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�a|�r ; w`|=��u ��� ��u ��5 ~ 5�� u ��5�6 sv||�ar ;=> w}u 6 s �
5%� $ ;�� u � | 6�� s ;=6��<; r � 1 � s�r ;�5�>�: sF�a|=r�/ ; r � u j���; s 5 | 6�� y ��: uÙ| 6 � ��6 |R~=uc� ;���� u � sY|���s : u��a|�rtw ; � 5%� w
5%� | � r �<; rts 57�c� � ; r �V: | 57� uÌ|�� � s ;=> u � $ ;�� u � | 6 s : u ;=����5 s 5 | 6 |��0�ar ;=> w}u 6 s �h;=6�� ��|�r 5�6 s�u�r&JÄ�ar ;=> w}u 6 s
5�6 svucr ;�� s 5 | 6�� y1q+�Ós : | ��>�: | � r : u ; ~ � rtuc� 5�;=6�� u�| 6�� rtu�J �´; � �c� � ; s�u �`576 �a|�rvw ; s 5 | 6�:�;�� ~=ucr ���t5�>�6�5 L �´;�6 s
� r ;=� s 5��´; � 5 w � � 57�´; s 5 | 6X� 1 5 s � |�u �h6 |=s ;�= u � s�s : u��a|�rvw ; � 5�� wÞy
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��: u � ��6��<; w`u 6 s ; �g|8$�µtu � sÜ|�� 576 svucrtu � s 5%� s : u ; $ � |�� � s�u � � ;��F�t5��c; ���arvu�u�u 6 ucr >��
F phys

�a|�r ;=6
5 w � � 5��c5 s�� �^� |=�7~ ; s�u � w}|���u �c� �7u=y ��: uÍw}|��7u �c� ��u 5%� s ;=� u 6 sv| � | 6��v5�� s�|��

N
; s�|�w � 1 ;=6��®5 s �+S^J<E3@FD�J�C=i J

� |�|�r ��5�6<; s�u � | 6 L >=� r ; s 5 | 6X�Ù; rvu � u 6 |�s�u � $ �
x = (x1, x2, . . . , x3N−6)

y ��: u � |�s�u 6 s 5�; �hu 6 u�r >��
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Uphys
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�<; r s 5 s 5 | 6 � ��6�� s 5 | 6Ü; shsvucw � u�r ; s � rvu

T = 1/kBβ
~ 5�;

F phys[Uphys] = −kBT ln

{

1
( þ�Ò )3N−3

∫

dx J(x) e−βU
phys(x)

}

,
( m -
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C◦ ≡ 8π2(
þ�Ò

)3N−3Qp/σ
1;/ : ucrtu

Qp =
∏N

i=1(2π mi kBT/h
2)3/2

rvu �v� �Ós � �art|�w s : uYw`|=w`u 6 s � w
5�6 svu > r ; � � 1

h
5%� « � ;=6��V��ÕQ��� | 6�� s ;=6 sU1 ;=6��

σ
5%� s : u�w}|��7u �c� ��u ÕQ����� w`w}u�svr �Þ6·� w^$�ucr�y{�lu 6 |=s�ufs :<; s

| � r �V: | � u 6À� s ;=6��<; r �Ü� | 6�� u 6 svr ; s 5 | 6 ~ ; r 5 u � $ ;�� u � | 6 s : ufw}|���u �c� �7u�( 5 yóu�y�1�$ ;�� u � | 6 s : u 6·� w	$/u�r
;=6�� w ;��F� u � |�� 5 s ��; s�|�w � -71 ;=6��N; � � |Yu�� 5 w 5�6�; s�u � s : u�s�ucw � ucr ; s � rtu � u � u 6�� u 6�� uA|��

Qp

y D |I/{uF~�ucr�1
5�6®; ��w}| � s{u�~�u�r �Þ;��X� � 57�´; s 5 | 6 |�� 5�6 s�u�rvu � sM( � ucu �+5%�t�c�����v5 | 6 1�$�uc�7|~/�-71�s : u ; $ � |=� � svu��arvucuÍu 6 ucr >��Ù�c; ��J
�c� � ; svu �Û: u�rvu � �7s 5 w ; s�uc� � / 5 ���u$�u ��� u � s�|¦u � s 5 w ; s�u ; �artucu�u 6 ucr >��N��5�= ucrvu 6�� u ;=6�� u�� 5 w 5�6�; s�u ;=6!�
; r s 5 � ;�� s ����� uÍs�|

C◦
y

a � r �v576�> ��u7J3w}|���u �c� �7u.�a|�rtw � � ; s 5 | 6 1 ;��¢6 |=svu � 1 ; ���7|I/ � �a|�r�* 5 w � � 5��c5 s � |��7~ ; s 5 | 6 + ���t5�6�>�;=6 u = u � s 5 ~=u
� |=�7~�u 6 s�svucrvw 576

Uphys
s :<; s 5%�]� |=��uc� �Ù; � ��6�� s 5 | 6 |��Òs : u 5�6 svucr 6�; ��w`|=��u ��� � ; r � |�|�r ��5�6<; svu �

x

y ��: u
� rtu � u 6 s �c; � ��� � ; s 5 | 6�� u�w � ��| ��;��t5 w � ��u ��6�5 �a|�rvw ��5 uc��u � svr 5��2� | 6X� s ;�6 s{(

