEI}. Tt Fejjol
Minoxidil®ll thet A7} thelsiAl o] FJ XA potassium
channel opener EF ofug}, A7) 5ol thofst gyE 1
Itk whsisict.

A7 Minoxidil& AT AE} Afroba| 2] A4S
A}=8FAL lysyl hydroxylase (LH)#13l, S A A 5],
prostaglandin E, (PGE,) 335 Al=3}] prostacyclin®] AJ
AR 9 95571 Al ©J$F VEGF (vascular endothelial
growth factor)®] S A=k 202 dEFT) [5]. ©]
o} o] A7)l vhekst PaEE wIR|aL glont o 314
= &sto] R G vx=A gt A= FES
Aot ®g Fehzll AL JAl AA 5 7k
§= 71A triple helix T35 °o]FFo] 754 HS 2
g [6], ] gl LH= lysine 2] hydroxylations Zvlisk
of SRl A1) QPYAE ZHA shtt [7]. S hydroxylysine
A2 FEl 93 (collagen fibril) oA FARs Aol
WAPATE o FA st FRAC® PISE el A=
"HSA) 3hc} [8]. 12U} hydroxylysine©] XU]A] Hol|H
Fepll BAE st A E A, Fepa BARe] 7t
37t B7Fs3HA Hol A5 (fibrosis) WS Zich [9].
AAE G B e B Aol AR T2l
HEgh AfEE S QATE Minoxidil A9 2,4-
diaminopyrimidine-3-oxide = 73t anti-LH &0 =2 g
Az2] A53ke oheth= Aol Z<lato] A Aminexil“o]
k= Aol FHAP el Ad-8-8k] 3L et [10]. Minoxidil =
A LHE| &5 SAlstol Arske Btk AR [11,12]
o] TRt in vitro A3 elx] FEE T} Hel= Minoxidil-
LH “J52ge] nX]i= HlaZ ARt (CoMFA: comparative
molecular field analysis) 235 FAESE v} AU} [13].

B ATtolaE 714EAFEA Minoxidile] LH E43< 4]
o= A 207 oh AR 2 A2 32491
J 71 019) e ARGl et TAETA S B
71§18+, Minoxidil F-%=A4152] human LH [14] A&l
Sdol] et A ek 9] B (QSARs) [15]
£ molecular holographic QSAR (HQSAR) [16] % H|iL
A A 94 (CoMSIA: comparative molecular
similarity indices analysis) [17] ®*H .2 7z} A &s)al
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Minoxidil®] =842 LH (EC 1.14.11.4)2] X-ray 274
Z (Fig. 1)< protein data bank (PDB code; 3K20)l4] -
a1 om 718 3R] WL 7 B} ok 43 A°
o|glt}. 18]3 HQSAR % CoMSIA RS 53l 93k
A BRIy} F7-F A2k (PLS; partial least square)
218 Sybyl (Ver. 8.1) =273 (Tripos Inc.) 0. Z ©]F0]
FCh [18]. Human LH [14]]] tiigt 71 #2124 Minoxidil
FEA (compound 1-15)=2] 3] H=E #=H A3

274 (Obs.In)> E3gks o833t} [19,20]. 3D-QSAR
BES fieshr] 919k 32k 33 wAPY E S Minoxidil
(compound 1)AFE 718 #AE (template) = “J35}3L atom
based fit (A)S} field fit (F) o= 72t Hergon,
ofal FEle] FIHPHS MRl ) 21]. HA3t Bl o
4 3k (P00l 0.50 o, 12l 40 . = 0.90
olJolofof s}, #HA sl HQSAR RE&=S =317] flst
o] 273 Z0)E 53~500 bin O & d}al FA} 27to] =
2~100% HA| deish & ookst 22 22 SAES =%
slo] 223} ¥ HQSAR 592 % 131t} [16]. Training
setol] thst A skd nel=o] AXke @A} (error)=A] T
S ASake] Hat xFolgk (Ave.: average residual of
training set) 2 #57k A5k Alo] Azt ol sk
PRESS (predictive residual sum of squares)@tE= At
slglom o] g e FEsh HEE ov|dit) =
gk, 71dE AR 723 A EA ol S vAE FE
& olsfstr] flstel HAske CoMSIA Edo] zkal Ql=
5737 et ARe= AR s st ¥ 53l% (contour
map)E YERASIT 71 H]E (Stdev coeff.)S- favor; 80% 2
disfavor; 20%©] 1t} FEgk HQSAR F22] 7o 7]o]
= (contribution levels)®ll ¥t Hr= F2} 739 54t

QA Aol QkE3} ¥ 7l ng Azw Z7h UrEhiigdch

Fig. 1. The overall structure of lysyl hydroxylase (3K20).

