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1.2 ELECTRONIC 
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24 1-2"� ]� GH	 HH� GĜV� �4 1-2"� 23'11"!� ',3-� 7 �3"1� !'22-*6"2�

"�2'*9��" �42"��-3&�24 1-2"��,!�7 �3"1��1"�/-*�1�+-*" 4*"2��,!�

3&"� /�13'�*�  &�1%"2� -,� 3&"� �3-+2� -$�3&-2"�+-*" 4*"2� ',3"1� 3�

7'3&� -,"� �,-3&"1� $�6-41�� *9V� �&"�  - 6�*",3� �-,!2� 7'3&',�

24 1-2"� �1"� ,-3� "�2'*9� 7"�)"," !� � 9� 7�3"1� �,!� 1"+�',� ',3� 3�

7&",�24 1-2"�!'22-*6"2V�

�&�1%"!�+- *" 4*"2R�24 &��2�3��*"�2�*3�-1�.*�$0(� � #'*-$�  

]���
^� �*2-� ',3"1� 3� $ �6-41�� *9� 7'3&� 7�3"1V� �&"� /�13'�*�

,"%�3'6"�  &�1%"2� -,� 3&"� -89%",� �3-+2� -$� 7�3"1� +-*" 4*"2�

�331� 3�3&"�/-2'3'6"*9� &�1%"!�2-!'4+�'-,2Y�3&"�/�13'�*�/-2'3'6"�

 &�1%"2�-,�3&"�&9!1-%",��3-+2�-$�7�3"1�+-*" 4*"2��331� 3�3&"�

,"%�3'6"*9� &�1%"!� &*-1'!"�'-,2V��"  �42"�3&"�/�13'�*� &�1%"2�-$�

7 �3"1� �,� !'214/3�3&"�"*" 31-23�3' � ',3"1� 3'-,2� �"37"",� '-,2R�

'-,' � �-,!2� �1"� "�2'*9� 7 "�)"," !� � 9� 7�3"1V� �&"1"$-1"R� 7�3"1�

+- *" 4*"2� 3",!� 3-� !'214/3� '-,' � �-,!2� �"37 "",� '-,2� �,!�

2411-4,!�'-,2�',�2- *43'-,R�$-1+',%���#4�-�/$*)�.+ # -  V�

�4�23�, "2� 3&�3� ',3"1� 3� $�6-41�� *9� 7'3&� 7�3"1� �1"�  �**"!�

#4�- *+#$'$�V� �- *�1� �,!�  &�1%"!� 2-*43"2� �1"� &9!1-/ &'*' � �,!�

3",!�3-�!'22-*6"�"�2'*9�',�7�3"1V�


� ��C����	������� ����! ���� ���!�� �&�� �



�&$41!�@MBMB��&22,)43&,+�,#�� M�24�1,2!��+ �� M�2�)3�&+�7�3!1M�


,� -,31�23R�,-,/- *�1�+-*" 4*"2��"�1�,-�/ �13'�*� &�1%"2�-1�$4**�

 &�1%"2� 3-� ',3"1� 3� $�6-41�� *9� 7'3&� /�13'�*�  &�1%"2� -,� 7�3"1�

+- *" 4*"2V� �&"1"$-1"R� ,-,/- *�1� +-*" 4*"2� �1"�  �**"!�

#4�- *+#*�$� V� �-,/- *�1� 2-*43"2� !-� ,-3� !'22-*6"� ',� 7 �3"1�

"�2'*9V�

� ����! " '����" ���� ����� +�

� � ��� ��!  �1!�242/ !+2&,+2�,#�24�23�+� !2�&+���

2,)6!+3X)&(!�)&04& M��,)),& 2� &##!1�#1,*�2,)4 3&,+2�

� 9�3%! !�( ��� ��" ����� "�� ������" ������#�� M�
#�3%!�

24�23�+� !�� ,+3�&+2�/�13&�)!2�3%�3�*! �241!�

� ! 37 !!+�@�+*��+ �@�>*�Te�2&:!�, #������ 3!1&�)��!))UK�

3%!+�3%!�*&8341!�&2�� � � ��� ��  �+ �+, 3���2,)43&,+M�

��	������� ����! ���� ���!�� �&�� � ��C��
 





#�3%!�/�1 3&�)!2��1!�2*�))!1�3 %�+�@�+*K�3%!+�3%!�

*&8341!�&2���2,)43&,+M ��� � �  � ��!�� K�3%!�)&04& �

� ,*/ ,+!+3�, #��), ,  K�&2����,)),& �3%�3��,+3�&+2�

1!)�3 &6!)9�)�1$!�/1 , 3!&+2�3%�3��1!�1!04&1! �# ,1�

� ), 33&+$M��,4�7&))�)!�1+��� ,4 3�3%!��,+2!04!+� !2�

, #�3%!��,)),& �)�+�341!�, #��), ,  �&+���#4341!�)!� 341!�

,+�3%!�6�2�4)�1�2923!*��+ �%!*,  9+�*&� 2M�

@�+*�a�@�8�@?XH *�

@�>*�a�@�8�@?XE *�

�,*;065��<44(9@�

P�� �3"1�'2�"22",3'�*�$-1� "**�$4, 3'-,��,!�*'$ "�-,�� �13&V�

P� �&"��3-+2�',���7 �3"1�+-*" 4*"��1"�&"*!�3-%"3&"1�

� 9 +*'�-�� *1�'  ) /��*)�. V�

P� � - *" 4*"2�-$�7�3"1��1"�&"*!�3-%"3&"1��9 #4�- *"  )�

�*)�. V�

P� �&"�&9!1-%",��-,!2�-$�7 �3"1��1"�1"2/-,2'�*"�$-1�'32�

1"+�1)�� *"�/1-/"13'"2R�', *4!',%Q�

u�  �- &"2'-,�

u�  ��'*'39�3-�+-!"1�3"�3"+/"1�341"�

u�  �8/ �,2'-,�4/-,�$1" ":',%�

u�  � "12�3'*'39��2���2-*6",3�


� ��C����	������� ����! ���� ���!�� �&�� �



1.4 CHEMICAL 
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1.4.1 CHEMICAL 
REACTIONS: WRITE AND 
BALANCE A CHEMICAL 
EQUATION 
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1.4.6 REACTION ENERGY 
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BIOLOGY 
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3.1 WHAT IS ORGANIC 
CHEMISTRY? 

