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Chapter 3 

 

Key Binding Interactions for Memantine in the 

N-Methyl-D-Aspartate Receptor1	
  

 

3.1 Introduction 

N-Methyl-D-aspartate (NMDA) receptors are members of the ionotropic 

glutamate receptor (iGluR) family, which also includes AMPA and kainate 

receptors (1-3).  These are fast, excitatory, ligand-gated ion channels activated by 

the agonist glutamate and, only in the case of NMDA receptors, a co-agonist such 

as glycine or D-serine (4, 5).  The NMDA ion channel is highly permeable to Ca2+ 

and is blocked by Mg2+ in a voltage-dependent manner (1, 6).  The NMDA 

receptor is thought to play a central role in learning and memory and is essential 

to the normal function of the central nervous system (7, 8).  Overactivation of the 

receptor has been implicated in many neurological disorders, such as 

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic 

lateral sclerosis, schizophrenia, epilepsy, and neurodegeneration following 

stroke (2, 9–11).   Several neuroprotective drugs have been developed to block 

the NMDA receptor, preventing overactivation.  However, most of them cause 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1 This work was performed in collaboration with Wesley Yu and Emma Branigan as part of their 
Summer Undergraduate Research Fellowships at Caltech.  A version of this chapter has been 
submitted for publication. 
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debilitating side effects due to the critical roles that NMDA receptors play in 

brain function (12).   

Memantine (Namenda®) is the unique exception and is currently 

approved for use in moderate to severe Alzheimer’s (13–15).  Memantine is 

thought to function by preferentially blocking open NMDA channels (an 

uncompetitive antagonist) (16, 17), and hence, a balance between open and 

closed channels can be achieved by adjusting dosage (12, 14, 18).  The interaction 

between NMDA receptors and memantine is reversible, and the mechanism of 

block has not been fully elucidated (19).   

In this study, we prepared mutants in the pore loop and the third 

transmembrane (TM3) domain of the GluN1/GluN2B NMDA receptor and 

measured how these side-chain modifications affect memantine block.  Side-by-

side comparison of the IC50 for memantine and amantadine (Figure 3.1), a 

structurally related drug, enabled us to identify the hydrophobic binding pockets 

for the two methyl groups on memantine.  While adding two methyl groups to 

amantadine to produce memantine improved affinity greatly, we also found that 

adding a third methyl group to produce the symmetrical trimethylamantadine 

(TMAm) diminished affinity (Figure 3.1).  Our results provide a better understanding 

of chemical-scale interactions between memantine and the ion pore of NMDA 

receptor, which will potentially benefit the development of new drugs for 

neurodegenerative diseases involving NMDA receptors.  
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                     Memantine       Amantadine           TMAm 

 
Figure 3.1.  Structures of memantine, amantadine, and trimethylamantadine (TMAm) 

 

 

3.2 Results 

3.2.1 Homology models of GluN1 and GluN2B transmembrane domains 

 The structure of the transmembrane domain of the NMDA receptor is not 

currently available.  It was proposed some time ago that the transmembrane 

domain of iGluRs is homologous to the pore region of potassium channels, but 

with the opposite orientation with respect to the membrane (20, 21).  This has 

been confirmed by a crystal structure of a full-length AMPA receptor (22), but 

unfortunately, the image is of a closed channel and is missing a significant 

number of residues in the pore loop.  Therefore, we created a homology model of 

GluN1 and GluN2B transmembrane domains, based on the crystal structure of 

the open-form Kv2.1 paddle–Kv1.2 chimera potassium channel (Protein Data 

Bank code 2R9R) without any optimization (Figure 3.2) (23).   
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Figure 3.2.  Homology model of the transmembrane region of GluN1 (left) and 
GluN2B (right) subunits of NMDA receptor.  The relative position of the two 
subunits are currently unknown.  