3.8% 9 1%

3.1. HQSAR 2 ¢

HQSAR 7[> 3khae] 244 7274 5453 e
Afole] o SAIE PLS ®H O R A sh= ol [22].
Am T AR d-e] 73241 27 (fragment: bin)S!
AR 2T SPdEHARl ARE dEshal Sl ARl
HEE ojx] 22 2399 FEjE Fi=5]°] CRC
(cyclic redundancy check) dAtel] ©]- 8-t} [23]. Table 1°]]
i+ human LH [14]°] th$F Minoxidil £-5A (1-15)¢] &5
B AL/ d4k (Obs.In), H2s} Ko gJsto] o5 Aa]
A3k (Pred.In) 2! 1= F @] 2Fl3k (Aln), 5= Q9F
sieleh. 1e]a AseAdel nixl= A 7241 54
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Table 1. The observed inhibitory activity (Obs.In) of minoxidil analogues against lysyl hydroxylase and predicted inhibitory activity

(Pred.In) by the optimized QSAR models

o

o-

N+

YR3

],
Rs
Atom or Substituent HQSAR CoMSIA
No. Obs (%) Obs.In ) )
A B R, R, R; R4 Rs PredIn Aln Pred.In Aln
1 C N H NH, NH, - Piperidinyl 27 0.73 0.68 0.05 0.60 0.13
2 C C H NH; NH; Piperidinyl 25 0.75 0.72 0.03 0.75 0.00
3 N N - NH, NH, - Piperidinyl 41 0.59 0.64 0.05 0.69 -0.10
4 C N H NH, NH, - N, N-diethyl 49 0.51 0.55 0.04 0.62 -0.11
5 C N H NH, NH, - N-ethyl 107 -0.07 0.05 0.12 -0.09 0.02
6 C N H NH, NH, - N-butyl 100 0.00 0.03 0.03 -0.04 0.04
7 C C H H H H Phenyl 99 0.01 -0.01 0.02 0.04 -0.03
8 C C H H H H Carboxyl 90 0.10 -0.03 0.13 0.07 0.03
9 C N H NH, NH, - 3-Piperidinol 24 0.76 0.80 0.04 0.66 0.10
10 C N H NH, NH, - 4-Piperidinol 23 0.77 0.77 0.00 0.79 -0.02
11 C N H CH; CH; - Piperidinyl 111 -0.11 -0.06 0.05 -0.06 -0.05
12 C N NO, CH; NH, - Piperidinyl 34 0.66 0.60 0.06 0.65 0.01
13 C N H CH; NH, - Pyrrolidinyl 88 0.12 0.10 0.02 0.11 0.01
14 C N H CH; NH, - Morpholinyl 91 0.09 0.08 0.01 0.01 0.08
15 C N H NH, NH, - N-Methylpiperazinyl 109 -0.09 -0.10 0.01 0.03 -0.12

* Difference between the observed inhibitory activity and the predicted inhibitory activity by the optimized HQSAR 6-2 model or

CoMSIA F5 model.
® Minoxidil.

Table 2. HQSAR analysis for the influence of various fragment sizes on the key statistical parameters

Best length PLS analyses
Model No. F " B 2 2\a) b) 2 o d) B)

ragment size Hologram (bin) rev.(q) SE.,. I nev. SEncv. NC
1 2-5 353 0.385 0.353 0.978 0.067 5
2 3-6 401 0.430 0.322 0.984 0.055 4
3 4-7 71 0.464 0.298 0.901 0.128 3
4 5-8 71 0.462 0.313 0.965 0.079 4
5 6-9 307 0.385 0.334 0.984 0.053 4
6" 7-10 53 0.421 0.309 0.983 0.101 3

2 . )
’o”; cross-validated r°.

2 . 2
e’ non-cross-validated r*.
NC?: number of components.

S BHAIE}AIA} Table 19] training set (n=15) 3528 thit
O 7 o] oFs st 4 slel HQSAR % CoMSIA B2
55 7 7 feskar 1ol e gkt SAIRES ARSI
T} Table 1°1] 7]%3}] Table 2 W 3ol tofst Hxpxzt
2] W2lolA AkE HQSAR RS9 B A= A
skttt WA, Table 200+ %2+217] 7-10, E21% 7o)
53 bin 2 FAIEF 39 2ol iy 61 BElo] AL
(Foer. =0.983 L 2. =0.421)0] 78 ket sivkaha, of
=4 (P )L Ggont thE mdle vHlate] A ()
o] A3 ¥FA} (SEev. X SEpev )7} WS o2}, A
(NC)7} 22 7oA FesBa2a] dA- oz FAE0]
o559 7] wiEolt}. 12]al Table 3oll= %7z} 17] 7-109)

SE..”: cross-validated standard error.
SEnev: non-cross-validated standard error.
67: optimized model.

