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Abstract

In order to further understand the interaction processes between the Lycopodium alkaloids and acetylcholinesterase, the binding properties of
N-acetyl huperzine A (1), huperzine B (2) and huperzine F (3) with Torpediniforms Nacline acetylcholinesterase (TnAchE) were investigated by
1H NMR methods. The nonselective, selective and double-selective spin-lattice relaxation rates were acquired in the absence and presence of
TnAchE at a ratio of [ligand]/[protein]=1:0.005. The selective relaxation rates show protons of 1–3 have dipole–dipole interaction with protons of
TnAchE at the binding interface. The molecular rotational correlation time of bound ligands was calculated by double-selective relaxation rate at
298 K, which showed that 1–3 had high affinity with the protein. The results indicate that investigation of 1H NMR relaxation data is a useful
method to locate the new Lycopodium alkaloids as AchE inhibitors.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The enzyme acetylcholinesterase (AchE) catalyzes the
hydrolysis of the ester bond of acetylcholine (Ach) to terminate
the impulse transmitted action of Ach through cholinergic
synapses [1]. The Torpedo Acetylcholinesterase contains 14 α-
helices and 12 stranded mixed β-sheet. The mixed structures of
AchE with its ligands have showed that AchE contains an
‘active-site gorge’ [2]. When Ach binds to this gorge, it is
quickly hydrolyzed into acid and choline. Although the basic
reason of Alzheimer's disease (AD) is not clear so far, AD is
firmly associated with impairment in cholinergic transmission
by present study. A number of AchE inhibitors have been
considered as candidates for the symptomatic treatment of AD
as the most useful relieving strategy [3]. (−)-huperzine A (4)
⁎ Corresponding author. Tel.: +86 10 62512660; fax: +86 10 62516444.
E-mail addresses: dyzhu@mail.shcnc.ac.cn (D. Zhu), whdu@ruc.edu.cn

(W. Du).
1 These authors contribute equally to this paper.

0301-4622/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bpc.2007.05.020
(Fig. 1) is a natural compound first isolated from Chinese
medicine Huperzia serrata (Thumb.) in 1986 [4]. 4 is a potent,
reversible and selective inhibitor of AchE with a rapid
absorption and penetration into the brain in animal tests. It
exhibits memory-enhancing activities in animal and clinical
trials. Compared to tacrine and donepezil, which are also AchE
inhibitors used as drugs in the market, 4 possesses a longer
duration of action and higher therapeutic index as well as less
peripheral cholinergic side effects at therapeutic dose [5]. To
find more powerful inhibitors of AchE, many alkaloids have
been isolated from H. serrata.

Nuclear magnetic resonance (NMR) has been widely used for
studying interactions of small molecules (i.e. ligands) with
macromolecules (i.e. receptors and enzymes) [6], due to the large
number of spectral parameters that can be measured and analyzed
(chemical shift [7], relaxation rates and line width [8], diffusion
coefficients [9] or intermolecular magnetization transfer techni-
ques such as NOE [10,11]. Among them, the proton spin
relaxation rate of the small molecule has proved to be a very
suitable parameter in the ligand–macromolecule complex studies.

mailto:dyzhu@mail.shcnc.ac.cn
mailto:whdu@ruc.edu.cn
http://dx.doi.org/10.1016/j.bpc.2007.05.020


213Y. Li et al. / Biophysical Chemistry 129 (2007) 212–217
In these studies, NMR investigation is based on the comparison of
selective (Rse) and non-selective (Rns) proton spin-lattice
relaxation rate of the ligand in the presence and absence of the
macromolecular receptor. The formation of intermolecular
adducts affects Rns and Rse at different extents, depending on
the dynamical parameters (i.e. molecular rotational correlation
time tc), assuming fast chemical exchange between the bound and
the free environments. In particular, the slower rotational
tumbling of the ligand–macromolecule complex mainly affects
Rse. Even if the macromolecule concentration is just 0.5% of a
ligand, the Rse value of the ligand's protons will sensitively
change due to the binding process [12,13].