 

3.2.2 Mutational scanning 

We first performed a mutational scanning on the pore loop, TM3, and 

post-TM3 regions of the GluN1/2B NMDA receptor using both conventional and 

unnatural amino acid mutagenesis.  Mutations that shift the IC50 greater than 5 

folds are deemed significant.  The data suggest that no point mutation deeper in 

the pore than residue GluN1-N616 had a significant effect on memantine 

blockade, and only mutations at residues V644, A645, and V656 in the TM3/post-

TM3 regions of GluN1 had a meaningful impact on the memantine block (Figure 

3.3).  These preliminary results provided the groundwork for further investigation. 
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Figure 3.3.  Memantine fold shifts (IC50(mutant)/IC50(wild type)) of mutant 
NMDA receptors containing a conventional or an unnatural mutation in the 
transmembrane region.  Abbreviation used are F4W, 2,3,4,5-fluoro-Trp; Cha, 
cyclohexylalanine; hGln, homoglutamine; F3-Phe, 3,4,5-fluoro-Phe.   
*, Conventional mutations performed through the nonsense-suppression method. 

 

3.2.3 Comparison of memantine and amantadine block 

 In the present study, we sought to define the scope of the memantine 

primary binding site by identifying the residues that directly contact the two 

methyl groups (Figure 3.1).  To probe for the methyl group binding pockets of 

memantine on the NMDA receptor, we considered amantadine, a common 

antiviral agent that is known to block the channel of NMDA receptors, but with a 
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lower affinity than memantine (24–30).  Amantadine has the same basic core 

structure as memantine (Figure 3.3), the only difference being that amantadine 

lacks the two methyl groups present on memantine.  Comparing memantine to 

amantadine, the affinity gained from the presence of the methyl groups is 

evaluated by IC50(amantadine)/IC50(memantine), referred to as the methyl effect 

throughout this chapter.  In spite of the small structural difference, the affinity of 

memantine is 75-fold higher than amantadine in the wild-type receptor (Table 

3.3, Figure 3.4), indicating that the two additional methyl groups play an 

important role in antagonism.   

 If these two antagonists bind at the same location and orientation in the 

NMDA channel pore, mutations at residues that interact with the methyl groups 

are expected to cause a larger IC50 shift for memantine than amantadine, thus, 

reducing the methyl effect.  Smaller methyl effect means the mutant receptor is 

less sensitive toward the methyl group.  Other mutations should affect binding of 

the two antagonists in a similar way.  In fact, memantine and amantadine show 

similar responses to the GluN1(N616Q) and the GluN1(N616D) mutations 

(Figure 3.4) — a residue that is thought to anchor the ammonium group through 

an electrostatic interaction (12, 31).  Mutations at the analogous residues in 

GluN2, N615D and N616D, produce relatively modest effects (Figure 3.4).  The 

GluN2(N615D) mutation is unique in that it affects amantadine binding more 

than memantine.  All the data are consistent with the notion that the two drugs 

block the channel at the same general location.   
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Figure 3.4.  Memantine and amantadine dose response curves for the wild-type 
and the GluN1(N616Q) mutant NMDA receptors (top).  The respective methyl 
effects are shown above the curves.  Memantine IC50, amantadine IC50, and the 
methyl effect for wild-type and mutant NMDA receptors containing a mutation 
at GluN1-N616, GluN2B-N615, or GluN2B-N616 (bottom).  The values for IC50 ± 
s.e.m. are shown in Table 3.3.  The methyl effect values are shown above the 
corresponding columns. 

 

3.3.4 Mapping the methyl group binding site on GluN1 

 Since we are probing for a hydrophobic binding pocket for the methyl 

groups, our strategy was to make hydrophobic side chains more hydrophilic.  
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Therefore, we mutated these three residues to Asn.  The impact of mutations in 

the GluN1 subunit on IC50 values of both memantine and amantadine are shown 

in Figure 3.5 and Table 3.3.   

 

 
Figure 3.5.  Memantine IC50, amantadine IC50, and the methyl effect for wild-type 
and mutant NMDA receptors containing a mutation at the residue V644, A645, 
or V656 in GluN1.  The values for IC50 ± s.e.m. are shown in Table 3.3.  The 
methyl effect values are shown above the corresponding columns. 

 

The mutation V644N impacted the binding of memantine significantly 

more than amantadine.  The IC50 ratio between the two drugs decreased to 12-

fold, compared to the 75-fold effect seen in the wild-type receptor (Figure 3.5).  

