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6 ABSTRACT: During the last decade, the kinetics of drug−target interaction has received increasing attention as an important
7 pharmacological parameter in the drug development process. Several studies have suggested that the lipophilicity of a molecule can
8 play an important role. To date, this aspect has been studied for several G protein-coupled receptors (GPCRs) ligands but not for
9 the 5-HT7 receptor (5-HT7R), a GPCR proposed as a valid therapeutic target in neurodevelopmental and neuropsychiatric disorders
10 associated with abnormal neuronal connectivity. In this study, we report on structure−kinetics relationships of a set of
11 arylpiperazine-based 5-HT7R ligands. We found that it is not the overall lipophilicity of the molecule that influences drug−target
12 interaction kinetics but rather the position of polar groups within the molecule. Next, we performed a combination of molecular
13 docking studies and molecular dynamics simulations to gain insights into structure−kinetics relationships. These studies did not
14 suggest specific contact patterns between the ligands and the receptor-binding site as determinants for compounds kinetics. Finally,
15 we compared the abilities of two 5-HT7R agonists with similar receptor-binding affinities and different residence times to stimulate
16 the 5-HT7R-mediated neurite outgrowth in mouse neuronal primary cultures and found that the compounds induced the effect with
17 different timing. This study provides the first insights into the binding kinetics of arylpiperazine-based 5-HT7R ligands that can be
18 helpful to design new 5-HT7R ligands with fine-tuning of the kinetic profile.

19 KEYWORDS: residence time, lipophilicity, serotonin receptor 7, arylpiperazines, neurite elongation

20 ■ INTRODUCTION

21 Over the years, the affinity and the potency of a drug candidate
22 for a given target measured at the equilibrium have been the
23 sole parameters to guide the process of drug discovery. In
24 recent years, the temporal aspects of drug−receptor
25 interactions are receiving growing interest. The association
26 rate of a drug with its receptor (kon) may be just as important
27 as the length of time the drug is bound (residence time, 1/koff)
28 in determining drug pharmacodynamics in vivo.1,2 The
29 association rate is considered an important factor in
30 determining the drug activity profile. As an example, slowly
31 associating drugs may have lower on-target related side effects
32 by preventing high receptor occupancy and fast activation,3

33 while fast-associating drugs may prolong activity if rebinding
34 takes place.4 The residence time of a drug is currently
35 discussed as one of the most important contributors to the

36biological efficacy of drugs in vivo.1,2,5 It has been postulated
37that a suitably long residence time might increase the
38therapeutic window in vivo if the drug is cleared faster than
39it dissociates from the receptor.6,7 The preference for drugs
40with “long” or “short” residence time may vary for different
41targets or different therapeutic indications.8 Long-residence-
42time drugs offer advantages for those therapies requiring
43prolonged target occupancy so that the drug continues to exert
44its pharmacological effect even when most of the free drug has
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45 already been eliminated from circulation.9 One example is the
46 muscarinic M3 receptor antagonist tiotropium (dissociation
47 half-life = 27 h), a long-acting bronchodilator used to manage
48 the chronic obstructive pulmonary disease.10 On the other
49 hand, long receptor occupancy can be related to mechanism-
50 based toxicity and, thus, a fast-dissociating drug is preferred.
51 This may be the case with the antipsychotic dopamine D2
52 antagonists, for which long residence times are associated with
53 severe extrapyramidal motor effects.11

54 Thus, considering the binding kinetics as an additional
55 parameter in the process of lead-compound selection and
56 optimization can decrease the attrition rate of the drug
57 development process and lead to the identification of clinical
58 candidates with optimal in vivo efficacy.1,2,12 This is
59 particularly relevant for drugs targeting G protein-coupled
60 receptors (GPCRs), representing about 33% of all small-
61 molecule drugs.13

62 Serotonin receptor type 7 (5-HT7R) is a class A GPCR and
63 is the most recently discovered serotonin receptor subtype. 5-
64 HT7R is involved in numerous physiological functions
65 including thermoregulation, sleep regulation and circadian
66 rhythm, learning and memory, synaptic plasticity, mood
67 control, and nociception.14 5-HT7R blockade has antidepres-
68 sant effects and may ameliorate cognitive deficits associated
69 with schizophrenia.15 Recent studies have demonstrated that 5-
70 HT7R modulates neuronal morphology, excitability, and
71 plasticity, thus contributing to shaping brain networks during
72 the development and remodeling of neuronal connectivity in
73 the fully developed adult brain.16−19 Therefore, 5-HT7R
74 activation has been proposed as a valid therapeutic approach
75 for neurodevelopmental and neuropsychiatric disorders
76 associated with abnormal neuronal connectivity.20−23

77 Considering the potential therapeutic role of 5-HT7R agents
78 and the increasing importance of drug−receptor kinetic

79binding parameters for the development of next-generation
80drugs, we carried out the investigation of the binding kinetics
81of a set of 5-HT7R ligands and in silico studies to identify the
82ligand/binding site interactions that might influence the
83residence time. Finally, we evaluated if residence time could
84impact the biological activity by comparing the effects of the
85reference 5-HT7R agonist LP-21124 (residence time = 24 min,
86 t1Table 1) with the novel agonist 4 characterized by a lower
87 t2residence time (8.7 min, Table 2) on 5-HT7R-mediated
88neurite outgrowth in mouse primary neuronal cultures. To the
89best of our knowledge, the structure−kinetics relationships
90(SKRs) of 5-HT7R ligands have never been studied so far, as
91well as the influence of the kinetics of ligand-5-HT7R
92interaction on the biological activity.