ε = 60
-�yz? 6 | � r �+5%�t�c�����v5 | 6 1

/2u ;���� rvu �F� s : uÏw 5�6 |=r�s�u �V:�6�57�´; � 5��F�v� u �g5�6 ~�|=�7~�u � / 5 s : ���t5�6�>®; w}|�rvuYrtu ; � 5%� s 5��f5 w � � 57�c5 s � |=�7~�u 6 s
w}| � u��Uy
a 6 u 5%���v� u}|�� ��5 w}u 6��t5 | 6�; � 5 s �N5�� /{|�r s : ucw ��:<;��t5%rc576�> yÏq+�Ós : | ��>�: s : u�rvu ; rvu

3N − 6
5�6 s�u�r 6<; �

� |�|�r ��5�6<; s�u � �a|�r ; w}|��7u �c� ��u � | 6��t5%� s 5�6�> |��
N

; sv|�w � 1�s : u 5�6 svu > r ; �/|��zy j yu( m - :<;��'��5 w}u 6X�v5 | 6<; � 5 s �
|�����u 6�> s : s�|¦s : u � |~/2ucr

3N − 3
y ��:�5���5%� $�u �c;=��� u

N − 1
$�| 6�� ��u 6�> s :�� rvu�w ;�5�6Û576 s : uM� � ��� � u�s

|�� 576 svucr 6<; � � |�|=r ��576<; s�u �
x

1#u ;=�V: |��Z/ :�57�V: � | 6 s�r 5 $ � s�u � s : rvu�u � |~/2ucr � |��h��u 6�> s : y « � s ;=6 |�s : u�r
/ ;I� 1<|���s : u �v5 9Iu�9 � � ��� u � r 5�>=5�� J:$/| �X� � � u 6 s�ucr,J3|��5J�w ;��F��� |�|�r ��576<; svu � 1�s : u�s : rvu�u�|�r 5 u 6 s ; s 5 | 6Ù;=6�> ��u �

Ö

Page 10 of 46

John Wiley & Sons, Inc.

Journal of Computational Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

; rtu ��5 w`u 6��v5 | 6 ��u �F��Y w}|�rvu �F� u ��5 L �c; ��� � 1�s : u ;=6�> �7u ��5�6 s�u > r ; s�u�sv|fs : u{� ;=� s�|�r�|��
8π2 5�6�� � ��� u �¦576 s : u

� u�L 6�5 s 5 | 6 |��
C◦

× ÊpØ7ÏIÉ�È�ÏMÊ%Í8ÆqÌFÎ>Æ,Æ�ÆÙÈXÆFÎ�ÏUÐ	Ú,ØIÛºÚÙÜ�Û#ØIÊ5É5ËIÈ

q �h5 �7� ��� s�r ; s�u �Þ576 s : uÌu�9 ; w � ��ug|��®E�u � y;?�?�x�1¦/2uM/ 5 ��� �c; � ��� � ; svuÍs : u��arvu�ufu 6 ucr >��Þ5�6Ü;�� ucr 5 u � |��
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� |=rvrvu �F� | 6���576�> s�|

k
5�6 s�u�rvw}u ��5�; s�u+w`| � uc� � 1

F phys =
(

F phys − Fk
)

+ (Fk − Fk−1) + · · ·+
(

F1 − F ref
)

+ F ref ( � -

= ∆Fk→phys + ∆Fk + · · ·+ ∆F1 + F ref ,
(Ä�8-

/ : u�rvu
∆Fj = Fj − Fj−1

;=6��
Fj[Uj]

5���� u�L 6 u � 5�6 ;�6<; ��| >�� s�| y j y]( m -��a|�rAs : u 5�6 s�u�rvw}u ��5�; s�u
w}| � u�� �'� u�L 6 u � $ �

Uj
y ��: u

Uj
� |=s�u 6 s 5�; � � / 5 ����$�u �F� u ��5 L<u � $�uc�7|~/gy

q+�7�2�artucuÙu 6 ucr >�� ��5�= ucrtu 6�� u �´; � �c� � ; s 5 | 6�� / 5 ���2$/u � ucr&�a|�rvw}u � : u�rvu ���v576�> s : uA* � u�rts � rF$ ; s 5 | 6 +
�a|�rtw � � ; s 5 | 6 y�V e y09 � � 5���5 s�� � 1��a|�r's>/{| ; r�$ 5 svr ; r �O� |=s�u 6 s 5�; �/u 6 u�r >�� � ��6�� s 5 | 6��

Ua
;=6��

Ub
1<| 6 u :<;��

∆Fa→b = Fb[Ub] − Fa[Ua] = −kBT ln 〈exp [−β (Ub − Ua)]〉a
( ¹ -

' −kBT ln

{

1

Na

Na
∑

i=1

exp [−β (Ub(xi) − Ua(xi))]

}

( ¿ -

/ : u�rvu#s : u �t� $ �v� r 5�� s
a

� u 6 |=s�u �¢;=6Ì; ~=ucr ;=> u � u�r��a|�rtw`u � |�~=ucr � | 6 L >�� r ; s 5 | 6�����5�� svr 5 $ � s�u �f;��c� |=r ��576�>
s�|gs : u