The adjacent A645N mutation showed an even larger effect, with only a 4.4-fold 

difference between memantine and amantadine IC50.  The mutation V656N causes 

only a moderate 4.4-fold shift in IC50 for memantine and a modest 2.3-fold shift for 

amantadine.  Interestingly, this mutation causes a nearly 10-fold shift in glutamate 

EC50 (Table 3.1), which may imply a strong perturbation to receptor gating.  
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Although the effects of Asn mutations at GluN1 residue 644 and 645 on 

glutamate EC50 were much smaller than the effects on blockage, the A645N 

mutation did show the significant reduction in Glu EC50, approximately 6-fold 

(Table 3.1).  In order to determine whether the V644N and A645N data in Figure 

3.5 resulted from an unwanted structural perturbation, we tested V644T, V644L, 

A645V, and A645L mutations.  All of these mutations shift glutamate EC50 less 

than A645N (Table 3.1).  The additional mutations at residue 644 did not have a 

considerable impact on memantine IC50, amantadine IC50, or the ratio between the 

two (Table 3.3).  Neither did the Val mutation at residue 645 (Figure 3.6, Table 3.3).  

In contrast, the A645L mutation had a significant impact on memantine IC50, while 

essentially no effect is seen with amantadine IC50 (Figure 3.6, Table 3.3).   

 

 

Figure 3.6.  Memantine IC50, amantadine IC50, and the methyl effect for wild-type 
and mutant NMDA receptors containing a mutation at the residue GluN1-A645.  
The values for IC50 ± s.e.m. are shown in Table 3.3.  The methyl effect values are 
shown above the corresponding columns. 
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A trend is seen in which the methyl effect is reduced with increasing the 

side-chain volume (Ala > Val > Leu) and side-chain polarity (Leu > Asn) at 

residue 645 (Figure 3.6).  These results suggest that the residue A645 on GluN1 

contributes to the methyl group binding site of memantine, while the residue 

V644 is located in close proximity. 

 

3.3.5 Mapping the methyl group binding site on GluN2 

 Models of the NMDA receptor heterotetramer indicate that both GluN1 

and GluN2 contribute to the channel region being probed.  To probe for 

contributions to a methyl group binding site by GluN2B, however, it is not safe 

to assume that the residue GluN2-A644, which would typically be considered to 

align with GluN1-A645 (21, 32), also contributes to a methyl group binding site.  

A previous study by the substituted cysteine accessibility method (SCAM) on 

GluN1/GluN2C suggests that there may be an offset by four residues in the TM3 

regions between the GluN1 and GluN2C (21, 32, 33).  Accordingly, we 

considered the aligning residues, L643 and A644, as well as the residues A639 

and V640 which are one helix turn lower in the structure (Figure 3.2).  The 

A639N and V640N mutations had a negligible effect on memantine and 

amantadine binding (Figure 3.7).  In contrast, L643N and A644N substantially 

impaired memantine blockade.  Similar to what is seen with GluN1, 

GluN2(L643N) shows a modest differentiation between memantine and 

amantadine, while GluN2(A644N) shows a quite substantial effect (Figure 3.7).   
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Figure 3.7.  Memantine IC50, amantadine IC50, and the methyl effect for wild-type 
and mutant NMDA receptors containing an Asn mutation at the residue A639, 
A640, L643, and A644 in GluN2B.  The values for IC50 ± s.e.m. are shown in Table 
3.3.  The methyl effect values are shown above the corresponding columns. 

 

Parallel to the study in GluN1 subunit, we also mutated GluN2-A644 to 

the hydrophobic side chains Leu and Val.  All these mutations resulted in 

minimal changes to glutamate EC50 (Table 3.1).  Adding volume to this side chain 

(Ala > Val > Leu) lowered amantadine IC50 while leaving the memantine IC50 

unaltered (Figure 3.8).  Thus, the trend in the methyl effects is similar to that seen 

for mutations at GluN1-A645, in which there is a reduction in the methyl effect as 

the side-chain volume or the side-chain polarity is increased (Figure 3.8).  

Overall, these results suggest these two residues — GluN1-A645 and GluN2-

A644 — play similar roles in shaping the memantine methyl binding site.    