The parameters Rse and tc have been used in evaluating the
tacrine derivatives and huperzine A interacting with AchE
[14,15]. In this paper, the characterization of the interaction
between AchE and three lycopodium alkaloids: N-acetyl
huperzine A (1), huperzine B (2) and huperzine F (3) (Fig. 1)
were investigated using NMR spectroscopy.

2. Materials and methods

2.1. Sample preparation and chemical characterization

The huperzine A and three lycopodium alkaloids were
isolated from the whole plant of H. serrata (Thumb.) Trev.
(Huperziaceae) by using the same procedure as described
previously [16]. Chromatography of the crude alkaloids of the
whole plant of H. serrata on SiO2 and elution with CHCl3–
Fig. 1. Chemical str
Me2CO followed by MeOH afforded two alkaloid-rich
fractions. Repeated chromatography of the MeOH fraction
over neutral Al2O3 and SiO2 afforded N-acetyl huperzine A,
huperzine B and huperzine F, whose structures were identified
using various NMR spectroscopy data [4,16]. AchE from Tor-
pedo california was obtained from Sigma and used without
further purification. Solutions were prepared in 99.9% deute-
rium oxide (CIL) buffered at pH 7.0 (phosphate saline buffer).
All solutions were carefully deoxygenated by sealing off the
NMR tube after filling the nitrogen. In all the experiments
ligand concentration was 1.0 mM and the protein concentration
was 5.0 μM.

2.2. NMR spectroscopy

All measurements were performed on a Bruker Avance
400 MHz NMR spectrometer operating at 400.13 MHz for
hydrogen. All experiments were carried out at a temperature of
298 K. 1H spectra were recorded using a BBO broadband probe.
16 scans were collected into 32 K data points giving a digital
resolution of 0.13 Hz/point at a spectral width of 4006 Hz. To
evaluate the data and calculate relaxation times, the
XWINNMR program package (Version 3.5) was used on a
Microsoft Windows PC. Chemical shifts were referenced to 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) through the water
resonance calibrated at 298 K. The spin-lattice relaxation rates
were measured using the (180°-τ-90°-t)n sequence. The τ
values used for the selective and nonselective experiments
uctures of 1–5.



Fig. 2. Dependence of 1H NMR chemical shifts (ppm) of H2 in 2 upon
concentration in deuterium oxide buffered at pH 7.0, T=298 K.

Fig. 3. Selective relaxation spectra of aromatic proton of N-acetyl huperzine A
solution in 1 mM. The selective measurements refer to the H3 proton.
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were: 0.01, 0.1, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0 and 5.0 s respectively, and the
delay time t in this case is 10 s. The 180° selective inversion of
the proton spin population was obtained by a selective
Gauss1.100 shape pulse with a length of 47 ms and a power
of 60 dB corresponding to an excitation width of about 45 Hz.
Relaxation times were calculated by exponential regression
analysis of recovery curves of longitudinal magnetization
components. Thereby an area fit of the individual peak was
performed. Single- and double-selective proton spin-lattice
relaxation rates were measured with inversion recovery pulse
sequences implemented with DANTE or double-DANTE
sequences [17,18]. All relaxation rates were calculated in the
initial rate approximation [19].

3. Results and discussion

3.1. Chemical shifts

If there was self-stacking occurrence in a ligand, at different
concentration, the ligand molecule would exist as a mixture
with varying ratio of dimer over monomer in solution. Then the
chemical shifts of ligand protons would be affected by
concentration of the ligand. In order to observe the self-
aggregation state of the sample, the chemical shifts of protons
H2 in compounds 1–3 were investigated under different
concentrations ranging 0.2–10.0 mM. The concentration
dependence of the chemical shifts of the proton H2 in 2 at
298 K was shown in Fig. 2. The H2 resonance was upfield
shifted with the concentration raising, which suggested the
occurrence of cooperative auto-aggregation of solute molecules.
The result showed that the monomer was the predominant
species in solution at the concentration of 1 mM. At this
concentration, we could get the actual proton spin-lattice
relaxation rates, which would not be affected by the self-
aggregation of ligand.