Ua
u 6�� ucw^$���u ;�6��

Na

5%� s : u 6·� w^$�ucr�|�� � | 6 L >�� r ; s 5 | 6���576 s :�; s�u 6�� ucw^$��7u=yxy j y�( ¿ - 5%����� u �
s�|�u � s 5 w ; svuÛs : uÀ�artucu�u 6 u�r >��à��5�= u�rvu 6�� u � rtu j·��5 rtu � 5�6 y j yM(d�8-�1 ;=6���5 s 5%� u79 ;�� s 5�6 s : u�� 5 w 5 s

Na → ∞
y

��uYucw ��:<;��t5%r u�s :<; s �t���c� ucu ��5�6�>Þ5�6 svucrvw}u ��5�; svu �Í; rtu � | 6X� s�r ��� svu � s�| :<; ~�u � rt| > rvu �F�t5 ~�u�� �N6<; r&J
rv|I/2ucr ��5%� s�r 5 $ � s 5 | 6��Ï;�� w}|�rvu 576 s�ucr ;=� s 5 | 6X�`; rvu ;=��� u � 1 ;��}5�6 s : u ; � ;=6�5�6 u ��5%� u � s 5�� u®u79 ; w � �7u=y
? 6 |�s : u�r�/2|�r ��� 1¸/2uÞu 6��t� rvu > |�| � |R~�ucrt� ;���;=6�� rvu�� 5�; $���u

∆F
u � s 5 w ; s�u � $ ��� rt| � ucu ��5�6�>�5�6 s : u

> u 6 ucr ; � 5�r u � * 5�6�� ucrts 5 | 6 + ��5 rvu � s 5 | 6 yQV h�� `,�
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$ � uc� 5 w 5�6<; s 5�6�> 1 ����� � 5��c; s 576�> 1 ;=6�� ��|�r ;=� µ ��� s 576�> s : u�/{u 5�>�: s � |�� � | 6 L >�� r ; s 5 | 6��g5�6 s : u}|�r 57>�5�6�; �
��5�� s�r 5 $ � s 5 | 6 y V,t ? 6 | � r �c;�� u�1{/2u � r 5 w ; r 5 � � �X� u�uc� 5 w 576<; s 5 | 6 |�� � | 6 L >�� r ; s 5 | 6�� �arv|=w ; � ; r > ucr
u 6X� ucw	$���u (au=y > y�1 ; ��� � |�w^$ 576<; s 5 | 6�� |��Z�ar ;�> w`u 6 s � q ;=6�� x�-gs�| � rvu ; s�u ;�� w ; ���7ucrg| 6 uÀ(Hu=y > y�1°s : u
5�6 svucr ;�� s 576�> q�J3x9u 6�� u�w^$��7uI- Y /2u � | 6 |�s ;�� µ ��� s�/2u 57>�: s � y zÜ|�rtu ��� u �c5 L �c5�; ��� � 1#s�| rvu ��; w � �7u ;=6
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ẑi =

∫

dxi Ji(xi) e
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~ ; � � u � rvu�[<u � s�s : u�� � ��� a�« v E4J�q+q÷�a|�r � u�L�uc� � V>¬ ;���5 w � �7ucw}u 6 s�u �Ù5�6|��5�6�� ucr�yQ`Ù"

� � � £%¤4¥;±5¥;¢�¡�±�²q¢_²;©�±�¡�¢�ò;§�±5¥¦ë|©��� B¡�±��q¢�Ã�¢�¥X©�ÂiÃ�¤!ë'ªT¢�¥X©7¤8©�±% '¥;§

x{u �´;=��� u�|���s : u � |�w � ��u79 5 s � |���s : u��ar ;=> w}u 6 s ; s 5 | 6�� rt| � u ��� rtu ;=6�� s : u�� ;=�V� |���rvu��au�rvu 6�� u � s ;=6 J
�<; r ��� �a|�r ; $ � |=� � svu]�artucuhu 6 u�r >�� ~ ; � � u � 14/2u�/ ;=6 s�u � s�|Ìu 6X�v� rtu+| � r � | � u]/ ;��{576 svrv| ������5�6�>g6 | ; rts 5 J

m �
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� ;=� s � y0��u�/2ucrvu ��; rts 5��c� � ; rt� �Y� | 6�� u�r 6 u �N; $/| � s{s : u 5�6 s�u�r ;=� s 5�6�>A��� w}w �I; s�|=w � / :�5��V:Ù576 svrv| ����� u
*3svucw � |=r ; r � ++u 6 ucr >�� s�ucrtw � 1�s :�; shw ��� s�$�u � |�rtrvu � s�u � �a|�r � rv| � ucrt� �®; s�uF~�u�r �Þ� |�w	$ 5�6<; s 5 | 6O� s ;=> u=y
��u�L 6��l> |�| ��;=> rvucu�w`u 6 sM$�u�s>/2ucu 6 �arvu�u}u 6 ucr >�� u � s 5 w ; svu � $ ;�� u � | 6 s>/2|�J ;=6�� s : rtucu�JÄ�ar ;=> w`u 6 s
� u � |�w � | �v5 s 5 | 6X� y