 

0.1

1

10

100

1000

1

10

100

W
ild

 ty
pe

G
lu

N
1/

2B
(A

63
9N

)

G
lu

N
1/

2B
(V

64
0N

)

G
lu

N
1/

2B
(L

64
3N

)

G
lu

N
1/

2B
(A

64
4N

)

Memantine
Amantadine

Methyl Effect

75

39 42

22

3.7

IC
50

 (µ
M

)

A

M
ethyl Effect

Wild
 ty

pe 
GluN1/2

B(A
63

9N
) 

GluN1/2
B(V

64
0N

) 
GluN1/2

B(L64
3N

) 
GluN1/2

B(A
64

4N
) 



	
   77	
  

 

Figure 3.8.  Memantine IC50, amantadine IC50, and the methyl effect for wild-type 
and mutant NMDA receptors containing a mutation at the residue GluN2B-
A644.  The values for IC50 ± s.e.m. are shown in Table 3.3.  The methyl effect 
values are shown above the corresponding columns. 
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Table 3.1.  Glutamate EC50 ± s.e.m. and Hill constant of wild-type and mutant 
NMDA receptors 

NMDA Receptor Glutamate EC50 Hill Constant n EC50(mutant)/EC50(wild type) 

 μM    

Wild type 1.94 ± 0.04 1.7 8 1.00 

GluN1 Mutants       
N616Q 0.47 ± 0.01 1.6 11 0.24 
N616D 1.3 ± 0.02 1.8 14 0.65 
V644T 2.0 ± 0.03 1.6 11 1.01 
V644L 1.3 ± 0.02 1.5 10 0.67 
V644N 1.7 ± 0.03 1.6 12 0.89 
A645V 0.93 ± 0.03 1.6 8 0.48 
A645L 0.60 ± 0.02 1.3 9 0.31 

A645N 0.33 ± 0.01 2.1 7 0.17 

V656N 0.20 ± 0.01 2.3 7 0.10 

GluN2B Mutants       
N615D 2.9 ± 0.06 1.7 5 1.01 
N616D 2.8 ± 0.04 1.5 6 1.45 
A639N 0.63 ± 0.02 1.5 9 0.32 
V640N 2.8 ± 0.10 1.6 9 1.42 
L643N 1.2 ± 0.03 1.5 9 0.64 
A644V 0.61 ± 0.05 1.2 5 0.31 
A644L 0.76 ± 0.05 1.5 11 0.39 
A644N 0.73 ± 0.01 1.7 9 0.37 
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3.3.6 Investigating trimethylamantadine blockade 

 To further probe the possible role of methyl groups and asymmetry in the 

binding region, we considered the molecule trimethylamantadine (TMAm, 

Figure 3.1).  The additional methyl group of TMAm introduces a 3-fold rotation 

axis that is absent in memantine.  We found that this molecule blocks the NMDA 

receptor with an IC50 of 3.4 μM (Table 3.2), intermediate between the values for 

memantine (0.54 μM) and amantadine (41 μM).  However, the GluN1(N616Q) 

mutation that displays a substantial shift in both memantine and amantadine IC50 

does not have any effect on TMAm block (Table 3.2).  Similarly, Asp mutation at 

GluN2-N615 or GluN2-N616 do not shift the TMAm IC50 from the wild-type 

value.  TMAm is sensitive to GluN1(A645N) and GluN2(A644N) mutations, but 

the mutations have a significantly smaller effect on IC50 shifts for TMAm 

compared to memantine.  These data imply that the TMAm molecule interacts 

with the ion pore in a different orientation than memantine and amantadine.   

 

Table 3.2.  TMAm IC50
 ± s.e.m. for wild-type and mutant NMDA receptors 

NMDA Receptor TMAm IC50 n IC50(mutant)/IC50(wild type) 

 μM   

Wild type 3.4 ± 0.4 10 1.0 

GluN1(N616Q)/2B 2.0 ± 0.08 9 0.6 

GluN1(V644T)/2B 3.1 ± 0.4 10 0.9 

GluN1(A645N)/2B 180 ± 11 12 53 

GluN1/2B(N615D) 5.4 ± 1.1 13 1.6 

GluN1/2B(N616D) 2.9 ± 0.4 8 0.9 

GluN1/2B(V640N) 0.72 ± 0.1 8 0.2 

GluN1/2B(A644N) 100 ± 7.4 11 30 
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3.3 Discussion 

Memantine is currently prescribed as a treatment for moderate to severe 

Alzheimer’s disease (13-15), and the drug also displays clinical potential for 

treatment of other neurodegenerative disorders (18, 34, 35).  Memantine is 

believed to function by blocking the NMDA receptor, a glutamate-gated ion 

channel in the brain, but the key binding interactions between drug and receptor 

are not fully elucidated (16, 17, 19).  Further understanding of the chemical-scale 

interactions between the NMDA receptor and memantine will contribute some 

insight into the detailed mechanism of memantine blockade that underlies its 

high clinical potential.   