3.2. Proton spin-lattice relaxation rates

The relaxation rates of protons in 1–3 were measured in non-
selective (Rns) and selective (Rse) manner in the absence (Rfree)
and in the presence of AchE (Robs) state. The non-selective (R

ns)
and selective (Rse) manner were decided by the following
equations [14]:

Rns
i ¼

X
jpi

qij þ
X
jpi

rij þ q4i ð1Þ

Rse
i ¼

X
jpi

qij þ q4i ð2Þ

in the equations, ρij and σij are the auto- and cross-relaxation
rates for any Hi−Hj interaction and sum is extended to all the
dipolar connected protons. ρ⁎ is contributions of other
relaxation mechanisms.

The explicit forms of Ri
ns and Ri

se are:
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g4HJ

2

r6ij
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1þ 4x2

Hs
2
c

� �
ð3Þ

Rse
i ¼ 1

10
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2
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1þ 4x2

Hs
2
c

þ sc
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Eqs. (3) and (4) indicate: at the fast molecular reorientation
time regime (ωHτc≪1), which is typical for the free ligand, it
gives Ri

nsNRi
se, and at the slow motion time regime (ωHτc≫1),

which is typical for a ligand in complex with a macromolecule, it
gives Ri

nsbRi
se.

After detailed investigation of 1H NMR spectra of 1–3, the
well resolved peaks were chosen for observation. For the
overlap peaks there were not suitable 180° shape pulses to do
the selective T1 for them.



Table 2
The molecular motional correlation time measured for selected proton pairs in
D2O buffered at pH 7.0, T=298 K in the absence and presence of TnAChE
(5 μM)

Proton pair σfree
ij

(s−1)
σobs

ij

(s−1)
▵σ
ij

(s−1)
σbound
ij

(s−1)
τfree
ij

(s)
τbound
ij

(s)

N-acetyl huperzine A (1)
H2–H3 0.106 −0.016 −0.122 −24.4 1.95×10−11 2.21×10−8

H7–H8 0.359 0.178 −0.181 −36.2 7.68×10−11 3.27×10−8

Huperzine B (2)
H2–H3 −0.023 −0.043 −0.020 −4.0 4.57×10−10 3.66×10−9

Huperzine F (3)
H2–H3 0.086 0.036 −0.05 −10.0 1.57×10−11 9.05×10−9

Huperzine A (4) a

H2–H3 0.05 −0.006 −0.056 −11.2 3.30×10−10 4.05×10−8

a Data were published in Ref. [15].
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We measured the relaxation rate constants of H2, H3, H7,
H8, M10 and M16 protons in 1, H2, H3 and M16 in 2, H2, H3, H7

and M16 in 3. Experimental spectra of H3 proton in 1 used for
Rse measurement were shown in Fig. 3. The chemical shifts,
non-selective and selective proton relaxation rates of the
ligands 1–3 in the absence and presence of TnAchE were
summarized in Table 1. At a ratio of [protein]/[ligand]=
0.005:1, it showed that all chemical shifts were almost
unaffected in the absence or presence of macromolecule;
while almost all proton selective relaxation rates were
enhanced in the presence of macromolecule. Rse is much
more affected than Rns, although most detected protons also
displayed positive increasing of Rns in the presence of
TnAchE. Upon binding to a macromolecular, the increase of
the auto-relaxation was concomitantly cancelled mostly by the
negative cross-relaxation due to the slow molecular tumbling,
resulting Rns is less affected by the binding process.