93■ RESULTS AND DISCUSSION
94Binding Kinetics: Initial Setting. Binding kinetics at a
95GPCR can be assessed using different methodologies, which
96include radioligand binding assay and fluorescence-based
97methods.25 In this study, radioligand binding assays were
98performed using [3H]-5-CT, an agonist radioligand commonly
99used to assess 5-HT7R affinity, and membrane preparations
100from HEK-293 cell stably transfected with human 5-HT7R.
101Initial experiments were aimed at complete characterization of
102[3H]-5-CT binding kinetic parameters because incomplete
103data were available or different experimental protocols have
104been used.26,27 [3H]-5-CT equilibrium and kinetic parameters
105are reported in Table 1. The determination of koff was assessed
106by prelabeling of 5-HT7R with a [3H]-5-CT concentration
107(approximately 10 × Kd) able to provide high initial receptor
108occupancy. Then, the radioligand dissociation was induced by
109adding a saturating concentration of unlabeled 5-CT
110(approximately 1000 × Kd). The kon value was obtained
111 f1from the association curve (Figure 1) as detailed in the

Table 1. Equilibrium and Kinetic Binding Parameters of Reference Compounds
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Table 2. Equilibrium and Kinetic Binding Parameters of the Selected Set of 5-HT7R Ligandsabc

aCalculated with ChemAxon Software (Instant JChem 15.3.30.0, ChemAxon, 2015. http://www.chemaxon.com). bData taken from ref 33. cData
taken from ref 34.
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112 Experimental Section. The kinetically derived Kd for [3H]-5-
113 CT (kinetic Kd = koff/kon, 0.18 nM) was in good agreement
114 with the Kd obtained from saturation experiments (Kd = 0.20
115 nM) (Table 1).
116 Binding Kinetics of 5-HT7R Ligands. Once the kon and
117 koff of [

3H]-5-CT are determined, the kinetic parameters of the
118 unlabeled compounds were assessed (Tables 1 and 2). In brief,
119 a concentration of the unlabeled competitor (approximately 10
120 × Ki) was added simultaneously with the radioligand to the
121 receptor and the experimentally derived rate of specific
122 radioligand binding was analyzed using the equations
123 developed by Motulsky and Mahan.28 This approach allowed
124 us to determine the association and dissociation rates of each
125 unlabeled compound (kon and koff) that were used to calculate
126 kinetic Kd and residence time (Tables 1 and 2). Considering
127 the paucity of data in the literature on the binding kinetics of
128 5-HT7R ligands, we assessed the kinetic parameters of several
129 5-HT7R reference agonists and antagonists (Table 1). All
130 compounds showed faster dissociation kinetics than the

131radioligand; therefore, the time required to reach the
132equilibrium for “on-rate” and “off-rate” experiments as well
133as the radioligand concentration were adequately selected to
134have a proper assessment of the kinetic parameters of the
135unlabeled compounds.28

136Next, we selected a set of arylpiperazine-based 5-HT7R
137ligands characterized by the general formula Ar−piperazine−
138aryloxypropanol linker−terminal fragment from our in-house
139library. It has been proposed that the general physicochemical
140properties of a ligand, such as lipophilicity or rotational bonds,
141may affect the residence time and that modulating such
142properties can lead to “fine-tuned drug−target binding
143kinetics”.29−32 Thus, to address this aspect, we selected a set
144of compounds covering a wide range of lipophilicity (expressed
145as clog D7.4), from c log D7.4 = 4.13 for the most lipophilic
146compound (1) to c log D7.4 = 1.78 for the less lipophilic
147compound (11).33,34 The set also included 5-HT7R ligands
148having similar c log D7.4 values but variable lipophilicity of their
149Ar group or terminal fragment. Thus, we assessed the binding

Figure 1. (A) [3H]-5-CT binding association kinetics; (B) [3H]-5-CT binding dissociation kinetics

Figure 2. Comparison between equilibrium binding affinity and binding kinetics. Correlation plots of equilibrium affinity (pKi) with the negative
logarithmic transformation of kinetic affinity (pKd) (A), association rate kon (B), and dissociation rate koff (C).