Previous studies suggested that memantine can block the NMDA receptor 

at multiple sites, and the primary binding site (the one with the highest affinity 

or lowest IC50) involves an interaction between the ammonium group of 

memantine and the side chain of an Asn residue (residue 616, the N/Q site) in 

the GluN1 subunit (Figure 3.2) (12, 31).  This residue is located at the tip of the 

pore loop, which forms the narrowest constriction of the NMDA pore (1, 20, 21).  

Our preliminary mutational scanning results suggest that no point mutation 

deeper in the pore than residue Asn616 had a significant effect on memantine 

blockade (Figure 3.3), consistent with a previous report that memantine cannot 

block NMDA receptors from the intracellular site (36).  Furthermore, Kashiwagi 

et al. previously suggested that mutations at residues on the TM3 and post-TM3 

regions of GluN1 had a considerable impact on memantine IC50s (37).  When we 

map these residues onto our homology model (Figure 3.2), we found some of 
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them to be distant from the Asn residue that anchors the ammonium of 

memantine.  It seemed very unlikely that a small molecule like memantine 

would interact directly with all these residues.  For these reasons, we aimed to 

search for the methyl group binding pockets that would serve as the definite 

upper boundary of the memantine primary binding site.  

The highest memantine concentration used in all IC50 experiments was 100 

μM to minimize complications involving the secondary (lower affinity) binding 

site (12, 29, 30, 38) and/or antagonist trapping (27, 39, 40).  Though this choice 

prevented completion of full dose-response curves for some mutations, meaningful 

IC50 values (unlike EC50 values) can be obtained from such plots.  The EC50 for 

glutamate was measured for all the mutant receptors to ensure that (i) the mutant 

receptors are functional and (ii) a saturating dose of glutamate (4 or 10 μM) was 

applied to activate the mutant receptors in the IC50 experiments (Table 3.1). 

In order to identify the residues that interact with the methyl groups, we 

employed a structurally related NMDA antagonist, amantadine, from which the 

methyl groups are absent.  Mutations at the residues in contact with the methyl 

groups should have a larger effect on memantine affinity than amantadine, while 

other mutations should have a comparable effect on the two antagonists.   

 Probing wild-type vs. a mutant receptor with two different antagonists 

sets up an opportunity for a mutant cycle analysis as a way to evaluate 

meaningful interactions.  The basic scheme is shown in Figure 3.9.  The coupling 

parameter defines the deviation from additivity of the two “mutations”:  the 

change to the receptor and the removal of the methyl groups of memantine to 



	
   82	
  

make amantadine.  Significant coupling suggests an important interaction 

between the protein side chain being mutated and the methyl groups.  The 

coupling parameter, Ω, can be converted to a free energy by the equation ∆∆G° = 

−RTln(Ω).  We consider meaningful interactions to have values of Ω ≥ 3 (or ≤ ⅓), 

corresponding to |∆∆G°| > 0.6 kcal/mol. 

 

 
 

Figure 3.9.  Examples of mutant-cycle analysis.  (A) The GluN1(N616Q) mutation 
showed no coupling at all to the methyl groups of memantine, producing  Ω ≈ 1 
and ∆∆G° ≈ 0 kcal/mol.  (B) The GluN1(A645L) mutation strongly coupled to the 
methyl groups as shown by the substantial coupling energy ∆∆G°. 

 

Memantine and amantadine show similar responses to the GluN1(N616Q) 

and GluN1(N616D) mutations, indicating that the two drugs block the channel at 

the same general location and with the same orientation (Figure 3.4).  Stated 

differently, these two mutations, which are thought to probe the ammonium 

group binding site, show no significant coupling to the memantine/amantadine 

pair (∆∆G° < 0.4) (Table 3.3), which is a probe of methyl group binding. 