Learning Objectives 
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3.3 HYDROCARBONS: 
INTRODUCTION 
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Ga&"/3","� � M	 GJ� �	 Hi�	]�	 Ĥ J�	 I�

Ga- 3","� � N	 GL� �	 Hi�	]�	 Ĥ K�	 I�
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3.5 THE CARBONYL 
GROUP 

Learning Objectives 
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3.5.1 THE CARBONYL 
GROUP: ALDEHYDES 
AND KETONES 

Learning Objectives 
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3.5.2 THE CARBONYL 
GROUP: CARBOXYLIC 
ACIDS 
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3.5.3 THE CARBONYL 
GROUP: ESTERS, 
AMIDES AND THE 
PEPTIDE BOND 
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3.6.2 CHIRALITY IN 
CHEMICAL, 
ENVIRONMENTAL AND 
BIOLOGICAL SYSTEMS 

Learning Objectives 
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REACTIONS 
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3.7.3 REACTIONS AT THE 
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 �1�-,V��, "�3&"1"R�3&"��-,!��"37"",�3&-2"��3-+2� �,��"%',�

3-�$-1+R��43�3&"� �1�-, 9*�!-"2�,-3�&�6"�3&"� �/ � '39�3-�$-1+�

�,-3&"1� �-,!V� �2� �� 1"24*3R� 3&"� �*4"� Ia+"3&9*a�43-89� %1-4/�

!'2 -,,"  32��2�3&"�,"7��-,!�$-1+2V�

�4�23'343'-,� 1"� 3'-,2� -$� �� 6�1'"39� -$� 39/"2� -  41� 7'!"*9�

',� ,�341"� �,!� ',� 3&"� *��-1�3-19 V� �4�23'343'-,� �3� ��  �1�-, 9*�

 �1�-,� '2�  -++-,� ',� �'- &"+'2319 R� 7'3&� 6�1'�3'-,2� -,� 3&'2�

+"  &�,'2+� 42"$4*� $-1� "8/*�',',%� +�, 9� '+/-13�,3� �'- *-%' �*�

1"� 3'-,2Q�3&"�/&-2/&-19*�3'-,��,!�!"/ &-2/&-19*�3'-,�-$�����

', 6- *6"!�',�","1%9�+"3��- *'2+R�3&"�$-1+�3'-,�-$��+'!"��-,!2�

',� /1-3"',�$ -1+�3'-,R� �,!�3&"�  �3�*93' � � 3'6'39� -$� '+/-13�,3�

!'%"23'6"�",:9+"2��**�$�**�',3-�3&'2� �3"%-19V�
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� (205.��6(7���/,��(7650H*( ;065�
� ,(*;065�

��+*)$8� �/$*) � '2� ��  &"+' �*� /1- "22� 3&�3� ',6- *6"2� 3&"�

&9!1- *92'2� ]�1"�)!-7,� � 9� 7�3"1^� -$� $�32� �,!� -'*2� ',3-� 3&"'1�

 -+/-,",3�+- *" 4*"2R�%*9 "1-*� �,!�$ �339�� '!2V��&'2�1"� 3'-,�

39/' �**9� -  412� ',� 3&"� /1"2", "� -$� �,� �*)�*'R�24 &� �2�2-!'4+�

&9!1-8'!"� ]���	^� -1� /-3�22'4+� & 9!1-8'!"� ]��	^V� �&"�

1"24*3�-$�2�/-,'> �3'-,�'2�3&"�$-1+�3'-,�-$�2- �/ V�

� * �+.�  -,2'23�-$���/-*�1�b&"�!c��,!���,-,/- *�1�b3�'*Vc��&"�

/- *�1� &"�!� '2� &9!1-/ &'*' � ]�331� 3"!� 3-� 7 �3"1^R� 7&'*"� 3&"�

,-,/- *�1� 3�'*� '2� &9!1-/ &-�' � ]1"/"**" !� � 9� 7�3"1^V� �&'2� !4�*�

,�341"�-$�2-�/�+- *" 4*"2�+�)"2�3&"+�"8 "**",3��3�"+4*2'$9',%�

-'*2��,!�!'13R��**-7',%�3&"+�3-��"�7�2&"!�� 7 � 9��9�7�3"1V�

'3/ ?�<2/�08558?371�>3./8�<8�5/+:7�
+,8=<�;+9873G-+<387�:/+-<387��

�+!�,1�*,1 !�&+3!1�� 3&6!�!)!*!+3 2�%�2��!!+�

! 8� )4 ! �# 1,*�3 %&2�6!12&,+�,#�3%!�3! 83M��,4�

��+�6&!7�3 %!*�,+)&+!�%!1!J�

%33/2JQQ1*&3M/1!22� , , ( 2M/4�Q

� &,),$9�+ � %!*&2319%4*�+� &,2�&!+�!2QN/a@?GGL,!*

� ! X @�
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��/-,'> �3'-,�1"� 3'-,2� �1"�2'+'*�1�3-�31�,2"23"1'> �3'-,2V� 
,�

3&'2�  �2"� 3&"� 1"� 3�,3� �33� )',%� �,� "23"1� '2� ,-3� �,� �* - &-*R�

&-7"6"1R� �43� �� &9!1-89� �,'-,� ]�	a^� $1-+� �� 231-,%� � �2"R�

���	�$ -1�',23�, "�]2-!'4+�& 9!1-8'!"Z �423' �2-!�^V�

�&"� 1"� 3'-,� %","1�**9� ',6- *6"2� -'*2� ]31'%*9 "1'!"2^� �"�1',%�

"23"1�%1-4/2R�7&' &�1"� 3�7'3&���231-,%���2"� ]���	R� �423' �

2-!�^V��&"�/1-!4 32�-$�3&"�1"� 3'-,��1"�%*9 "1-*�]��/- *9�* - &-*^�

�,!�3&"�2-�/�+- *" 4*"�]��$�339�� '!^V�

�&$41!�BMFMBMA��%!�1! �� 3&,+�,#�2�/ ,+&;��3 &,+�

��1"�2-,�� *"�+" &�,'2+�$-1�3&'2�/1- "22�', *4!"2�23"/2�3&�3��1"�

6"19�2'+'*�1�3-�7&�3�7"�&�6"� -,2'!"1" !���- 6"V�
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�&$41!�BMFMBMB��%!�*!� %�+&2*2�&+6,)6! �&+�2�/ ,+&;��3 &,+�
1! �� 3&,+M�

�&"�+"  &�,'2+�', *4!"2��,��33� )��3�3&"� �1�-, 9*� �1�-,�� 9�

3&"�&9!1-89*� �,'-,R��,!�24�2" 04",3*9�3&"�!'2 -,,"  3'-,� -$� ��

%1-4/�$1-+�3&"�-1'%',�*�"23"1V�

�&"�1"24*3�-$�3&'2�1"� 3'-,� '2�3&"�$-1+�3'-,�-$��� �1�- 89*' �

� '!��,'-,�]3&"�$ -1+�-$�3&"� �1�- 89*' �� '!��$3"1�'3�&�2�*-23�'32�

� '!' �& 9!1-%",^��,!��,��* - &-*V�

�"� 3'-,2�-$�3&'2�39/"��1"� �**"!�2�/-,'> �3'-,R��,!�', *4!"�

3&"� &"+'2319�3&�3�'2�42"!�3-� -, 6"13�$�32��,!�-'*2�3-�2-�/Q�

�&'2�  &"+'2319� '2� 42"!� ',� +-!"1,� ',!4231'�*� 2- �/a+�)',%�

/1- "22"2� �43� �*2-� !"2 1'�"2� 3&"�  &"+'2319�  �11'"!� -43� -,� ��

2+�**�2 �*"R��2� -33�%"�',!42319�-1�',�3&"�&-+"V��1'%*9 "1'!"2��1"�

3&"�+�',�39/"� -$�$�3�23-1�%"� ',� �-3&�/*�,32� �,!� �,'+�*2R��,!�

�1"�3&"�/1"!-+',�,3�+�3"1'�*�',��-3&��,'+�*�3�**- 7�]1",!"1" !�

$�3^��,!�/ *�,3�-'*2V��"� 3',%�3&"2"�24�23�, "2�7'3&�*9"�]���	^�

2-*43'-,� /1-!4 "2� $�339� � '!2V� �&"2"� 24�23�, "2� � 3� �2� 2-�/ R�

$-1+',%� +' "**�1� 2314 341"2� �2� 2&-7,� �"*- 7V� �' "**"2� &�6"�

��� ��C��	� 
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&9!1-/ &-�' R� ,-,a/- *�1� ',3"1'-12� 3&�3� +'8� 7'3&� �,!� 3&42�

!'22-*6"� ,-,a/- *�1�24�23�, "2�3&"9�  -,3� 3R�24 &� �2�$�32V� �&"�

-43"1� /-13'-,� -$� 3&"� +' "**"� '2� 2-*4�*"� ',� 7 �3"1� �,!� '2�

&9!1-/ &'*' R�&-7"6"1R�!4"�3-�3&"�-89%",2��,!� &�1%"R�3&"�",3'1"�

+' "**"R�7'3&�$�339� �1%-�',�3-7R� �,��"�1"+- 6"!�$1-+�241$� "2�

�,!�7 �2&"!�� 7 � 9�',���2- �/ 9�7�3"1�2-*43'-,V�


,�3&'2�7� 9�2-�/�'2��� *"�3-�1"+-6"�,-,a/- *�1� -,3�+',�,32�

$1-+�!'2&"2R�$��1' R��,!�241$� "2R�', *4!',%�-41��-!'"2V�

�&$41!�BMFMBMC��+�&))4231�3&,+�,#�%,7�2,�/�&2���)!�3 ,�1!*, 6!�
+,+X/ ,)�1�� ,+3�*&+�+3 2�#1,*� &2%!2 K�#��1 &�K��+ �241#�� !2M�
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�(&6,10��7//$4;�

P���1�-, 9*� -+/-4,!2R�24 &��2�"23"12R� �,�4,!"1%-�

24�23'343'-,�1"� 3'-,2�7&"1"���,"7�%1-4/�1"/*� "2��,�

"8'23',%�-,"V��,�"8�+/ *"�'2�31�,2"23"1'> �3'-,R�7&"1"��,�

"23"1�1"� 32�7'3&��,��* - &-*�3-�$-1+���,"7�"23"1��,!�

�* - &-*V��&'2�39/"�-$�24�23'343'-,�'2� -++-,�',��-3&�

*��-1�3-19�1"� 3'-,2��,!��'- &"+'2319 R�24 &��2�',�����

/ &-2/&-19*�3'-,��,!�/1-3"',�$ -1+�3'-,V�

P� ��/-,'> �3'-,�', 6- *6"2�3&"�&9!1- *92'2�-$�$�32��,!�-'*2�

]31'%*9 "1'!"2^�',�3&"�/1"2", "�-$���231-,%���2"�*')"�

2-!'4+�&9!1-8'!"�]���	^V��&'2�1"� 3'-,��1"�)2�!- 7,�

$�32�',3-�%*9 "1-*��,!�$ �339�� '!2R�7&' &� �,�$-1+�2-�/�

+- *" 4*"2V��-�/2�&�6"��-3&�&9!1-/ &'*' �]7�3"1a

�331� 3',%^��,!�&9!1-/ &-�' �]7 �3"1a1"/"**',%^�

/1-/"13'"2R�+�)',%�3&"+�";" 3'6"��3�"+4*2'$9',%�-'*2��,!�

!'13V�

P� �&"�2�/-,'> �3'-,�+"  &�,'2+�', 6- *6"2�3&"��33� )�-$���

&9!1-89*��,'-,�]�	a^�-,�3&"� �1�-, 9*� �1�-,�-$��,�

"23"1R�*"�!',%�3-�3&"�$-1+�3'-,�-$��� �1�- 89*' �� '!��,'-,�

�,!��,��* - &-*V��&'2�1"� 3'-,�'2�$4,!�+",3�*�',��-3&�

',!4231'�*�2-�/a+�)',%�/1- "22"2��,!�31�!'3'-,�*�

+"3&-!2R�43'*':',%�3&"�!4�*�/1-/"13'"2�-$�2-�/�+- *" 4*"2�

3-�1"+-6"�,-,a/- *�1� -,3�+',�,32�"; " 3'6"*9V�
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CHAPTER FOUR: 
BIOMOLECULES 
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4.1 BIOMOLECULES 

Learning Objectives 

�9�3%!�!+ �, #�3%&2�2!�3&,+K�9,4�7&))��!���)!�3 ,J�

I� �!2�1 &�!�3%!�7 �9 2�&+�7%&�%���1� ,+�&2��1&3&��)�

3,�)&#!�

I� � 8/)�&+�3%!�&*/�� 3�,#�2)&$%3��%�+$!2�&+��*&+,�

�� & 2�,+�,1$�+&2*2�

I� �!2�1 &�!�3%!�#,41�*�',1�3 9/ !2�, #��&,),$&��)�

*,)!�4)!2�

I� �+ !1 23�+ �3%!�#4+� 3&,+2�,#�3%!�#,41�*�',1�

39/ !2�, #�*,)!�4)!2�

�&"� *�1%"� +-*" 4*"2� ," "22�19� $-1� *'$"� 3&�3� �1"� �4'*3� $1-+�

2+�**"1� -1%�,' � +-*" 4*"2� �1"�  �**"!� �'- *-%' �*�

(�� -*(* ' �0'  . V� �&"1"� �1"� $-41� +� (-1�  *�22"2� -$� �'-*-%' �*�

+� 1-+- *" 4*"2� ] �1�- &9!1�3"2R� *'/'!2R� /1-3"',2R� �,!� ,4 *"' �
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� '!2^R� �,!� "� &� '2� �,� '+/-13�,3�  -+/-,",3� -$� 3&"�  "**� �,!�

/"1$-1+2� �� 7'!"� �11� 9� -$� $4, 3'-,2V� �-+�'," !R� 3&"2"�

+- *" 4*"2� +�)"� 4/� 3&"� +� (-1'39� -$� ��  "**e2� +�22V� �'-*-%' �*�

(�� -*(* ' �0'  . � �1"� -1%�,' R� +"�,',%� 3&�3� 3&"9�  -,3�',�

 �1�-,V� 
,� �!!'3'-,R� 3&"9� +� 9�  -,3�',� & 9!1-%",R� -89%",R�

,'31-%",R�/&-2/&-142R�24*$41R��,!��!!'3'-,�*�+',-1�"*"+",32V�


$4%10�


3� '2� -$3",� 2�'!� 3&�3� *'$"� '2� b �1�-,a� �2"!Vc� �&'2� +"�,2� 3&�3�

 �1�-,� �3-+2R� �-,!" !� 3-� -3&"1�  �1�-,� �3-+2� -1� -3&"1�

"*"+",32R�$-1+�3&"�$4,!�+",3�*� -+/-,",32�-$�+�, 9R�'$�,-3�

+-23R�-$�3&"�+-*" 4*"2�$-4,!�4,'04"*9�',�*'6',%�3&',%2V��3&"1�

"*"+",32� /*�9� '+/-13�,3� 1-*"2� ',� �'- *-%' �*� +- *" 4*"2R� �43�

 �1�-,�  "13�',*9� 04�*'>"2� �2� 3&"� b$-4,!�3'-,c� "*"+",3� $ -1�

+- *" 4*"2� ',� *'6',%� 3&',%2V� 
3� '2� 3&"� �-,!',%� /1-/"13'"2� -$�

 �1�-,��3-+2�3&�3��1"�1"2/-,2'� *"�$-1�'32�'+/-13�,3�1-*"V�


$4%10��10',0*�

��1�-,� -,3�',2�$-41�"*" 31-,2�',�'32�-43"1�2&"**V��&"1"$-1"R�'3�

 �,�$-1+�$-41� - 6�*",3��-,!2�7'3&�-3&"1��3-+2�-1�+-*" 4*"2V�

�&"�2'+/ *"23� -1%�,' �  �1�-,�+- *" 4*"� '2�+"3&�,"� ]�	 J^R� ',�

7&' &�$-41�&9!1-%",��3-+2��',!�3-��� �1�-,��3-+V�

��
 ��C��
�����!�!�� �&�� �



�&$41!�CM@M@���1� ,+���+�# ,1*�# ,41�� , 6�)!+3�� ,+ 2�3 ,��1 ! �3!��+�
,1$�+&��*,)!�4)!M�� %!�2&*/)!23���1� ,+�*,)!�4)!�&2�*! 3%�+!�
T�	CUK� !/&�3! �%!1 !M�

	- 7"6"1R� 2314 341"2� 3&�3� �1"� +-1"�  -+/ *"8� �1"� +�!"� 42',%�

 �1�-,V� �, 9� -$� 3&"� &9!1-%",� �3-+2�  �,� �"� 1"/ *� "!� 7'3&�

�,-3&"1�  �1�-,� �3-+�  - 6�*",3*9� �-,!" !� 3-� 3&"� >123�  �1�-,�

�3-+V� 
,� 3&'2� 7� 9R� *-,%� �,!� �1�, &',%�  &�',2� -$�  �1�-,�

 -+/-4,!2�  �,� �"�+�!"� ] �'%41"�JVGVH� ^V� �&"�  �1�-,� �3-+2�

+� 9� �-,!� 7'3&� �3-+2� -$� -3&"1� "*"+",32R� 24 &� �2� ,'31-%",R�

-89%",R��,!� /&-2/&-142�]�'%41"�JVGVH� ^V��&"�+-*" 4*"2�+�9�

�*2-� $-1+� 1',%2R� 7&' &� 3&"+2"*6"2�  �,� *',)� 7'3&� -3&"1� 1',%2�

]�'%41"�JVGVH� ^V��&'2�!'6"12'39�-$�+-*" 4*�1�$-1+2��  -4,32�$-1�

3&"� !'6"12'39� -$� $4, 3'-,2� -$� 3&"� �'-*-%' �*� +� 1-+- *" 4*"2�

�,!�'2�� �2"!�3-���*�1%"�!"%1""�-,�3&"���'*'39�-$� �1�-,�3-�$ -1+�

+4*3'/*"��-,!2�7'3&�'32"*$��,!�-3&"1��3-+2V�
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�&$41!�CM@MA��%!2!�! 8�*/)!2�2%, 7�3%1!!�
*,)!�4)!2�T# ,4+ �&+�)&6&+$�,1$�+&2*2U�
3%�3��,+3�&+���1� ,+��3 ,*2�� ,+ ! �&+�
6�1&,42�7�9 2�3,�, 3%!1���1� ,+��3 ,*2�
�+ �3 %!��3,*2�, #�,3%!1�!)!*!+3 2M�T�U�
� %&2�*,)!�4)!�, #�23! �1&���� & �%�2���),+$�
� %�&+�,#���1� ,+��3 ,*2 M�T�U��)9� &+!K���
� ,*/ ,+!+3�, #�/1, 3!&+2K��,+3�&+2�
��1 � ,+K�+&31, $!+K�,89$!+K��+ �
%9 1, $!+��3 ,*2 M�T�U��)4�,2!K���24$�1K�
%�2���1&+$�,#���1� ,+��3 ,*2��+ �,+!�
, 89$!+��3 ,*M�

� �-�* #4�-�/ .  �1"� +� 1-+- *" 4*"2� 7'3&� 7&' &� +-23�

 -,24+"12� �1"� 2-+"7&�3� $�+'*'�1V� �-� *-2"� 7"'%&3R� 2-+"�

',!'6'!4�*2� �!&"1"� 3-� b*- 7a �1�c� !'"32V� �3&*"3"2R� ',�  -,31�23R�

-$3",� b �1�a*-�! c� �"$-1"� '+/-13�,3�  -+/"3'3'-,2� 3-� ",241"�

��� ��C��
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3&�3� 3&"9� &�6"� 24< '",3� ","1%9� 3-�  -+/"3"� �3� �� &'%&� *"6"*V�

��1�- &9!1�3"2��1"R�',�$� 3R��,�"22",3'�*�/�13�-$�-41�!'"3Y�%1�',2R�

$14'32R��,!�6"%"3��*"2��1"��**�,�341�*�2-41 "2�-$� �1�- &9!1�3"2V�

��1�- &9!1�3"2� /1-6'!"� ","1%9� 3-� 3&"� �-!9R� /�13' 4*�1*9�

3&1-4%&�%*4 -2"R���2'+/*"�24%�1V���1�-&9!1�3"2��*2-�&�6"�-3&"1�

'+/-13�,3�$4, 3'-,2�',�&4+�,2R��,'+�*2R��,!�/ *�,32V�

��1�- &9!1�3"2�  �,� �"� 1"/1"2",3" !� � 9� 3&"� $-1+4*��

�+]	H�^,� ]7&"1"�+�+� 9�-1�+�9�,-3� �"� !'; "1",3�$1-+�,^V�

��1�- &9!1�3"2� �1"�  *�22'>"!� ',3-� 3&1""� 24�39/"2Q�

+-,-2�  &�1'!"2R�!'2�  &�1'!"2R��,!�/- *92�  &�1'!"2V�

� *)*.�� � #�-$�  . �]+-,-a�i�b -,"cY�2�  &�1a�i�b27""3c^��1"�
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4.5 NUCLEIC ACIDS 
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4.6 THE STRUCTURE OF 
DNA 
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4.8 TRANSCRIPTION 

Learning Objectives 

�9�3%!�!+ �, #�3%&2�2!�3&,+K�9,4�7&))��!���)!�3 ,J�

I� � 8/)�&+�3%!��!+31�)� , $*��

I� � 8/)�&+�3%!�*�&+�23!/2�, #�31�+2�1&/3&,+�

I� �!2�1 &�!�%, 7�!4( �19, 3&��*����&2�/1 , � !22! �


,� �-3&� /1- )�19-3"2� �,!� "4)�19 -3"2R�3&"�2" -,!� $4, 3'-,� -$�

���� ]3&"� >123� 7 �2� 1"/*' �3'-,^� '2� 3-� +-*1$� � /# �

$)!*-(�/$*)�)  �  ��/*�� *)./-0�/�/# �+- * / $). �,"  "22�19�2-�

3&�3�3&"�  "**�  �,� /"1$ -1+� �**� -$� '32�$4, 3'-,2V� �-� !-�3&'2R�3&"�

���� '2� b1"�! c� -1� 31�,2 1'�" !� ',3-� �,� +���� +- *" 4V� �&"�

+����3&",�/1- 6'!"2�3&"� -!"�3-�$-1+���/1-3"',�� 9���/1- "22�

 �**"!�31�,2*�3'-,V��&1-4%&�3&"�/1- "22"2�-$�31�,2 1'/3'-,��,!�

31�,2*�3'-,R���/1-3"',�'2��4'*3�7'3&���2/" '> �2"04", "�-$��+',-�


�� ��C��
���%$ � ��$�"%�! 