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.1c00710
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00710?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


150 kinetic parameters of compounds 1−12 to evaluate if the
151 overall lipophilicity of the molecule or the lipophilicity of a
152 specific fragment influences the kinetics of drug−receptor
153 interaction (Table 2).
154 The kinetic Kd’s of all compounds were then compared to
155 the equilibrium affinities (Ki). A statistically significant
156 correlation was found between the negative logarithm of the
157 kinetic Kd (pKd) and the equilibrium pKi, indicating that the

f2 158 method produced accurate kon and koff rates (Figure 2A).

159Moreover, a linear correlation between pKd and kon was also
160identified (Figure 2B) but not between pKd and koff (Figure
1612C), suggesting that the binding affinity was influenced mainly
162by the association rate rather than the dissociation one, as
163reported for other receptor GPCRs.35−37

164The kinetic profile of the compounds enabled the
165description of the SKRs. The highest residence time was
166shown by compound 1, which was also the most lipophilic
167compound of the series. The lowest residence times were

Figure 3. Analysis of docking poses of the studied compounds to the active (a) and inactive (b) forms of 5-HT7R.
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168 shown by compounds 2, 4, and 5. Of note, compounds 4 and 5
169 have very similar lipophilicity (and residence time), whereas
170 compound 2 has a clogD7.4 value 1.5 log units higher than 4
171 and 5. This clearly suggests that the overall lipophilicity of the
172 molecule is not the main property that influences the residence
173 time. Indeed, no correlation was found between the kon, koff, or
174 residence time and clogD7.4 values (data not shown). We also
175 assessed the chromatographic retention index (log k′) as a
176 lipophilicity index of the molecule. Also in this case, we did not
177 find any correlation between residence time and log k′ (see
178 Supporting Information Figure S1B). Comparing compounds
179 4 and 5 (featuring a 2-pyridyl group linked to the piperazine
180 ring) with the corresponding 3-pyridyl isomers 6 and 7, it can
181 be noted that the simple formal shifting of the pyridine aza
182 group has an effect on the residence time. In fact, the residence
183 times of 6 and 7 are 4- and 2-fold higher than the residence
184 times of compounds 4 and 5, respectively. These data suggest
185 that the position of the polar aza group in the biphenyl-like
186 system linked to the piperazine ring has a relevant role in the
187 kinetics of ligand-5-HT7R interaction.
188 Compounds 3, 8, 9, 10, and 12, which have no polar groups
189 on the biphenyl system and present terminal groups
190 characterized by different lipophilic properties, had residence
191 times higher than 20 min. These data confirmed that the
192 overall lipophilicity of the molecule was not correlated with the
193 residence times. In fact, compounds 3 and 12 showed very
194 similar residence time and 2-units difference in c log D7.4 value.
195 Finally, we tested compound 11, which features the 2-
196 acetylphenyl ring linked to the piperazine ring instead of the 4-
197 methoxybiphenyl system. We found that the residence time of
198 11 was close to that of compounds 4 and 5. Although
199 compound 11 is the only example with the aryl substituent
200 different from the biphenyl/bipyridyl, the observed residence
201 time suggests that the lipophilicity of the ring system linked to
202 the piperazine ring can have a role in the residence time of this
203 group of compounds. In fact, the variation 2-acetylphenyl/4-
204 methoxybiphenyl implies a reduction of lipophilicity
205 (ΔC log D7.4 = 1.56) that is similar to that of the variation
206 bipyridyl/4-methoxybiphenyl (ΔC log D7.4 = 1.53).
207 Collectively, the data suggest that the lipophilicity of the
208 “right-hand-side” part compared to the “left-hand-side” part of
209 the molecule has a more significant impact on the kinetics of
210 the interaction between the ligand and 5-HT7R. In addition,
211 the data suggest that the position of polar groups in the right-
212 hand-side part of the molecule impacts the residence time.
213 Computational Studies. Several studies have attempted
214 to identify the structural features of a ligand that influence the
215 kinetic parameters, but drawing SKRs was not straightfor-
216 ward.38 While other studies have indicated lipophilicity as one
217 of the most important properties that affect residence time,32

218 we did not find any correlation between the overall
219 lipophilicity of the molecule and the kinetic parameters.
220 Thus, we attempted to correlate the residence time with
221 several molecular descriptors, but the obtained R2 values did
222 not indicate any significant correlation (see Supporting
223 Information Figure S2).
224 Several in silico approaches and methodologies, charac-
225 terized by different complexity and computational demands,
226 have been reported in the literature as a support in the
227 prediction of compound kinetics. The most straightforward
228 approaches use docking and analyze the outcomes qualita-
229 tively39 or quantitatively.40−43 More complex but more
230 accurate are kinetics predictions based on molecular dynamics

231(MD) simulations. Although the timescales of compound
232dissociation are much longer than the current available time for
233typical MD (minutes to hours vs μs), there are several
234approaches to simulate long-time events from short trajecto-
235ries. This problem has been tackled, e.g., by running a large
236number of short trajectories in parallel,44,45 applying an
237external force to induce the occurrence of rare events,46 or
238increasing the temperature of the system so that the energy
239barrier can be crossed more easily.47