Therefore, comparison of the IC50 shifts between the two drugs is a valid strategy 

for probing the residues that are interacting with the methyl groups of 

memantine.  
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Table 3.3.  Memantine and amantadine IC50
 ± s.e.m., Ω, and ΔΔG° for wild-type 

and mutant NMDA receptors 

NMDA Receptor Memantine IC50  Amantadine IC50  Ωa ΔΔG° b 

 μM n  μM n    

Wild type  0.54 ± 0.03 18  41 ± 5.6 6    

GluN1 Mutants             

N616Q 5.9 ± 0.5 6  490 ± 73 10  1.1 −0.06 

N616D 14 ± 1.3 7  590 ± 21 5  0.55 0.35 

V644T 0.26 ± 0.06 13  44 ± 15 13  2.2 −0.48 

V644L 0.26 ± 0.09 15  26 ± 6.5 11  1.3 −0.17 

V644N 12 ± 3.2 7  150 ± 27 8  0.16 1.1 

A645V 0.60 ± 0.06 9  21 ± 0.8 14  0.46 0.47 

A645L 4.8 ± 0.4 9  53 ± 4.4 9  0.15 1.1 

A645N 240 ± 16 11  1000 ± 68 11  0.06 1.7 

V656N 2.4 ± 0.2 8  94 ± 14 7  0.53 0.38 

GluN2B Mutants             

N615D 1.3 ± 0.3 7  300 ± 17 9  3.1 −0.67 

N616D 1.0 ± 0.1 6  56 ± 5.3 10  0.74 0.18 

A639N 3.6 ± 0.4 10  140 ± 26 11  0.51 0.39 

V640N 0.29 ± 0.03 11  12 ± 2.6 8  0.55 0.35 

L643N 34 ± 2.7 10  750 ± 130 13  0.29 0.73 
A644V 0.41 ± 0.05 14  10. ± 0.7 11  0.33 0.66 
A644L 0.29 ± 0.07 12  3.6 ± 0.4 12  0.17 1.0 
A644N 90 ± 2.0 9  340 ± 29 10  0.05 1.8 
a Ω = [(wild-type memantine IC50)*(mutant amantadine IC50)]/[wild-type amantadine IC50)/ 
(mutant memantine IC50)].   
b ΔΔG° = RTln(Ω) where R = 1.987 kcalmol-1K-1 and T = 298 K. 

 

The Asp mutation at GluN2B-N615, the residue that is considered to align 

with GluN1-N616, is the only mutation that affects amantadine binding more 

than memantine.  This observation suggests an asymmetry in the region of the 
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ammonium group binding site such that the GluN1 subunit plays a more 

important role in memantine block, in agreement with previous proposals (12, 31).   

In GluN1, the V644N and A645N mutations, which displayed a large 

reduction in the methyl group effect from the wild type (Figure 3.5), produced a 

substantial ∆∆G° of 1.1 kcal/mol and 1.7 kcal/mol, respectively, (Table 3.3).  A 

strong interaction between the side chain of the residue A645 and the methyl 

groups of memantine is indicated here, and the location of this residue relative to 

the residue GluN1-N616 on our homology model supports this finding (Figure 

3.2).  This is in an agreement with a previous study based on the SCAM showing 

that in the GluN1/GluN3 receptor, GluN1-A645 in the TM3 of the 

GluN1/GluN3 receptor is in a close proximity to the GluN1-N616 site (41).  In 

contrary, the mutation V656N only produced a negligible ∆∆G° of 0.38 kcal/mol, 

suggesting that the effect of this mutation was not specific to the methyl groups 

on memantine.   

 The A645L mutation in GluN1, which had a significant impact on 

memantine IC50 but not amantadine IC50 (Figure 3.6), resulted in a significant 

∆∆G° of 1.1 kcal/mol (Table 3.3).  Since Leu and Ala are both hydrophobic, this 

could be considered a steric effect.  When the methyl groups of memantine are 

present, a significant steric clash occurs when Ala is mutated to Leu.  With 

amantadine, however, essentially no effect is seen.  The lesser impact of the Val 

mutation, with ∆∆G° of 0.47 kcal/mol, is consistent with this analysis.  Leu can 

be considered to be isosteric to Asn, and so the additional perturbation for the 

Asn mutation (∆∆G° 1.7 kcal/mol) relative to Leu (∆∆G° 1.1 kcal/mol) can be 
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considered a polarity effect.  Both results are consistent with the notion that 

GluN1-A645 contributes to a hydrophobic binding pocket for the methyl groups 

on memantine. 