� × ÊpØUÈ'ã~ØUÎ>ã��xÊ%Í�Î>Æ,Æ��QÌFÎ:Ø7ÏIß�ÆÙÈ�Ê3ã_Æ>Ú&ËUß2à8Ë�Þ�É5Ê5É�ËUÈ

? 6 | � r � s ;=6��<; r � � u � |�w � | �t5 s 5 | 6 �a|�rÏs : u � rvu � u 6 s � s ���'� 1�/2u � u �<; r ; s�u � u � s 5�� u ;=6�� ; w 5�6 |
;=��5��Þ> rv| �X��� y�­<|�r ; � ;�6�5�6 u ��5%� u � s 5�� u�(Hq � -�1<s : u 6 1Çs : uÌs : rtucu � s ;�6��<; r � �ar ;�> w`u 6 s ��; rvuÌq � u�1/q�� ; 1
;=6��TG w`u�1 ;=6�� s : u � |�rvrtu �F� | 6���5�6�>�� s ;=> u � �a|=r's : u��arvu�ugu 6 u�r >��Ù�c; � ��� � ; s 5 | 6Ù; rvu >=5 ~�u 6Ü576 y j y.( Ö -Fy
o�u �´; ��� 576�> | � r � | 6 ~�u 6 s 5 | 6 s :�; s

F ref ≡ 0
1/s : u	�artucu�u 6 ucr >�� svucrtw � �art|�w¶y j y®(Ä�8- �´;=6 $�u	/�r 5 svs�u 6

;��
F ref ≡ 0

∆F1 = FAce + FAla + FNme

∆F2 = ∆FAce→Ala

∆F3 = ∆FAla→Nme

∆F3→phys = ∆Fnonbonded .

( m � -

/ : u�rvu
Fy

5%� s : u ; $ � |�� � s�u¯�arvucuYu 6 ucr >�� ( 5�6�� � ����5�6�>`��� w}w �Ü; s�|�w � -Z�a|�r{�ar ;=> w}u 6 s
y

;=6��
∆Fx→y

5�6���5��c; s�u � s : u��artucu+u 6 ucr >��`�V:<;=6�> u�|�� � |=w^$ 5�6�5�6�> �ar ;=> w`u 6 s �
x

;�6��
y
(p/ :�5��V:¦576�� � ��� u �2; �7�¦$�| 6�� u �

;=6���6 | 6 J>$�| 6�� u � s�u�rvw � 1 ;�� /{u���� ;�� s : u � |=rvrvu � s 5 | 6 |�� ��� w`w � s�u�rvw � -FyC­ 576<; ��� � 1
∆Fnonbonded

� u 6 |=s�u � s : uZ�arvu�uhu 6 ucr >��Ï�V:<;=6�> u 5�6Ï> | 576�> �arv|�w ;=6 u 6�� ucw^$��7uZ/ : ucrtu � u j·� u 6 s 5�; �7� �^� u �<; r ; svu � �ar ;=> J
w}u 6 s ��� | 6 |=s 5�6 s�u�r ;=� s�sv| ; � � �7� ��576 s�ucr ;=� s 5�6�> u 6X� ucw	$���uM( 576 s :�5%���c;�� u�1�s : u�q � u�J G w}u 576 svucr ;=� s 5 | 6��
; rtu ;���� u � -Fy

m�¹
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q �Þ;=6 ; �Ós�u�r 6<; s 5 ~=u � u � |�w � | �t5 s 5 | 6 1]/{u ��� u � q � u�J�q+� ; ;�� | 6 u �ar ;=> w}u 6 s ;=6��æG w}u ;�� s : u
|=s : ucr�y¯?3w � |�rts ;=6 s�� � 1/s : uYq � u7J3q+� ; � 5 $�r ; r �Ü;=6�� ; $ � |�� � s�u	�artucuYu 6 ucr >�� /2ucrtu J*K0E+> u 6 ucr ; s�u � �art|�w
;`� |�w^$ 576<; s 5 | 6 |��°s : ugs>/{| � w ; ���7ucr�� 5 $�r ; r 5 u � 1X$ � s 5�6�� s�u ;�� �arv|=w ;}> rt| ��6�� J ���Ü�´; � �c� � ; s 5 | 6 $ ;�� u �
| 6®5�6�� u � u 6�� u 6 s � |�|=r ��576<; s�u ��;���� u �t� r 5 $�u �Þ5�6 s : ufzÜuFs : | ���]� u � s 5 | 6 y
? 6 s :�5����´;�� u�1�s : u 6 1�s : u��arvucugu 6 ucr >�� s�u�rvw � �arv|�wùy j yq(Ä��-¸$/u � |�w}u

F ref ≡ 0

∆F1 = FAce−Ala + FNme

∆F1→phys = ∆FAce−Ala→Nme ,

( m �8-

/ : u�rvu 5 s 5��Ò6 |�s ; $��7u�s :<; s 5�6 s : u2s>/2|�JÄ�ar ;=> w}u 6 s �´;�� u�1 C=i^i<576 svucr ;=� s 5 | 6��Ò; rtu 5�6�� � ��� u �f5�6 s : u'� 5 $�r ; r 5 u �
;=6��Þ5�6 svucr ;�� s 5 | 6 s ; $���u � y®? 6 |=s : u�rZ/{|�r ��� 1 6 |`u 6 ucr >��Ù�´; ��� ��; s ; ��� ; rvu 6 u�u � u � y