240In this study, we combined docking and MD simulations to
241draw the SKRs of the studied 5-HT7R ligands. The results were
242examined qualitatively focusing on the stability of the
243compound pose in the binding site. Compounds were docked
244to a homology model of 5-HT7R in the active or inactive
245conformation. The homology model of the inactive con-
246formation was constructed according to a previously described
247procedure,48 whereas the active conformation was fetched
248from the GPCRdb repository.49 We found that the orientations
249of compounds in the binding pocket were analogous for both
250receptor conformations, with the piperazine moiety forming a
251strong charge-assisted hydrogen bond with D3 × 32 and the
252biphenyl/bipyridyl moiety being deeply buried into the
253 f3binding site (Figure 3). In addition, to facilitate the
254interpretation of the results and the detection of differences
255in the interaction patterns occurring for the studied
256compounds, the contacts formed by ligands in the 5-HT7R
257binding site are presented in the form of ligand−protein
258interaction matrices (see Supporting Information Figure S3).
259These poses were obtained using a standard docking
260procedure for most compounds. Only for compound 8, an
261induced-fit docking (IFD) procedure was applied to enable
262such ligand fitting. As the docking outcome constitutes the
263input for MD simulations, the IFD was used to model
264compound 8 fitting in the binding site to provide consistency
265in the initial orientation of all studied compounds.
266More detailed analysis of docking studies supported by the
267use of ligand-interaction matrix revealed that there is a
268relatively extended set of interactions that consistently occur
269for all of the analyzed compounds (D3 × 32, V3 × 33, T3 ×
27037, F6 × 51, F6 × 52, and R7 × 35 for active 5-HT7R and D3
271× 32 and Y7 × 42 for the inactive receptor form). On the other
272hand, some contacts occur specifically for some ligands;
273however, they are not correlated to the compound residence
274time.
275Since there are indications in the literature that the
276interaction of a ligand with the extracellular vestibule of the
277receptor (often referred to as the secondary binding pocket,
278SBP) can influence the binding kinetics,39 we examined the
279interactions of compounds 3−7 (that feature the same
280terminal fragment) and 8−10 (that feature the same
281arylpiperazine moiety) to highlight the contribution of the
282extension of the molecule from the inner part of the binding
283pocket toward the SBP on the observed residence time of the
284compounds. No correlation was found between the interaction
285contacts of the two parts of the molecules (i.e., the terminal
286fragment or the arylpiperazine moiety) and the residence time
287(see Supporting Information Figure S4).
288As docking did not provide any clear relationship between
289the ligand−protein contacts and compounds’ residence time,
290MD simulations were used as a qualitative supplement to the
291docking studies. MD simulations were performed for all of the
292studied compounds using the inactive form of the receptor.
293Confirmative studies were performed using the active form of
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294 the receptor on a subset of the studied compounds (see
295 Supporting Information Figure S5). To examine the stability of
296 modeled ligands in the binding site, five compound
297 conformations (starting pose and four other poses captured
298 at 250, 500, 750, and 1000 ns of simulation) were analyzed

f4 299 (Figure 4). In addition, to examine ligand stability more
300 formally, the root-mean-square deviation (RMSD) was
301 monitored (see Supporting Information S6) and the Pearson
302 correlation coefficient between the average RMSD and

f5 303 compound residence time was determined (Figure 5). The
304 Pearson correlation coefficient showed a value of −0.552 that

305indicates a strong correlation between the examined
306compound properties. Moreover, Figure 5 indicates that, in
307general, compounds characterized by higher residence time are
308more stably fitted in the 5-HT7R binding site during MD,
309which is expressed by lower RMSD values. Analysis of
310compound poses at different time points of MD simulations
311(Figure 4) confirms the “compound stability theory” with
312reference to its binding kinetics.
313Interestingly, in most cases, the compound flexibility was
314connected with the variation of the orientation of the aryloxy
315moiety. Except for compound 10, the piperazine and biphenyl/
316bipyridyl moieties are always stably fitted in the binding site,
317mainly as a result of a strong charged-assisted interaction of the
318protonated basic nitrogen with D3 × 32. Compounds 1, 3, 6,
3199, and 12, which had residence times of 30 min or higher,
320adopted very similar orientations during MD simulations.
321Instead, a high variability of atom positions during MD
322simulation was observed for compound 10 (residence time =
32322.8 min), with a tendency for the compound to egress the 5-
324HT7R binding site slightly faster than other compounds with a
325similar residence time. A possible explanation of this could be
326the higher steric hindrance of the terminal fragment of
327compound 10 that did allow us to reach a stable conformation.
328Compounds 2, 4, 5, 7, 8, and 11, which had residence times
329below 12 min and egressed from the receptor-binding site
330faster, stably fitted their piperazine and biphenyl/bipyridyl
331moieties within the binding pocket. At the same time,
332conformational variations were observed mainly in the terminal
333fragment. A detailed analysis of all MD poses in the form of