Z2A9)4 atomic numbers, bond types, atomic connections,
hydrogens %! chirality, 5] fragment parameters %3}
AA Akt AE Qokesitt. Afxel M=, 2 4]3hd
HQSAR 6211 B&le Agtzo|o] 74507 AR},
E2% Zo] 61 bin? AN A=A (.. =0.591)3
FH (Foer. = 0.973)0] 718 ST} 3L, Fig. 200
HQSAR 6-211 F.dlof| o3t o5 Aafjddy} =1 As)
el #AE JERNSITE BA1A (Pred.In=0.9650bs.In
+0.127; n=15,s = 0.071, F = 300.917, I = 0.965 2 ¢’ =
0.951) O ZHE] T 7k5 Alolol] o] wig- kgsigio
n2 628 220] human LH [13]°]] o3+ Minoxidil =
Al (1-15)] A 7P 2 dgehs & 5 Sl
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Table 3. HQSAR analysis for various fragment distinction on the key statistical parameters using fragment size default (7-10)

Best length

PLS analyses

Model No.

Fragment distinctions Hologram (bin) rzcv_(qz) SE.v.. I nev. SEnv. NC
6 Connectivity 53 0.421 0.309 0.983 0.101 3
6-1 Atom/bond 353 0.408 0.313 0.950 0.091 3
6-2V Hydrogen atom 61 0.591 0.273 0.973 0.071 4
6-3 Connectivity-Hydrogen 151 0.298 0.357 0.942 0.103 4
6-4 Chirality 151 0.325 0.350 0.942 0.103 4
6-2": optimized model.
1.0 4
= 08 n
g .~
: 0.6 4 - [ ]
g 0.4 |
é 0.2 H
% 0.0 "o -
E ]
-0.2 T T T T T 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Observed inhibitory activity (Obs.In)

Fig. 2. A relationship between the observed lysyl hydroxylase
inhibitory activities (Obs.In) for 15 minoxidil analogs and the
predicted inhibitory activities (Pred.In) from the optimized HQSAR
6-2 model. (Pred.In = 0.965 Obs.In + 0.127; n=15,s=0.071,F =
300.917, 1= 0.965 & q° = 0.951).

3.2. HQSAR 7|9 =

Fig. 3= A3} HQSAR 6-21 Felo] dh&ala Q=
LHel| th3t Minoxidil =4 (1-15)52] Asli&/ el st
ARE A8 st 71 =E Al 74 =S
Hlaehr] flete] Aol = 7P 2 AEdS veRd
Rs=4-piperidinol 2|2 (compound 10), 718|311 @EHA
o= 7Fg W& A E4dS 1Bl Rs= N-methylpiperazinyl
A2 (compound 15)2] 27l 7| 28] s TSt
Aoz gHEste] LRI S5, Aol wheba] S 7
T 710], AFAE w2 7], @A SRS 7)o,
831 IS Bl 7)o, R AA] Al uhE Vo E,
T3 FEAE TP WS 7)o E 747} njgitt. Bolgt
2 piperidinol group®] 71937 =] w2} pyrimidine-1-N-
oxide group®] LE 24| RN Eekal 791 =
7} g2 A YeRdtR= Aot} =, 913 Rs=4-piperidinol
group?] C'3-C'443%}, 121 29} F4 F-E-S0] A s
Ao 7HE =2 7191=E VR Qlvt B3 C'4-OH S}
C2-NH, Ft= $3F 719 2g, 183 yA] Faid ot
AEe] VW EE ZF 72 vEpd) 28y 233 Rs=N-
methylpiperazinyl group2] C'2 4 C'5xl A3t 449
2t & g FE 7P WS 71015, 18|31 N-methyl group
RS A ol 71ofek4] ek= A o) wikg- A vkt
om UYmR] Fat5 F1F 0] AajEdel 71o1Eks
ERASILE. o]2fdt 2}o]73d0] AObs.In=0.86 F=2] wl$- &

A ekl sles & Ak ik

Fig. 3. Atomic contributions to the lysyl hydroxylase inhibitory
activity of minoxidil analogs (1-15). The most potent molecule (left;
compound 10) and the lowest potent molecule (right: compound 15)
are shown with capped sticks. (contribution levels: green, highest;
cyan, higher; yellow, moderate; gray, average; orange, lower and
red, lowest).