� ËUß2à8ØUÎFÉ�ÞÙËUÈOË:ÌuÌ�Î,Æ,Æ�ÆFÈ�ÆFÎ5ÏIÉ�Æ�Þ

��: u�rvu 5%� u �F� u 6 s 5�; ��� �À� ucr��au � s ;=> rtucucw}u 6 sM$/uFs>/{u�u 6 �artucu}u 6 u�r >�5 u � u � s 5 w ; s�uY~ 5�; s : u}s>/2| 576�� u�J
� u 6�� u 6 s � u � |=w � | �v5 s 5 | 6�� 1�/ :�5��V:T� rt|�~ 57� u ��; rvu ;��F�t� r 576�>Ï�V: u �V� | 6 | � r � |�w ��� svucr � rt| > r ; wÜy ��: u
� � �7��rvu �t� �7s �¦; rtu >�5 ~�u 6 5�6C�°; $���uT?Vy G |=s ; $�� � 12s : uÜs>/2|�J:�ar ;=> w}u 6 s � u � |�w � | �t5 s 5 | 6 :<;��I;�:�57>�: ucr
~ ; r 5�;=6�� u�1}/ :�5��V:B� rv|�$ ; $�� � rvu �v� �Ós � �art|�w ;}� u � rvu ;�� u � * � rvu �c5��v5 | 6 + 576 s : u � rvu�J > u 6 ucr ; s�u � q � u�J�q+� ;
u 6X� ucw	$���u�y3? 6 s : u � |�w � | �v5 svu � rtu�J > u 6 u�r ; svu � q � u7J3q+� ; u 6�� ucw^$��7u�1�s : u�/ : |��7u � | 6 L >�� r ; s 5 | 6W�F�<;=� u
5%� rtu � rtu � u 6 s�u � $ �

104 � | 6 L >�� r ; s 5 | 6�� 1X/ : ucrtu ;�� / : u 6 q � u ;=6�� q�� ; �art|�w � u �<; r ; s�u
104
J3w}ucw^$�ucr

� 5 $�r ; r 5 u �'; rtu � |�w^$ 5�6 u � 1�s : ucrvu 5���; w ���V:Ü� u 6�� u�r � |R~�ucr ;=> uÌ|�� � | 6 L >�� r ; s 5 | 6W�F�<;=� u=y

m ¿
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�®äÙÜ�É%Û�ÉpâFÎFÉ�Ü�ß�ÆFÈ4Þ�ÆFß¯âFÛlÆ{Ú,ËUß2à8ØUÎ,Æ>ã
ÊpË¯ÞFÊpØIÈ'ã~ØUÎ>ã�ÞFÉ�ß�Ü�ÛºØ~Ê5É5ËUÈ

a � rx�arvucuhu 6 ucr >��`� |�w ��� s ; s 5 | 6A� rt| ����� u �';=6 u j·��5 � 5 $�r 5�� w u 6�� ucw^$���u�s : rv| ��>�: rtu � u ; svu � rtu �v; w�J
� � 5�6�>¯� rv| � u ��� rtu ��; s2u ;=�V:W� s ;=> u�1 ;�� u�9 � � ;=5�6 u �¦576 s : uÍzÜuFs : | ����� u � s 5 | 6 (ÄE�u � yX?�?'Ó!-Fy#q �{; � � r s : u�r
�V: u �V� | 6 | � r �<; s ; 18/2u � |�w �<; rtu{s : u�u j·��5 � 5 $�r 5�� w u 6X� ucw	$���u ��> u 6 u�r ; svu � �arv|�w | � r0�ar ;=> w}u 6 s � |=w�J
$ 576<; s 5 | 6W� rt| � u ��� rtuÌsv|Ys : | � u � rv| ����� u � $ � ��| 6�>�v\;=6�> uF~ 576B�t5 w � � ; s 5 | 6��2� u�r��a|�rtw`u �Ü576|��5�6�� ucrcyç`Ù"
��: ufrvu �t� �7s � 1 �v: |I/ 6�5�6 ­ 5�> y � ( ; -71 5�6���57�´; svuÌs :<; s�| � r � |�w ��� s ; s 5 | 6Þ5%�h5�6�� u�u �n� rv| �����c576�>I� |�rvrtu � s
u j·��5 � 5 $�r 57� w�u 6X� ucw	$���u � y ��: u > r ;���:	�v: |I/ � s : u � | ��� � ; s 5 | 6�� |�� ��5�= ucrtu 6 s1rtu >�5 | 6�� |�� � | 6 L >�� r ; s 5 | 6
�F��;=� u�1z/ :�5��V: / ;��f��5 ~ 57� u �����l���t5�6�>N;�� |�rt| 6 | 5x� rt| � u ��� rvuIu79 � � ;=576 u �l; $�|�~=uÀ(dE�u � y.?�?'Ô¯-�y ��: u
; � ;=6�5�6 u ��5%� u � s 5�� uÍu j·��5 � 5 $�r 5�� w ��5�� s�r 5 $ � s 5 | 6 / ;���> u 6 ucr ; s�u � �art|�w s : uÌs : rvu�u�JÄ�ar ;=> w}u 6 s � rt|=s�| � |=�Ä1
;=6�� s : u þ