Figure 4. Comparison of ligand poses during MD simulation of the studied compounds with the inactive form of 5-HT7R (cyan: starting pose;
yellow: after 250 ns; orange: after 500 ns; magenta: after 750 ns; green: after 1000 ns)

Figure 5. Relationship between the residence times and average
RMSD of compounds during MD.
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334 ligand−protein interaction matrices is available in the
335 Supporting Information (Figure S7).
336 Finally, we evaluated if the extracellular loops impact the
337 residence time of our compounds. Several studies have
338 reported that extracellular loop 1 (ECL1) or ECL2 can
339 function as a “lid” over the binding pocket, thereby modulating
340 the entrance or the egress of a ligand from the binding site. In

341particular, specific amino acid residues have been identified as
342crucial for the interaction with the ligand.50−53 As an example,
343Wacker et al. identified the hydrophobic residue L209 in ECL2
344of the 5-HT2B receptor as a key residue for the residence time
345of LSD.50 Similarly, W100 in the ECL1 of dopamine D2

346receptor was reported as a crucial amino acid residue
347influencing the residence time of several dopamine D2

Figure 6. 5-HT7R agonists stimulate neurite outgrowth in primary neuronal cultures. Striatal primary neurons from P1−P3 mice were treated with
(a) LP-211 (100 nM) or (b) compound 4 (100 nM) at different time points alone or in the presence of the selective 5-HT7R antagonist SB-269970
(100 nM). The panels on the right display representative images of control (CTRL) and drug-treated neurons immunostained with the neuronal
marker Tuj1 (red) and counterstained with the nuclear marker DAPI (blue; magnification 20×). The dashed yellow lines were manually drawn by
the operator from the soma (yellow circle) to the end of the primary neurite to measure neurite length. (c) Cortical and (d) hippocampal primary
neurons treated with compound 4 (100 nM) at different time points. Neurite length was measured on cells stained with anti-Tuj1 antibody and
expressed as the percentage of the values measured in the corresponding vehicle-treated cultures (CTRL, set to 100%, dashed line). The bars
represent standard error of mean (SEM) from randomly selected fields for each cell culture condition (n = 4). * Significantly different from CTRL
by Student’s t-test (p < 0.05).
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348 antagonists.52,53 As both amino acid residues are relatively well
349 conserved in aminergic receptors, we examined both the
350 positions of W23 × 50 and ECL2 residues, as well as their
351 interaction with modeled ligands. However, although the lid
352 formation was observed, no correlation between the ECL1 and
353 ECL2 amino acids position in MD simulations for different
354 compounds and residence time was observed. Similarly, no
355 correlation between compound interactions with ECL1/ECL2
356 and ligand kinetics was identified. A detailed analysis of the
357 W23 × 50 position and interaction patterns of modeled ligands
358 with 5-HT7R ECL1/ECL2 residues during MD is available in
359 the Supporting Information (Figures S8−S11).
360 Summing up, docking studies did not suggest specific
361 contact patterns between the ligands and the receptor-binding
362 site as determinants for the kinetics of the compounds.
363 Nonetheless, we noted a tendency of stable poses of the
364 compounds with a longer residence time in the binding pocket
365 throughout the MD simulations. Instead, fast conformational
366 changes noted for ligands with shorter residence times are
367 likely to facilitate the ligand egress from the binding site.
368 Neurite Outgrowth Studies. We previously reported that
369 pharmacological stimulation of 5-HT7R with the selective
370 agonist LP-211 in rodent neurons in culture significantly
371 increased neurite outgrowth compared to the vehicle-treated
372 control cultures.17−19 An interesting aspect of LP-211 action
373 was that its effect started after 2 h of stimulation and was still
374 present after 4 h, then progressively diminished over
375 time.17−19,54 This effect was 5-HT7R-specific, as no effect on
376 neurite elongation was observed in neurons treated with LP-
377 211 and the selective 5-HT7R antagonist SB-269970.
378 The analysis of the arylpiperazine derivatives reported in
379 Table 1 led to the identification of compounds 2, 4, and 5 that
380 have residence times close to 8 min, i.e., 3-fold lower than LP-
381 211, which has a residence time of 24 min. Thus, in an initial
382 attempt to correlate the residence time with biological activity,
383 we selected compound 4, which showed the Ki value very close
384 to LP-211 and evaluated the effect on neurite elongation
385 compared to LP-211. After 3 days in culture, primary neuronal
386 cultures dissociated from hippocampus, cortex, and striatum of
387 postnatal day 1 (P1) or 3 (P3) mice were stimulated for 10
388 min, 30 min, 2 h, and 4 h with compound 4 with or without

f6 389 the selective 5-HT7R antagonist SB-269970 (Figure 6). The
390 stimulation of striatal cultures with 100 nM compound 4
391 induced a time-dependent increase in neurite length compared
392 to control with a peak at 30 min (about 15%, Figure 6B).
393 Indeed, although at 2 h, the neurite length appeared still higher
394 than control, the value was not statistically significant. We
395 obtained similar results also in cortical and hippocampal
396 neurons (Figure 6C,D). This morphogenic effect was
397 completely abolished when compound 4 was incubated in
398 the presence of SB-269970 (Figure 6B), demonstrating that
399 the increased neurite length was specifically due to the selective
400 stimulation of 5-HT7R by compound 4. Thus, the effect of
401 compound 4 displays a different timing compared to LP-211 as
402 it starts much earlier (30 min) and ends rapidly (Figure 6).