3.3. CoMSIA =€

H] W AHSE4] (CoMFA: comparative molecular field
analysis) = T E 32k TPl At (HAo0=
Fe 7 ARk A, A7 9 A3, S 3719
7o = adEct 18y CoMSIACIA:= 5719] 5/9%
=, CoMFA 2] A2 CoMSIA A AP (S: steric field)
3} 25437 (Hy: hydrophobic field)©.%, Z12]37 CoMFA
77172 CoMSIAIA 717 (E: electrostatic field)
B o}, 4443 77 (HD: hydrogen bond donor field)
Ul =443 W% (HA: hydrogen bond acceptor field),
So7 747 @E} [17]. ©]92o] Minoxidil-LH A3
2hgof| 2= A B fl8te], Grid (A),
attenuation factor (o) % 535 (CN)2] ®3}, 1241 3%
o FAPdel 7 A4EI (atom fit Y field fit) 7 547
Z3tel W2 582 CoMSIA 298 =8 A}, Field
fit JAz7NA FEE CoMSIA 252 SARke] 4%
313Att. ©37]0llA] attenuation factor (o) =AM YA}
2 (probe atom)E Atel] Aglel 2EARA as} 7
T rele] AIE veRllE gholoh Wb Table 400k A=
¥ CoMSIA R¥= (F1-F5)9] A%S Qokalditt. olF
oA SAXNORE 7H o HA sk HE grid 2.0A,
attenuation factor (= 0.3), TA2T 4 4 571¢] S5A4370]
55 33k 240 FEE CoMSIA F5RE (%, =0.515
2. =0.959)010k. AKE. (131004 HZskE CoMFA F2

1o
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Table 4. Summary of the statistical parameters and field contribution of CoMSIA models with field fit (F) alignments

N PLS Analyses Contribution ratio (%)
0.
Grid(A) NC e e, SEnev. Fr” R EY Hy? HD” HAP

Fl1 1.0 3 0.576 0.852 0.157 21.036 - - 100.0 - -
F2 3.0 3 0.486 0.746 0.205 10.771 - - - 56.5 435
F3 2.0 3 0.511 0.891 0.135 29.822 10.2 - 54.7 - 35.1
F4 2.5 5 0.367 0.946 0.104 31.713 21.3 9.1 69.6 - -
F5? 2.0 4 0.515 0.959 0.086 58.629 9.0 5.8 36.0 22.9 26.3

Fr: fraction of explained versus unexplained variance. S": steric field.

E?: electrostatic field. Hyd): hydrophobic field.

HD®: hydrogen bond donor field. HA": hydrogen bond acceptor field.

F5%: optimized model.

(v = 0.480 2 1. —0 965)2] 577l Hst 7o Ee WIE Fokshs 287 HHS Ztket H-bond WHE 2
Hy; 3.8%, S; 37.4% % E; 58.78%% A/ddo] v$- 22 ofsh= 287|171 =]t OﬂOU QEZof] EAleH= 54
H]—tﬂoﬂ ?jx]]xh/} {7]7&10] H]JJ_XJ = oﬂa*l:— u]z] 7:161:— _];,1_0]5_!_ Mq.
Btk 12} CoMSIA 22 = Minoxidil A4 (1-15)
=°| LHAENE ol w|x|= 5737l thgh 7]ofn]& (%)= RBEE TS i
- %ﬁfﬂrﬂ F5 222 Hy; 36%, HA; 26.3%, HD; 22.9%,
S;9% 4 E;5.8%9] 0% Ayt AA (263 +
22.9=49.2%)2] 7]ofulEo] oF 1:14% FAaddgo] &
FE= R Rl AP Aol 7R e 3
n| =)= 7o) 3ltk. CoMSIA F5 EEo] o]t o 55 A Hydrophobic
3 A5E Asid2e] A4 (PredIn 09580bs In+ favar
0014 n=15,5=0.075, F =395.26, "= 0.958 X q°=0.930)

S 2HE] 7 ghE Alelell Addol wig- kEsialt. A
75.22 training set®] 22} (error)=4-E CoMSIA F55:4
(Ave.=0.057 9! PRESS=0.077)%.t} HQSAR 6-2 & . . .
(Ave 0044 51 PRESS =0.048)] Ch T SIS, (5o i he o COMSIA S modl The mos

potent molecule (compound 10) is shown with capped sticks (left:

Hydrophilic
favor

Steric favor

Steric disfavor

3.4. COMSIA 531 %= front view & right: side view).
#A3kE CoMSIA F5 222 LH Asig el v]x]i= 54

Xl—oﬂ 348], EES ]/}E]_Lﬁaiq_ Flg 401]__‘ 7]_ = 1_.0_]_] H-bond donor favor
& Hol Rs= —plperldmol Zlﬁhﬂ (compound 10)]

TEAdel IAPE, BV B Al B SikE

LER ST, 07 o)A pyrimidme 1-N-oxide group= %
717 (blue), 12]3L C2 2! C3Ae] AHF F2 354
(cyan)ell Z+z; _JLPHO]ONZ]- Piperidinol group«] C'3 =t
T2 YAIH O E S5 (green), C'S YA 2 =,
Piperidinol 1127 &gt F-E& A|How &S+
(opaque orange), 12|31l C'6YA} Fi i’\/‘éol 55
(violet) A&/ de] 7|9 Aoz 7} ﬂﬂ 01] AFEITH Fig. 501
= A ErA) J— 5.0 Z= )=

= AsiEgel 7+ L‘E—L Z1ofalES HolH E bong T Fig. 5. Contour maps for H-bond donor field and H-bond acceptor
(22.9%) H-bond 71 (26.3%)°1l ¥ S5 YR field (stdev coeff) with the optimized CoMSIA F5 model. The
At =, pyrlmldme 1-N-oxide group?] N-oxideE ¥33$t  most potent molecule (compound 10) is shown with capped sticks
#-9-9] amino group~ 7P 2R oJdof| A H-bond SIS (left: front view & right: side view).

Fopsh= 287171 Xﬂﬁﬁ%“éﬂl 71998 (cyan) A o= o _ .

E)ck. e Ba) SR g_g_gaj_ru 22w ezglap O el LHOl PIXRE ASHE S Minoxidil 2Ahe] A
3 24 ofgle] BA W ol Hbond WS doj 98 (6% FRAWE (49.29%)°] 2lEH0l3let. o471
= =g i . 2] H-bond W7l AagA} e Q1A AR F A5
St 2271 (sky blue)”}, 12|37 piperidinol group®] C'4 =

o 5 oJX]_ B0 Hopond HIE Folehs 287 (violet) A o= AAAAEE XA nitro, B FEH|Z 18]
7P Al el 7 ]Oﬂﬂ o= 77} oPd=|Sict. 1738 H-bond 3}3HE oA ), furane, oxazole, isooxazol, ether, carbonyl
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oxygen 2! C-0 Age] Aba; AAGAR= LA o=
o} [24]. oV 22 AE AyEHFE LHe) thgl Minoxidil
F5A (1-15)=2] A3l&/ds}t vEg-<f 7]oI3k= Minoxidil
WA FF2AQ) ATl Q50| Al A2 W

EAE BBkl AR & qle Zlolnt

4. 8¢

Minoxidil 54 (1-15)5% 2E52] AAFF AfrobAlaE
Ul LHel| digt Asl| &4 Alelo] F=FaQl G323 7
(QSAR)ZHE] 718E ALY 132291 BEAS oalslr] 9ls)
of, ¥A} 2 121929 QSART} H]wEA}F FAMY AR
2] (CoMSIA)©| A o= HEEQLH 1 A3, 2 sk
HQSAR 6-2 292] 7]oJ =2 H-E] pyrimidine-1-N-oxide
Z|gkAl|ollA] Rs= 4-piperidinol group®] C'3-C'443%}, 12]a1
C29A} Fat5o] AalldAdel 7F =2 7|95 eIt
w3k, 2 3bE CoMSIA F5 R0 AR ZHE] Minoxidil
FEAES] LHeY tist As|EAd2 2737 36%) T 4
AT (49.2%)°l 2l1=20]rt. 53], Rs-group2] piperidinol
group T 52 ¥{tolli= H-bond ¥IE Hofsh= 2871,
83 ¢4 2 C'5YUA; 52 H-bond WS Folsl=
28717} Asf|gdel 7)o Ao dE ]l o)9h 2
AT-E5E LHO th3l Minoxidil -FEAS2] A& 3}
Hh-S-of] 7198k 71 A EAFE] B 3242 A5
o] I RA ARl MEL AR JIAE B8t
AAIE S ot

AR

o] RO S| wS sty WA EA Y Ze
o] A x|¢le oJaf 32
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