In Table 1, for most protons of 1–3,Ri
nsNRi

se was obtained in
the absence of TnAchE, while Ri

nsbRi
se was obtained in the

presence of TnAchE. Correspondingly, the value of Ri
ns/Ri

se

changed from being larger than 1 in the absence of macromol-
ecule to being less than 1 in the presence of macromolecule. The
exceptions were H2, H3 andM16 in 2, where the values of R2

ns/R2
se

(without TnAchE) were less than 1, suggesting a negative value
of σij in free ligand. However, when TnAchE was added, a
Table 1
400 MHz 1H NMR parameters of 1–4 (1 mM) in D2O buffered at pH 7.0,
T=298 K in the absence and presence of TnAchE (5 μM)

Protons Free ligand Ligand+TnAchE

δ
(ppm)

Rns

(s−1)
Rse

(s−1)
Rns /
Rse

δ
(ppm)

Rns

(s−1)
Rse

(s−1)
Rns /
Rse

N-acetyl huperzine A (1)
H2 6.45 0.46 0.36 1.27 6.45 0.52 0.58 0.90
H3 7.67 0.65 0.52 1.25 7.67 0.75 0.79 0.95
H7 3.74 1.60 1.13 1.42 3.74 1.05 1.12 0.93
H8 5.56 0.83 0.67 1.24 5.56 1.00 1.01 0.99
M10 1.66 1.29 1.17 1.10 1.66 1.36 1.40 0.97
H11 5.35 0.46 0.39 1.18 5.35 0.57 0.60 0.96
M16 1.55 1.44 1.36 1.06 1.55 1.47 1.57 0.94

Huperzine B (2)
H2 6.60 0.56 0.65 0.87 6.60 0.59 0.73 0.81
H3 7.78 0.89 1.03 0.86 7.78 0.92 1.12 0.82
M16 1.57 1.22 1.34 0.91 1.57 1.25 1.38 0.91

Huperzine F (3)
H2 5.80 0.81 0.65 1.24 5.80 0.92 0.91 1.01
H3 6.85 0.50 0.45 1.12 6.85 0.64 0.72 0.89
H7 2.67 0.90 0.74 1.21 2.67 1.00 1.00 1.00
M16 0.92 2.25 2.18 1.03 0.92 2.21 2.24 0.99

Huperzine A (4) a

H2 6.57 0.51 0.36 1.42 6.57 0.54 0.57 0.90
H3 7.89 0.66 0.48 1.38 7.89 0.68 0.74 0.93
H7 3.82 1.24 0.95 1.31 3.82 1.27 1.31 0.96
M10 1.76 1.26 1.04 1.21 1.76 1.21 1.23 0.98
M16 1.60 1.27 1.15 1.09 1.60 1.22 1.37 0.90
a Data were published in Ref. [15].
higher increase of R2 value than that of R2
ns was still observed,

resulting the decrease of the value of Rns /Rse in 2 too. Therefore,
the decrease of the value of Ri

ns/Ri
se was an important indication

of the occurring of the interaction of 1–3 with TnAchE.

3.3. Molecular rotational correlation time

Comparing Eqs. (1) and (2), the main difference ofRns and Rse

was the absence of cross-relaxation rates σij in Rse. Therefore, the
σij can be calculated from double-selective relaxation rate as:

rij ¼ Rij
i � Rse

i ð5Þ
where Ri

ij is the double-selective relaxation rate measured for Hi

upon selective excitation of Hi and Hj, Ri
se is the single-selective

relaxation rate measured for Hi. Assuming a fast exchange
between the ligand in the free state and in the bound state with the
macromolecule, the observed cross-relaxation rate of the ligand in
the presence of the macromolecule, sobs

ij can be well approxi-
mated as:

rijobs ¼ pfreer
ij
free þ pboundr

ij
bound ð6Þ

in Eq. (6), σfree
ij and σbound

ij are the cross-relaxation rates of the
ligand in free and in bound state, respectively. the fraction of
ligand in bound state, pbound can be approximated by pbound=
[protein]T / [ligand]T, [protein]T and [ligand]T are the total
concentrations of the macromolecule and the ligand in solution,
respectively. When the protein concentration was very low,
[ligand]T≫ [protein]T, and the fraction of ligand in free state,
pfree=1−pbound∼1. The cross-relaxation rate of the ligand in
bound state, σbound

ij can then be calculated by Eq. (7):

rijbound ¼ rijobs � rijfree
� �

=pbound ¼ Drij=pbound: ð7Þ

In order to ascertain if 1–3 tightly bind to TnAchE, the
molecular rotational correlation time tc in the free and bound
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state, (τfree
ij and τbound

ij in Table 2, respectively) were calculated
using Eq. (8) from the cross-relaxation rate,

rij ¼ 1
10

g4J2

r6ij

6sc
1þ 4x2s2c

� sc

� �
ð8Þ

where γ is the proton magnetogyric ratio, ħ is the reduced
Plank's constant (=h / 2π), rij is theHi−Hj internuclear distance,
ω is the proton Larmor frequency, σij is the cross-relaxation rate
(σfree

ij and σbound
ij for the ligand in free and in bound state,

respectively) and the obtained tc is the molecular rotational
correlation time.

In 1–3, we use the aromatic amidated ring H2–H3 proton pair
and H7–H8 proton pair to characterize the molecular rotational
correlation time of the ligands in free and in bound state with
TnAchE. In Table 2, σobs

ij was measured in the presence of
TnAchE and σfree

ij was measured for the free ligands. ▵σij was
the difference of the cross-relaxation rate of the ligands in
presence and in the absence of TnAchE Eq. (7). The cross-
relaxation rates of the bound ligands were calculated using Eq.
(7) with pbound= [protein] / [ligand]=0.005:1. In consideration
of the distance between the protons rij=0.243 nm, the motional
correlation time tc (τfree

ij and τbound
ij for the ligand in free and in

bound state, respectively) was calculated by Eq. (8). In Table 2,
it was showed that, in 1 and 3, there were changes from
relatively small positive values of σfree

ij to large negative values
of σbound

ij ; and in 2, there was change from relatively small
negative value of σfree

ij to large negative value of σbound
ij ,

resulting in the change of τ value from ps timescale to ns
timescale when TnAchE was added in. These were consistent
with slowing down of molecular motions which were observed
in proton spin-lattice relaxation rates test.

3.4. Control experiment

When the ligand was bound to the active site of protein, the
relaxation rate was affected by the slowing down of molecular
motions, increasing in viscosity in a relatively high concentra-
tion of proteins, as well as by the occurrence of intermolecular
1H–1H dipole–dipole interaction of protons at the binding
interface. If a ligand just sticks to the surface of a protein, it will
also slow down the ligand's motion and give some contribu-
tions to the molecular dipole–dipole interaction. In the previous
study [15], the small molecule 8-exo-hydroxyphlegmarine B
(5), which was also an alkaloid obtained from H. serreta, was
investigated on its interaction with TnAchE. The results showed
that the Rse of H7 and M16 in 5 did not change before and after
adding TnAchE, which suggested that 5 be not easy to stick to
the surface of TnAchE. Since 5 had the similar chemical
properties with 1–3, we were much sure that 1–3 bound in a
selective manner to the TnAchE.

4. Conclusion

In presence of the TnAchE, the decrease of the value Ri
ns/Ri

se

of the ligand compared to that in free state, and the decrease of
the molecular rotational correlation time of the ligands as
suggested by the negative change of the values of σfree
ij σbound

ij

undoubtedly revealed that Lycopodium alkaloids 1–3 bound to
TnAchE at a ratio of [ligand]/[protein]=1:0.005. These results
demonstrated that investigation of NMR relaxation rate is a very
useful method to locate the new huperzine derivatives as AchE
inhibitors.
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