403 ■ CONCLUSIONS
404 In summary, we have reported the SKRs of a set of
405 arylpiperazine-based 5-HT7R ligands. We found that the
406 lipophilicity of the aryl moiety linked to the piperazine ring
407 has a more significant impact on the kinetics of binding than
408 the lipophilicity of the terminal fragment attached to the alkyl
409 chain. In addition, the position of polar groups on the aryl

410moiety linked to the piperazine ring impacts the residence
411time.
412Molecular docking and MD simulation studies did not point
413to specific contacts between the ligands and the binding site
414that might be responsible for the observed residence time of
415the compounds. Yet, MD simulations evidenced a tendency of
416stable poses in the binding site of the compounds with longer
417residence times, differently from the compounds with shorter
418residence times whose fast conformational changes are likely to
419ease the egress of the ligand from the binding site. With this
420respect, the availability of the crystal structure of 5-HT7
421receptor would be of paramount importance to evidence
422possible water molecules assisting the ligand−protein inter-
423action, as it was reported for crystallized GPCRs.39

424Finally, we found that the 5-HT7R agonist 4 (residence time
425= 8.7 min) induced neurite elongation in primary neuronal
426cultures from different brain areas with different timing
427compared to the reference 5-HT7R agonist LP-211(residence
428time = 24 min). This experiment is far beyond to be conclusive
429regarding the correlation between the binding kinetics and
430subsequent cellular events. Yet, we believe that our findings
431can be of inspiration for further focused investigations.
432This study provides the first insights into the binding
433kinetics of arylpiperazine-based 5-HT7R ligands. The results of
434this study can be helpful to design new 5-HT7R ligands with
435fine-tuning of the kinetic profile, which could support the
436optimization process of new 5-HT7R agonists for the treatment
437of neurodevelopmental disorders. In addition, this study
438provides further information regarding the structural features
439that influence the binding kinetic properties of arylpiperazine
440derivatives, which are known to bind to serotonin, dopamine,
441and adrenergic receptors.