µ
� u � y v\;=6�> u�~ 5�6W�t5 w � � ; s 5 | 6 ( m � × � � 6�� u � -¸/ ;���� ucr��a|=rvw}u �Ù5�6���5�6�� ucr ���t5�6�>Ï; �ar 5�� s 5 | 6

� | 6�� s ;=6 s�|�� þ � y � ��� −1 ; s
T = 298K

y

°	� 
�±�ê&¤4£%¤4¥;±5¥;¢

¾ �t5�6�> s : u ��; w`u�� 5 $�r ; r 5 u �1;�� �a|�r°s : u ; � ;=6�576 u{w}| 6 |=w`u�r ; $�|R~�u�1!/2u 6 |I/ �´; � �c� � ; svu2s : u ; $ � |�� � s�u
� | 6 L >�� r ; s 5 | 6<; �´�arvu�uYu 6 u�r >�� �a|�r+s : u ��5 J ; � ;�6�5�6 u � u � s 5�� u|(aq � u7J�(Hq�� ; -

2

J G w`uU-Fy ��: u � s ;=>�576�>¦��� u �
5%�2� u �t� r 5 $�u �®5�6 y j y´( þ � -�14/ :�57�V:Þ� |�rvrtu ��� | 6���� s�|As : u{�a|��7��|I/ 5�6�> �arvu�u�u 6 ucr >�� s�u�rvw � �a|�r ��� u 576 y j y
(Ä��-�6

F ref ≡ 0

∆F1 = FAce + 2 · FAla + FNme

∆F2 = ∆FAce→Ala

∆F3 = ∆FAla→Ala

∆F4 = ∆FAla→Nme

∆F4→phys = ∆Fnonbonded .

( m�¹ -

m ¼
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?�s 5��'5 w � |=rts ;�6 s2s�| 6 |�s�u+s :<; s
∆FAla→Ala

�a|�r ��5 J ; � ;=6�576 u ��5�= ucr �'5�6O� r 5�6��c5%� ��u��art|�w9s : u�svucrvwK/ 5 s :
s : u �v; w`u 6<; w`u 5�6 y j y�( m � -M�a|�r ; � ;=6�576 u�J ��5%� u � s 5�� u�$/u �´;=��� uÞs : u � r 5 |�rYu 6�� ucw^$���u 5%�Ï��5�= ucrtu 6 s´y
��:�5���� | 576 sZ/ ;�� u�9 � � ;=5�6 u �®5�6 E�u � y�?F? D y D |I/2u�~�u�r�1 5�6|� r ;=� s 5�� u�1�s : u ��5�= u�rvu 6�� u ; w}| 6�> s : uÌs : rvu�u
����� s�ucw �h5%��6 |=s � s ; s 5%� s 5��c; ��� ���v5�>=6�5 L �c;=6 s´y
��: u	�artucu�u 6 ucr >�� ~ ; � � u ��; rtu�| 6�� u ;=>�;=576N�c; � ��� � ; svu � / 5 s :N:�5�>�:B� rvu �c5��v5 | 6 6Z[ ��� s �<; s 5 | 6��+; rvu ;

�ar ;�� s 5 | 6 |��\| 6 u ���´; �5��w`|=��u=y ��: u �<; s ; �a|�r ; �����arvu�u�u 6 ucr >�� svucrvw �{5��{>�5 ~�u 6W�°; $���u{?�?�1'/ : u�rvu�/2u � u�u
;|�v5�>=6�5 L �c;=6 s �V:<;=6�> u 576 s : u

∆Fnonbonded

s�u�rvwT1\rvu�[�u � s 5�6�> s : u 576�� rtu ;�� u ��6�� w^$/u�rg|�� ; sts�r ;=� s 5 ~�u
5�6 svucr ;�� s 5 | 6���576 s :�5%� � ; r > ucr'w}|���u �c� �7u�( � |�w �<; rvu � s�| ; � ;�6�5�6 u ��5%� u � s 5�� uU-Fy
E 5 w 5 � ; rt� � 1hs : u ;=> rvu�ucw}u 6 s ; w}| 6�> $ 5�6@� | ��� � ; s 5 | 6�� �a|�r ��5 J ; � ;=6�576 u 5�6 ­ 57> y � (i$}- 5%�Ü> |�| � 1

/ :�57�V:B� rt|R~ 57� u �h;=6®576�� u � u 6�� u 6 s�rvu ;�� | 6 �a|�r :<; ~ 5�6�>Ï� | 6 L � u 6�� u 5�6 s : u��arvu�uÌu 6 ucr >�� rvu �v� �Ós � y ��: u
v\;=6�> uF~ 5�6��t5 w � � ; s 5 | 6 �a|�r ��5 J ; � ;�6�5�6 u�/ ;���� ucr&�a|�rvw}u � / 5 s : u�9 ;=� s�� � s : u �v; w`u �<; r ; w}u�s�u�r �+;�� �a|�r
; � ;=6�5�6 u�J ��5%� u � s 5�� u�y