To probe for contributions to a methyl group binding site by GluN2B, we 

considered the aligning residues, L643 and A644, as well as the residues A639 

and V640 in order to address the possibility of the offset in the TM3 regions 

between the two subunits (Figure 3.2).  Both A639N and V640N mutations 

resulted in a small perturbation to memantine and amantadine affinities and a 

negligible ∆∆G° value, whereas the L643N and A644N mutations produced a 

considerable effect.  While GluN2B(L643N) showed a modest differentiation 

between memantine and amantadine and a ∆∆G° value of 0.73 kcal/mole, 

GluN2B(A644N) produced a large ∆∆G° value of 1.8 kcal/mol, comparable to 

what is seen with the GluN1(A645N) mutation.  These data suggest that the 

offset in the TM3 region between GluN1 and GluN2B is minimal, consistent with 

a study of felbamate, an anticonvulsant drug that is structurally dissimilar to the 

antagonists studied here (42).  

Mutating the residue GluN2B-A644 to Leu and Val produced the trend in 

∆∆G° values that is very much parallel to that seen for the mutations at GluN1-

A645.  The large, polar residue Asn has the greatest effect; the isosteric but 

hydrophobic residue Leu has a smaller but still significant effect; the smaller 

hydrophobic residue Val has a small/negligible effect.   

Overall, these results support a model in which the two residues — 

GluN1-A645 and GluN2-A644 — play similar roles in shaping the memantine 
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methyl binding site.  However, there is an intriguing distinction between the two 

sites: the A645L mutation on GluN1 increases memantine IC50 and leaves 

amantadine IC50 unchanged (Figure 3.6), while the opposite is seen for the A644L 

mutation on GluN2B which shows no change in memantine IC50 and a lower 

amantadine IC50 than the wild type (Figure 3.8). 

We have identified the hydrophobic binding pockets for the two methyl 

groups on memantine, which are located on the TM3 helices of the NMDA 

receptor and are formed by the residues A645 and A644 of GluN1 and GluN2B, 

respectively.  Because these alanine residues are conserved in all the GluN2 

subunits (GluN2A/B/C/D), it is possible that the methyl group binding pockets 

are the same for other GluN1/GluN2 receptor subtypes.  These alanine residues 

are located immediately upstream to the SYTANLAAF motif, which has been 

implicated to play a crucial role in gating of the NMDA receptor (43–45).   

Although we performed our experiments in a Mg2+-free environment, it is 

worth noting that a decrease in the potencies of both memantine and amantadine 

has been reported in the presence of physiological concentrations of Mg2+ (46, 

47).  This observation suggests a competitive behavior between memantine and 

Mg2+, consistent with the notion that they share a common blocking location at 

the tip of the pore loop.  The implication is that the primary binding site of 

memantine, including the methyl group binding pockets, possibly remains 

unchanged in the system with Mg2+. 

The two methyl groups on memantine are crucial for NMDA receptor 

blockade, increasing memantine affinity to the open NMDA receptor channel 
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and making it a much better neuroprotective drug than amantadine.  We found 

that the molecule TMAm, which bears an additional methyl group compared to 

memantine, is also an antagonist to the NMDA receptor with an affinity between 

those of memantine and amantadine (Table 3.2).  However, the TMAm block 

exhibited less sensitivity to the Asn mutations at GluN1-A645 or GluN2-A644 

and was totally insensitive to the mutations GluN1(N616Q), GluN2(N615D), and 

GluN2(N616D) in the pore loop (Table 3.2).  Altogether, our results suggest that 

the additional methyl group on TMAm prevents it from binding the receptor at 

the same location or orientation as memantine and amantadine.   

In summary, our results indicate that the primary binding interaction of 

the methyl groups of memantine is formed by GluN1-A645 and GluN2-A644.   