442■ METHODS
443Chemistry. The studied compounds have been prepared as
444previously reported33,34 or as detailed in the Supporting Information.
445Radioligand Binding Assays. Materials. HEK-293−5HT7A
446transfected cell line was developed in our laboratory as previously
447reported.55 Cell culture reagents were purchased from EuroClone
448(Milan, Italy). G418 (geneticin) and 5-HT were purchased from
449Sigma-Aldrich (Milano, Italy). 5-CT and SB-269970 were purchased
450from Tocris Bioscience (Bristol, U.K.). [3H]-5CT was obtained from
451PerkinElmer Life and Analytical Sciences (Boston, MA). MultiScreen
452plates with glass fiber filters were purchased from Merck Millipore
453(Billerica, MA).
454Cell Culture. HEK-293−5-HT7A transfected cells were grown in
455high-glucose DMEM supplemented with 10% fetal bovine serum, 2
456mM glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, and
4570.1 μg/mL G418 in a humidified incubator at 37 °C with a 5% CO2
458atmosphere.
459Competition Binding Assay. 5-HT7R competition binding assay
460was carried out as previously reported.55 The experiments were
461performed in MultiScreen plates (Merck Millipore) with glass fiber
462filters (GF/C), presoaked in 0.3% poly(ethylenimine) for 20 min.
463After this time, 130 μg of HEK-293−5-HT7AR membranes, 1 nM
464[3H]-5-CT, and reference or test compounds were suspended in 0.25
465mL of incubation buffer (50 mM Tris-HCl pH 7.4, 4 mM MgCl2,
4660.1%, ascorbic acid, 10 μM pargyline hydrochloride). The samples
467were incubated for 60 min at 37 °C. The incubation was stopped by
468rapid filtration, and the filters were washed with 3 × 0.25 mL of ice-
469cold buffer (50 mM Tris-HCl, pH 7.4). Nonspecific binding was
470determined in the presence of 10 μM 5-CT. Approximately 90% of
471specific binding was determined under these conditions. Concen-
472trations required to inhibit 50% of radioligand specific binding (IC50)
473were determined using six to nine different concentrations of the
474compound studied in two or three experiments with samples in
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475 duplicate. Apparent inhibition constants (Ki) were determined by
476 nonlinear curve fitting, using the Prism, version 5.0, GraphPad
477 software.
478 Association Binding Assay. Constant affinity (kon) of [3H]-5-CT
479 was assessed by association assay. The experiments were performed in
480 MultiScreen plates (Merck Millipore) with glass fiber filters (GF/C),
481 presoaked in 0.3% poly(ethylenimine) for 20 min. After this time, 130
482 μg of HEK-293-5-HT7AR membranes and 1 nM [3H]-5-CT were
483 suspended in 0.25 mL of incubation buffer (see above). The samples
484 were incubated at 37 °C for a range of time points (0, 5, 10, 15, 20,
485 30, 60, 90 min). The incubation was stopped by rapid filtration and
486 the filters were washed with 3 × 0.25 mL of ice-cold buffer (50 mM
487 Tris-HCl, pH 7.4). Constant affinity (kon) value was determined by
488 nonlinear curve fitting, using the Prism, version 5.0, GraphPad
489 software.
490 Dissociation Binding Assay. The dissociation rate (koff) of [3H]-
491 5CT was assessed by dissociation assay. The experiment was
492 performed in MultiScreen plates (Merck Millipore) with glass fiber
493 filters (GF/C), presoaked in 0.3% poly(ethylenimine) for 20 min.
494 After this time, 130 μg of HEK-293-5-HT7AR membranes and 1 nM
495 [3H]-5-CT were suspended in a 0.25 mL of incubation buffer (see
496 above) at 37 °C for 30 min. After this equilibrium time, 10 μM 5-CT
497 was added and the dissociation was initiated at a range of time points
498 (90, 60, 30, 20, 15, 10, 5, 0 min). The incubation was stopped by
499 rapid filtration and the filters were washed with 3 × 0.25 mL of ice-
500 cold buffer (50 mM Tris-HCl, pH 7.4). Dissociation rate (koff) value
501 was determined by nonlinear curve fitting, using the Prism, version
502 5.0, GraphPad software.
503 Competition Association Assay. To determine the kon and koff
504 values of selected ligands, all compounds were tested at their
505 respective Ki. The experiments were performed in MultiScreen plates
506 (Merck Millipore) with glass fiber filters (GF/C), presoaked in 0.3%
507 poly(ethylenimine) for 20 min. After this time, 130 μg of HEK-293-5-
508 HT7AR membranes, 1 nM [3H]-5CT, and reference or test
509 compounds at their Ki concentration were suspended in 0.25 mL of
510 incubation buffer (see above). The samples were incubated at 37 °C
511 for a range of time points (0, 5, 10, 15, 20, 30, 60, 90 min). The
512 incubation was stopped by rapid filtration, and the filters were washed
513 with 3 × 0.25 mL of ice-cold buffer (50 mM Tris-HCl, pH 7.4). The
514 kon and koff values were determined by nonlinear curve fitting, using
515 the Prism, version 5.0, GraphPad software.
516 Lipophilicity Index. Lipophilicity indices were measured by a
517 reversed-phase HPLC method consisting of an Agilent 1260 Infinity
518 Binary LC system equipped with a diode array detector (Open Lab
519 software was used to analyze the chromatographic data) under
520 isocratic conditions. The capacity factors (k′) were measured with a
521 Phenomenex Gemini C18 (250 × 4.6 mm, 5 μm particle size) as
522 nonpolar stationary phase and with MeOH/0.01 M phosphate buffer
523 pH 7.4 (7:3 v/v) as mobile phase. This mobile phase composition was
524 chosen for the analysis due to reasonable retention times for all
525 compounds analyzed. All compounds were dissolved in methanol (0.1
526 mg/mL), injection volumes were 10 μL, the flow rate was 1 mL/min,
527 and the detection was performed at λ = 230 and 254 nm. Retention
528 times (tR) were measured at least from three separate injections, and
529 dead time (t0) was measured as the solvent front. For each
530 compound, the average retention time (tR) of three consecutive
531 injections was used to calculate the log k′ values (log k′ = log[(tR −
532 t0)/ t0]).
533 Computational Studies. Descriptor Calculation. Molecular
534 descriptors were calculated using the recently developed Mordred
535 package.56 The correlations of molecular descriptor values with
536 compound residence times were determined using the scikit-learn
537 package.57

538 Docking and MD Simulation. 5-HT7R homology models were
539 prepared using the crystal structure of 5-HT1BR (PDBID: 4IAR) as a
540 template and Modeller software as previously reported.48 The
541 preparation of compounds (generation of three-dimensional con-
542 formations and protonation states at pH 7.4) was performed using
543 LigPrep58 from the Schrödinger Suite, and docking of compounds
544 (extra precision mode) was performed using Glide from the same

545software package.59 The MD simulations were carried out using
546Schrödinger’s Desmond software60 for each of the obtained ligand−
547receptor complexes (duration time = 1000 ns; TIP3P as the solvent
548model and POPC (palmitoyl-oleil-phosphatidylcoline) as the
549membrane model were used).61