��� �.¢~©7Ã�¤�ê&¤4£%¤4¥;±5¥;¢

a � r�rtu �v� �7s �Ï; rvuÙ|�� :�57>�:g� rtu �c5��v5 | 6 (
∼ 0.1

���´; �5��w`|=��u � s ;=6��<; r � � uF~ 5�; s 5 | 6 -gu�~=u 6 �a|�rAs�uFs�r ; J
; � ;=6�5�6 u=y ��: u � s ;�>�5�6�> �a|��7��|I/ � | � r � s ;�6��<; r �n� rv| � u ��� rtu�1;/ 5 s : s : uÌ| 6 � �|�v� $�sv��uFs �Ü576 s : u � rtu � u 6 s
�´;�� u 5%� s :<; s2s : u ;�����5 s 5 | 6 |��¢u�~=ucr � q+� ; rvu �v5���� u 5%�'��5�= ucrvu 6 sU1X$�u �c;=��� u�s : u�* > rv|I/ 5�6�> +hu 6�� ucw^$���u 5%�
��5�= u�rvu 6 s 5�6 uF~�u�r �Û�c;�� u�y ��:·��� /2u � | 6��v57� ucrhs : u¯L<r � s ; � ;�6�5�6 uA(aq+� ; þ - � u �<; r ; svuM�arv|=w s : u � u � | 6��
(Hq�� ; m -�1 ;�6��B� |`| 6 y

m�Ö
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F ref ≡ 0

∆F1 = FAce + 4 · FAla + FNme

∆F2 = ∆FAce→Ala1

∆F3 = ∆FAla1→Ala2

∆F4 = ∆FAla2→Ala3

∆F5 = ∆FAla3→Ala4

∆F6 = ∆FAla4→Nme

∆F6→phys = ∆Fnonbonded .

( m ¿ -

a � r �<; s ; �a|�rÏu ;=�V: |��hs : u � u®s�ucrtw �Ï5��Y>�5 ~=u 6�5�6w�°; $���uW?�?Vy�q��7s : | ��>�: s : u ��5�= ucrtu 6 s ; � ;=6�5�6 u
;=����5 s 5 | 6��+; rvu
$ ;�� u � | 6 ��5�= u�rvu 6 s�u 6�� ucw^$��7u � 1\s : uYrvu �v� �Ós ���t: |I/ s : u ��; rvu � s ; s 5�� s 5��´; ��� �®576���5�� s 576 J
>���5��v:<; $���u 5�6 s :�5��f�c;�� u�y D |I/2u�~=ucr�1#s : u�* 6 | 6 J:$/| 6�� u � +Ïsvucrtw

∆Fnonbonded

;�>�;=5�6�5%�M�v57>�6�5 L �´;=6 s�� �
��5�= u�rvu 6 s]�arv|=w s : u � rvu�~ 5 | ��� w`|=��u ��� ��u � 1 ;�� u�9 � u � svu � y
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(a) Alanine dipeptide
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(b) Di-alanine
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(C)  Tetra-alanine

+*Äj¿R¼�§
�h¡� 

� m

Page 43 of 46

John Wiley & Sons, Inc.

Journal of Computational Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

�.¤!ó�£%¢_§

0�»Ó�c¾�Äj¾·�h��ÄjÃ���Ã��3ÄÅ���'½�§
�V����¾·��§3¿RÀ��
��§3Ëg¹#½�§
º´Ë Ú\È=¹�ÎÇ�^©)F�«#�c¾·�Þ�^©6G�«
¶ ¤�§
�V�m+�§ �c¿RËg��¾0�
¹ ¶ ÑÒº�+·§ �c¿RËg��¾0�
¹

¶ ��§3Ë Ú\¹3�3ÄjËÌ�c�
��� Ý�¨��c»���Ëgº´»~� ¶ ��§3Ë9Ú¢¹3�3ÄjËÌ�c�
��� Ý�¨��c»���Ëgº´»~�

FAce
4 F·Î�N�JR¡��^£�Î £R£R¡�«

FAce−Ala
F"N=Î ¡ 464 �^£�Î £R©XNR«

FAla

¡R¡�Î ¡R©65��^£�Î £ 4 G�«
FNme

4 5�Î�GXN	F��^£�Î £R£R¡�«

FNme
4 5�Î�GXN	F��^£�Î £R£R¡�«

∆FAce−Ala→Nme −
£�Î�N´ªR©��^£�Î £R£R©�«

∆FAce→Ala −
£�Î�JR£ 4 �^£�Î £R£R©�«

∆FAla→Nme −
£�Î F0ªRª��^£�Î £R£XNR«

∆Fnonbonded −
£�Î ©6J6G��^£�Î £R£6J�«

F
phys

5R¡�Î £Rª6J��^£�Î £ 4 G�«
F

phys
5R¡�Î £RªR¡��^£�Î £R©6J�«

¶ �c¸�»Å��qt ,A°º´ËÍÃ��c§3ÄÅ¹ º´¾�¸����HÑÒ�V��¾l�3¤·�}�c¸·¹
º´»j¼��
�Y½�§
�V�Ï��¾·��§3¿RÀN½^º´§Ì�c»Ó�c¾�Äj¾·�}��ÄjÃ���Ã��3ÄÅ���Ï�V¹3�3ÄjËÌ�c�
�}¼·¹3Äj¾�¿®�HÑ°º
��Ä~}<��§
��¾0�+½�§ �c¿RËg��¾�� �c�3ÄÅº´¾�¹
¨
¤·��Ëg�V¹�Î3c2¼�§��X¹3� �c¾·�·�c§
�*�f�3¤�§
�V�v×^½�§ �c¿RËg��¾��g���V¨Vº´ËÍÃ�ºR¹3Äj�3ÄÅº´¾ �10#¨V�RÆ]02»Ó��Æf92Ëg�F«
ÄÅ¹Í¨Vº´ËÍÃ��c§
�V�Û�
ºÙ�`�HÑÒºc×^½�§ �c¿RËg��¾0�f¿R§
º´¼�Ã�Äj¾�¿��10#¨V�v×�0�»Ó��ÆP9�Ëg�F«vÎ ¶ ¤·�A� �c¸�»Å��¿RÄjÉ��V¹+½�§
�V����¾·��§3¿RÀÞÉR�c»j¼·�V¹�Äj¾
Ý�¨��c»���Ëgº´»Å�RÆ0�´¹/ÑÒ��»j»·�´¹/�HÑÒº'¹3� �c¾·�·�c§
�+����É=ÄÓ�c�3ÄÅº´¾·¹���Äj¾�Ã��c§
��¾��3¤·�V¹
�V¹t«�¸��´¹
�V�+º´¾+©R£�Äj¾·����Ã���¾·����¾��\¨��c»Å¨�¼�»Ó�c�3ÄÅº´¾·¹�Î

� �

Page 44 of 46

John Wiley & Sons, Inc.

Journal of Computational Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

+�§
�V����¾·��§3¿RÀ��
��§3Ëg¹1½^º´§���ÄÖ×X�c»Ó�c¾�Äj¾·��½�§
º´Ë Ú\È�ÎÇ�^©65�«#�c¾·��½^º´§#�
���3§ ��×X�c»Ó�c¾�Äj¾·��½�§
º´Ë Ú\È�ÎÇ�^©XNR«
�{ÄÖ×X�c»Ó�c¾�Äj¾·� ¶ ���3§ ��×X�c»Ó�c¾�Äj¾·�

¶ ��§3Ë Ú\¹3�3ÄjËÌ�c�
��� Ý�¨��c»���Ëgº´»~� ¶ ��§3Ë Ú\¹
�3ÄjËÌ�c�
��� Ý�¨��c»���Ëgº´»~�

FAce
4 F·Î�N�JR¡��^£�Î £R£R¡�«

FAce
4 F·Î�N�JR¡��^£�Î £R£R¡�«

FAla

¡R¡�Î ¡R©65��^£�Î £ 4 G�«
FAla

¡R¡�Î ¡R©65��^£�Î £ 4 G�«

FNme
4 5�Î�GXN	F��^£�Î £R£R¡�«

FNme
4 5�Î�GXN	F��^£�Î £R£R¡�«

∆FAce→Ala −
£�Î�JR£ 4 �^£�Î £R£R©�«

∆FAce→Ala1 −
£�Î�JR£ 4 �^£�Î £R£R©�«

∆FAla→Ala −
£�Î�N6N 4 �^£�Î £ 4 F�«

∆FAla1→Ala2 −
£�Î�N6N	F��^£�Î £ 4 ¡�«

∆FAla→Nme −
£�Î F0ªRª��^£�Î £ 4 ¡�«

∆FAla2→Ala3 −
£�Î�N6N	F��^£�Î £ 4 ©�«

∆Fnonbonded −
£�Î�JR£Rª��^£�Î £R¡ 4 «

∆FAla3→Ala4 −
£�Î�N6N 4 �^£�Î £ 4 F�«

∆FAla4→Nme −
£�Î F0ª6J��^£�Î £R£Rª�«

∆Fnonbonded −
4 Î ª6J65��^£�Î ©6J)F�«

F
phys

ª6G�Î 4 ©6J��^£�Î £6GXNR«
F

phys 4 GRª�Î £6GXN��^£�Î ©RªR¡�«
¶ �c¸�»Å�nq�qv B+·§
�V�Ì��¾·��§3¿RÀ¦�
��§3Ëg¹�¼·¹
�V�®Äj¾Þ¨��c»Å¨�¼�»Ó�c�3Äj¾�¿}�3¤·�Ì�c¸·¹ º´»j¼��
�Í½�§
�V�Í��¾·��§3¿RÀ¦½�º´§���ÄÖ×X�c»Ó�c¾�Äj¾·�A�c¾·�Ù�
���3§ ��×
�c»Ó�c¾�Äj¾·�RÎ ¶ ¤·�f� �c¸�»Å�f¿RÄjÉ��V¹�½�§
�V�f��¾·��§3¿RÀÜÉ´�c»j¼·�V¹+Äj¾NÝ�¨��c»���Ëgº´»Å�RÆ¢�´¹+ÑÒ��»j»��´¹+�HÑ°ºI¹
� �c¾·�·�c§
�N����É=ÄÓ�c�3ÄÅº´¾·¹Ï��Äj¾
Ã��c§
��¾0�3¤·�V¹ �V¹t«1¸��´¹
�V�Yº´¾I©R£�Äj¾·����Ã���¾·����¾��2¨��c»Å¨�¼�»Ó�c�3ÄÅº´¾·¹�Î

�8�

Page 45 of 46

John Wiley & Sons, Inc.

Journal of Computational Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

�.¤!ó�£%¢� 'ÂZ�� X¥X©7¢�¥X©7§¯±5ª|¤!ë'¢

� �

Page 46 of 46

John Wiley & Sons, Inc.

Journal of Computational Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