Mutation at these residues had a significantly larger effect on memantine block 

compared to amantadine block.  When coupled with the interaction between the 

ammonium group and GluN1-N616, a fairly precise model of memantine 

binding can be produced.  Furthermore, the study of TMAm reveals that the 

special property of memantine as an NMDA receptor blocker stems not only 

from the presence of the additional hydrophobicity gained from the two methyl 

groups on the amantadine core but also a proper shape-matching to the binding 

site.  Our findings provide further insight into the chemical-scale interaction 

between the NMDA receptor and memantine, hopefully contributing to efforts to 

understand the drug’s high clinical potential and accelerate the development of 

other therapeutic NMDA receptor antagonists.   
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3.4 Materials and Methods 

NMDAR Clones and Mutagenesis 

 The rat GluN1-1a and rat GluN2B cDNA clones were in pAMV vector.  

Mutant GluN1 and GluN2B subunits were prepared by site-directed 

mutagenesis using the standard Stratagene QuikChange protocol and verified 

through sequencing.  All cDNA was linearized with NotI, and mRNA was 

synthesized by in vitro runoff transcription using the T7 mMESSAGE 

mMACHINE kit (Ambion).   

 

Oocyte Expression 

 Stage V–VI Xenopus laevis oocytes (Nasco) were injected with 4–75 ng of 

mRNA in a total volume of 50 nL per oocyte.  For some mutant receptors, second 

injection was necessary to attain sufficient current size, which was given 24 

hours after the first injection.  Oocytes were incubated in ND96+ solution for 18 

hours to 4 days after initial injection to achieve the optimal current size for the 

experiments.   

 

Electrophysiological Recordings 

 Amantadine was purchased from Aldrich, memantine from Tocris 

Bioscience.  Amantadine was stored as 1M stock solution and memantine as 100 

mM stock solution in Millipore water at −80 °C.  Glycine and L-glutamic acid 
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hydrochloride were purchased from Aldrich and were stored at −80 °C as 1M 

and 100 mM in Millipore water, respectively. 

Macroscopic current recordings were made in two-electrode voltage-

clamp mode using the OpusXpress 6000A (Molecular Devices).  Voltage-sensing 

electrodes had a resistance of 0.3–10 MΩ, and current-injecting electrodes, 0.3–3 

MΩ; all were filled with 3 M KCl.  Oocytes were evaluated in a Mg2+ and Ca2+-

free saline solution (96 mM NaCl, 5 mM HEPES, 2 mM KCl, and 1 mM BaCl2, pH 

7.5).  The receptors were activated in a Mg2+- and Ca2+-free solution containing 10 

μM glycine and 20 μM glutamate.  In the cases of GluN1(A645N) and 

GluN1(V656N) mutations, 10 μM glycine and 4 μM glutamate were used to 

activate the receptors to avoid overly saturated glutamate concentration.   

To measure memantine IC50, the mixture of glutamate and glycine was 

first applied through pump B.  Memantine was then co-applied with the agonists 

for 50 seconds via a pipette tip, and after that, the agonists were applied again for 

80 seconds through pump B.  Then cells were later washed for 3 minutes in the 

Mg2+- and Ca2+-free ND96 solution.  Similar protocol was used with amantadine 

but with different application durations: 35 seconds of the first agonist 

application, 30 seconds of amantadine applications, 45 seconds of the second 

agonist application, and 125 seconds of wash.    

Up to eight oocytes were simultaneously voltage-clamped at −80 mV, and 

dose-response relationships were obtained by delivery of various drug 

concentrations in 1 mL aliquots.   
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Data analyses 

All data were analyzed using the Clampfit 9.0 software (Axon).  To 

determine IC50, the fraction of block current (I/Imax ) was determined for each test 

dose of antagonist, where  I is the agonist-activated current measured in the 

presence of antagonist and Imax is the maximal current response to agonist 

activation.  Then the I/Imax values were averaged for a given antagonist 

concentration, and the averages were fitted to the Hill equation.  To determine 

EC50, dose-response data were normalized to the maximal current (Imax = 1) and 

averaged.  EC50 and Hill coefficient (nH) were determined by fitting averaged, 

normalized dose-response relations to the Hill equation.  All dose-response data 

were obtained from at least 5 cells and at least two batches of oocytes.  Dose 

responses of individual oocytes were also examined and used to determine outliers.   
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3.5 Supplementary Figures 

 

Figure 3.S1.  Memantine IC50, amantadine IC50, and the methyl effect for double 
mutant GluN1(A645L)/2B(A644V) NMDA receptor in comparison with the 
values from the wild-type and the single-mutant receptors 
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