550Neurite Outgrowth in Mouse Neuronal Primary Cultures.
551Neuronal Primary Cultures. C57BL/6 mice were housed and
552sacrificed in accordance with the recommendations of the European
553Commission (EU Directive 2010/63/EU for animal experiments).
554The animals were bred in-house at the Institute of Genetics and
555Biophysics “Adriano Buzzati Traverso”, CNR, Naples, Italy. All of the
556procedures related to animal treatments were approved by Ethic-
557Scientific Committee for Animal Experiments. Primary cultures were
558prepared from WT C57BL/6J mouse pups at the postnatal day 1 (P1)
559or postnatal day 3 (P3). Pups of both sexes were used. The mice
560brains were quickly isolated from pups under sterile conditions and
561placed in HBSS (Cat. No. 24020-091; Thermo Fisher Scientific,
562Milan, Italy). The areas of interest, striatum (STR), cortex (CTX),
563and hippocampus (HPP), were dissected from the brain under a
564stereomicroscope in HBSS with 10% fetal bovine serum (FBS,
565Euroclone, Milan, Italy) and then placed in HBSS w/o serum. The
566collected tissues were enzymatically dissociated by incubation for 90 s
567at 37 °C in a trypsin solution (0.1% trypsin in HBSS, Sigma, Milan
568Italy) containing 0.01% pancreatic DNAse (Sigma, Milan Italy).
569Enzymatic dissociation was blocked replacing the medium with HBSS
570containing Ca2+/Mg2+ and 10% fetal bovine serum (FBS) medium.
571The cells were washed in HBSS Ca2+/Mg2+ and mechanically
572dissociated by pipetting 10 times in 1 mL of Neurobasal A medium
573(NBM-A) containing 0.01% DNase. After 5 min of centrifugation at
574500 rpm, the cells were resuspended in 1 mL of NBM-A, and their
575concentration was determined on the basis of the total cell count after
576the trypan blue dye exclusion. Dissociated cells were plated in NBM-A
577medium supplemented with B27 (Thermo Fisher Scientific) and 5%
578FBS, 2 mM Glutamax (Thermo Fisher Scientific), 50 U/mL
579penicillin, and 50 mg/mL streptomycin (Thermo Fisher Scientific)
580at a density of 35 × 103/cm2 onto sterilized 12 mm coverslips
581(Corning Optical Communications S.r.l., Torino, Italy) freshly coated
582with 15 μg/mL of poly-D-lysine (Sigma-Aldrich, Milan, Italy). After 1
583day, in vitro (DIV) FBS was withdrawn and every third DIV, half of
584the medium was replaced by fresh medium without FBS. Cultures
585were maintained at 37 °C and 5% CO2 in a humidified incubator for
5863−4 days. Each experimental point was performed from three
587independent cell preparations, and each neuronal culture was
588technically replicated three times.
589Drugs and Reagents. The cell cultures were treated with the
590agonists LP-211(100 nM) and 4 (100 nM), the 5-HT7R antagonist
591SB-269970 (100 nM) (Tocris, Milan, Italy), or with a combination of
592these drugs. Drugs were added to cultures at DIV indicated in the
593Results and Discussion section or in the figure legends and incubated
594for an appropriate time.
595Immunofluorescence and Morphological Analyses. For morpho-
596logical analyses, postnatal cultures were fixed in 4% paraformaldehyde
597in phosphate-buffered saline (PBS) for 20 min at residence time
598(RT), washed three times in PBS, and stored at −20 °C in PBS/
599glycerol (1:1 v/v) until use. After removal of the PBS/glycerol
600medium, the cells were washed three times in PBS and permeabilized
601for 15 min in PBS containing 0.1% Triton-X-100. The neurons were
602treated for 30 min at RT in blocking solution (3% bovine serum
603albumin (BSA) in PBS) and then incubated overnight at 4 °C with
604the primary antibody in PBS containing 1% BSA. The monoclonal
605antibody against neuron-specific class III ß-tubulin (Tuj1; Sigma-
606Aldrich T8660, 1:750) was used to stain neurons. The cells were then
607washed in PBS and incubated for 2 h at RT with fluorescent-labeled
608secondary antibodies (Alexa Fluor 594, 1:400; ThermoFisher
609Scientific) in PBS with 1% BSA. After washing, the cells were stained
610with 40,6-diamidino-2-phenylindole (DAPI; nuclear stain, 1:1000) for
61110 min at 22 °C and mounted on a coverslip with an oil mounting
612solution (Mowiol, Sigma-Aldrich). To evaluate neurite length,
613fluorescent signals from Tuj1 stained neurons were detected with a
614microscope (Leica DM6000B, Wetzlar, Germany) equipped with a
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615 20× objective. Images were acquired with a high-resolution camera
616 using the software Leica Application Suite and analyzed by the image
617 processing software ImageJ (https://imagej.net/Welcome). The
618 length of neurites was measured as previously described.18 A total
619 of 10−15 fields for each cell culture condition was used from at least
620 three independent culture wells. The analyses were carried out “blind”
621 to avoid any subjective influences during measurements.
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