� '!2�3&�3�7�2� -1'%',�**9� ", -!" !� ',�3&"� ���V� �&'2�+-!4*"�

!'2 422"2�3&"�!"3�'*2�-$�31�,2 1'/3'-,V�

�+(�
(0 64$.��1*/$������
� 0&1'(5����	������ 0&1'(5�
�4 16(,0�

�&"� ?- 7� -$� %","3' � ',$-1+�3'-,� ',�  "**2� $1-+��� �� /*�

(�� �� /*� +- * / $)� $.� �  .� -$� �� � 4� /# � �  ) /-�'� � *"(��

]�'%41"�JVNVG^R�7&' &�23�3"2�3&�3�%","2�2/" '$9�3&"�2"04", "2�-$�

+���2R�7&' &�',�341,�2/"  '$9�3&"�2"04", "2�-$�/1-3"',2V�

�&$41!�CMGM@��%!��!+31�)� , $*��2 3�3!2�3%�3�����!+� ,  !2�
��� K�7%&�%�&+�341+�!+�,  !2�/1 , 3!&+M�


���%$ � ��$�"%�! ��C��
��



�&"� -/ 9',%�-$�����3-�+����'2�1"*�3'6 "*9�231�'%&3$-17�1!R�

7'3&� -,"� ,4 *" -3'!"� �"',%� �!!" !� 3-� 3&"� +���� 231�,!� $ -1�

"6"19� -+/ *"+",3�19�,4 *" -3'!"�1"�!�',�3&"�����231�,!V��&"�

31�,2*�3'-,�3-�/1-3"',�'2�+-1"� -+/ *"8��"  �42"�%1-4/2�-$�3&1""�

+���� ,4 *" -3'!"2�  -11"2/-,!� 3-� -,"� �+',-� � '!� -$� 3&"�

/1-3"',�2"04", "V�	- 7"6"1R��2�7"�2&�**�2""�',�3&"�,"83�+-!4*"R�

3&"� 31�,2*�3'-,� 3-� /1-3"',� '2� 23'**� 2923"+�3' R� 24 &� 3&�3�

,4 *" -3'!"2�G�3-�I� -11"2/-,!�3-��+',-�� '!�GR�,4 *" -3'!"2�J�3-�

L� -11"2/-,!�3-��+',-�� '!�HR��,!�2-�-,V�

� 4$05&4,26,10���41/�����6 1�
/����

�-3&�/1- )�19-3"2��,!�"4)�19 -3"2�/"1$-1+�$4,!�+",3�**9�3&"�

2�+"�/1- "22�-$�31�,2 1'/3'-,R�7'3&�3&"�'+/-13�,3�!';"1", "�-$�

3&"�+"+�1�,"a�-4,!� ,4 *"42� ',� "4)�19 -3"2V� �'3&�3&"�%","2�

�-4,!� ',�3&"�,4 *"42R�31�,2 1'/3'-,� -  412� ',�3&"�,4 *"42�-$�

3&"� "**��,!�3&"�+����31�,2 1'/3�+423��"�31�,2/-13"!�3-�3&"�

 93-/*�2+V� �&"� /1-)�19-3"2R� 7&' &� ', *4!"� �� 3"1'�� �,!�

�1 &�"�R� *� )� +"+�1�,"a�-4,!� ,4 *"'� �,!� -3&"1� -1%�,"**"2R�

�,!�31�,2 1'/3'-,�-  412�',�3&"� 93-/*�2+�-$�3&"� "**V�
,��-3&�

/1- )�19-3"2��,!�"4)�19 -3"2R�31�,2 1'/3'-,�-  412�',�3&1""�+�',�

23�%"2Q�','3'�3'-,R�"*-,%�3'-,R��,!�3"1+',�3'-,V�


�� ��C��
���%$ � ��$�"%�! 



�50;0(;065�

� 1�,2 1'/3'-,� 1"04'1"2� 3&"� ���� !-4� *"� &"*'8� 3-� /�13'�**9�

4, 7',!� ',� 3&"� 1"%'-,� -$� +���� 2 9,3&"2'2V� �&"� 1"%'-,� -$�

4, 7',!',%� '2�  �**"!� �� 31�,2 1'/3'-,� �4�� *"V� �&"� ����

2"04", "� -,3-� 7&' &� 3&"� /1-3"',2� �,!� ",:9+"2� ', 6- *6"!� ',�

31�,2 1'/3'-,��',!�3-�','3'�3"�3&"�/1- "22�'2� �**"!���/1-+-3"1V�


,� +-23�  �2"2R� /1-+-3"12� "8'23� 4/231"�+� -$� 3&"� %","2� 3&"9�

1"%4*�3"V��&"�2/" '> �2"04", "�-$���/1-+-3"1�'2�6"19�'+/-13�,3�

�"  �42"� '3� !"3"1+',"2� 7&"3&"1� 3&"�  -11"2/-,!',%� %","� '2�

31�,2 1'�" !� �**� -$�3&"�3'+"R�2-+"�-$�3&"�3'+"R�-1�&�1!*9� �3� �**�

]�'%41"�JVNVH^V�

�&$41!�CMGMA��%!�&+&3&�3&,+�,#�31�+2�1&/3&,+��!$&+2�7%!+�����
&2�4+7,4+ K�#,1*&+$���31�+2�1&/3&,+��4� �)!M��+: 9*!2��+ �
, 3%!1�/1, 3!&+2�&+6,)6! �&+�31�+2�1&/3&,+��&+ ��3�3%!�/1,*, 3!1M�

�365.( ;065�

� 1�,2 1'/3'-,� �*7 � 92� /1- ""!2� $1-+� -,"� -$� 3&"� 37-� ����


���%$ � ��$�"%�! ��C��
�	



231�,!2R� 7&' &� '2�  �**"!� 3&"� 3"+/*�3"� 231�,!V� �&"� +����

/1-!4 3�'2� -+/ *"+",3�19�3-�3&"�3"+/*�3"�231�,!��,!�'2��*+-23�

'!",3' �*� 3-� 3&"� -3&"1� ���� 231�,!R�  �**"!� 3&"� ,-,3"+/ *�3"�

231�,!R�7'3&�3&"�"8 "/3'-,�3&�3����� -,3�',2���41� '*�]�^�',�

/ *� "�-$�3&"�3&9+',"�]�^�$ -4,!�',����V��41',%�"*-,%�3'-,R�

�,�",:9+"� �**"!�����/- *9+"1�2"�/1- ""!2��*-,%�3&"�����

3"+/ *�3"� �!!',%� ,4 *" -3'!"2� � 9� ��2"� / �'1',%� 7'3&� 3&"� ����

3"+/ *�3"� ',� �� +�,,"1� 2'+'*�1� 3-� ���� 1"/ *' �3'-,R� 7'3&� 3&"�

!'; "1", "�3&�3��,�����231�,!� '2��"',%�2 9,3&"2':"!�3&�3�!-"2�

,-3� 1"+�',� �-4,!� 3-� 3&"� ���� 3"+/ *�3"V� �2� "*-,%�3'-,�

/1- ""!2R� 3&"� ���� '2�  -,3',4-42*9� 4, 7-4,!� �&"�!� -$� 3&"�

 -1"�",:9+"��,!�1"7 -4,!��"&',!�'3�] �'%41"�JVNVI^V�

�&$41!�CMGMB��41&+$�!),+$�3&,+K�����/ ,)9*!1 �2!�31�� ( 2��),+$�
3%!�����3 !*/)�3 !K�29+3%!2&:!2�*����&+�3 %!�Di�3,�Bi�
 &1!� 3&,+K��+ �4+7&+ 2�3%!+�1! 7&+ 2�3%!������2�&3�&2�1! � �

� ,9405( ;065�

�, "���%","� '2�31�,2 1'�" !R�3&"�/1-)�19-3' �/- *9+"1�2"�,""!2�

3-� �"� ',2314 3"!� 3-� !'22- '�3"� $1-+� 3&"� ���� 3"+/ *�3"� �,!�


�
 ��C��
���%$ � ��$�"%�! 



*'�"1�3"�3&"�,"7*9�+�!"�+���V��"/",!',%�-,�3&"�%","��"',%�

31�,2 1'�" !R� 3&"1"� �1"� 37-� )',!2� -$� 3"1+',�3'-,� 2'%,�*2R� �43�

�-3&� ', 6- *6"� 1"/"�3"!� ,4 *" -3'!"� 2"04", "2� ',� 3&"� ����

3"+/ *�3"�3&�3�1"24*3� ',� ���� /- *9+"1�2"�23�**',%R�*"�6',%�3&"�

����3"+/ *�3"R��,!�$1""',%�3&"�+����31�,2 1'/3V�

�,� 3"1+',�3'-,R� 3&"� /1- "22� -$� 31�,2 1'/3'-,� '2�  -+/ *"3"V�


,� �� /1- )�19-3' �  "**R� �9� 3&"� 3'+"� 3"1+',�3'-,� -  412R� 3&"�

31�,2 1'/3�7-4*!��*1"�!9�&� 6"��" ",�42"!�3-�/ �13'�**9�29,3&"2':"�

,4+"1-42�  -/'"2� -$� 3&"� ", -!" !� /1-3"',� �"  �42"� 3&"2"�

/1- "22"2�  �,� -  41�  -, 411",3*9� 42',%� +4*3'/*"� 1'�-2-+"2�

]/- *91'�-2-+"2^� ]�'%41"� JVNVJ^V� 
,�  -,31�23R� 3&"� /1"2", "� -$�

�� ,4 *"42� ',� "4)�19 -3' �  "**2� /1" *4!"2� 2'+4*3�,"-42�

31�,2 1'/3'-,��,!�31�,2*�3'-,V�

�&$41!�CMGMC��4)3 &/)!�/ ,)9*!1 �2!2���+�31 �+2�1&�!���2&+$)!�
��� 3!1&�)�$!+!�7%&)!�+4*!1 ,42�1&�,2,*!2�� ,+�411!+3)9�
31�+2)�3!�3%!�*����31 �+2�1&/32�&+3,�/ ,)9/ !/ 3& !2M�
+�3%&2�
7 �9 K���2/!� &;��/1, 3!&+���+�1�/ & )9�1! �� %���%&$%��,+� !+31�3&,+�
&+�3%!���� 3!1&�)��!))M�


���%$ � ��$�"%�! ��C��
��



� 7- $4;16,&������4 1&(55,0*�

�&"� ,"7*9� 31�,2 1'�" !� "4)�19-3' � +���2� +423� 4,!"1%-�

2"6"1�*�/1- "22',%�23"/2��"$-1"�3&"9� �,��"�31�,2$"11"!�$1-+�3&"�

,4 *"42�3-�3&"�  93-/*�2+� �,!� 31�,2*�3"!� ',3-� �� /1-3"',V� �&"�

�!!'3'-,�*� 23"/2� ', 6- *6"!� ',� "4)�19 -3' � +���� +�341�3'-,�

 1"�3"���+- *" 4*"�3&�3�'2�+4 &�+-1"�23��*"�3&�,���/1-)�19-3' �

+���V� � -1� "8�+/ *"R� "4)�19-3' � +���2� *�23� $ -1� 2"6"1�*�

&-412R�7&"1"�2�3&"�39/' �*� /1- )�19-3' �+����*�232�,-�+-1"�

3&�,�>6"�2" -,!2V�

�&"� +���� 31�,2 1'/3� '2� >123�  - �3"!� ',� ���a23��'*':',%�

/1-3"',2�3-�/1"6",3�'3�$1-+�!"%1�!',%�7&'*"�'3�'2�/1- "22"!��,!�

"8/-13"!�-43�-$�3&"�,4 *"42V��&'2�-  412�7&'*"�3&"�/1"a+����

23'**�'2��"',%�29,3&"2':"!�� 9��!!',%���2/"  '�*�,4 *" -3'!"�b �/c�3-�

3&"�Kz�",!�-$�3&"�%1-7',%�31�,2 1'/3V�
,��!!'3'-,�3-�/1"6 ",3',%�

!"%1�!�3'-,R�$� 3-12�',6- *6"!�',�/1-3"',�2 9,3&"2'2�1" -%,':"�3&"�

 �/�3-�&"*/�','3'�3"�31�,2*�3'-,�� 9�1'�-2-+"2V�

�, "�"*-,%�3'-,�'2� -+/ *"3"R��,�",:9+"�3&",��!!2���231',%�

-$� �//1- 8'+�3"*9� HFF� �!",',"� 1"2'!4"2� 3-� 3&"� Iz� ",!R�  �**"!�

3&"� /-*9a�� 3�'*V� �&'2� +-!'> �3'-,� $413&"1� /1-3" 32� 3&"� /1"a

+����$1-+� !"%1�!�3'-,� �,!�2'%,�*2�3-�  "**4*�1�$� 3-12�3&�3�

3&"�31�,2 1'/3�,""!2�3-��"�"8/-13"!�3-�3&"� 93-/*�2+V�

�4)�19 -3' �%","2��1"� -+/-2" !�-$�/1-3"',a -!',%�2"04", "2�

 �**"!� " 8-,2� ] �2F-,� 2'%,'>"2� 3&�3� 3&"9� �1"��2/1"22"!^� �,!�

#(. "16",',%� 2"04", "2�  �**"!� ',31-,2� ] #(.F1-,� !",-3"2� 3&"'1�

#(. "16",',%�1-*"^V� 
,31-,2� �1"�1"+-6"!� $1-+�3&"� /1"a+����

!41',%�/1- "22',%V�
,31-,�2"04", "2�',�+����!-�,-3�", -!"�


�� ��C��
���%$ � ��$�"%�! 



$4, 3'-,�*� /1-3"',2V� 
3� '2� "22",3'�*� 3&�3� �**� -$� �� /1"a+���e2�

',31-,2� �"�  -+/ *"3"*9� �,!� /1" '2"*9� 1"+-6"!� �"$ -1"� /1-3"',�

29,3&"2'2�2-�3&�3�3&"�"8-,2�(-',�3-%"3&"1�3-� -!"�$-1�3&"� -11" 3�

�+',-� � '!2V� 
$� 3&"� /1- "22� "112� �9� "6",� �� 2',%*"� ,4 *"-3'!"R�

3&"�2"04", "�-$�3&"�1"(-',"!�" 8-,2�7 -4*!��"�2&'$3"!R��,!�3&"�

1"24*3',%� /1-3"',� 7-4*!� �"� ,-,$4, 3'-,�*V� �&"� /1- "22� -$�

1"+- 6',%� ',31-,2� �,!� 1" -,,"  3',%� "8-,2� '2�  �**"!� 2/ *' ',%�

]�'%41"� JVNVK^V� 
,31-,2� �1"� 1"+-6"!� �,!� !"%1�!" !� 7&'*"� 3&"�

/1"a+����'2�23'**�',�3&"�,4 *"42V�

�&$41!�CMGMD��4( �19, 3&��*����� ,+3�&+2�&+31,+2�3%�3�*423�� !�
2/)&�! �,4 3M���Di���/��+ �Bi�3�&)��1!��)2,��  ! M�

�(&6,10��7//$4;�

P�
,�/1- )�19-3"2R�+����2 9,3&"2'2�'2�','3'�3"!��3���

/1-+-3"1�2"04", "�-,�3&"�����3"+/ *�3"V��*-,%�3'-,�

29,3&"2':"2�,"7�+���V�� "1+',�3'-,�*'�"1�3"2�3&"�


���%$ � ��$�"%�! ��C��
�




+�����,!�-  412��9�+" &�,'2+2�3&�3�23�**�3&"�����

/- *9+"1�2"��,!� �42"�'3�3-�$�**�-;�3&"�����3"+/ *�3"V�

�"7*9�31�,2 1'�" !�"4)�19-3' �+���2��1"�+-!'>" !�

7'3&��� �/��,!���/- *9a��3�'*V��&"2"�2314 341"2�/1-3" 3�3&"�

+�341"�+����$1-+�!"%1�!�3'-,��,!�&"*/�" 8/-13�'3�

$1-+�3&"�,4 *"42V��4)�19-3' �+���2��*2-�4,!"1%-�

2/*' ',%R�',�7&' &�',31-,2��1"�1"+-6"!R��,!�" 8-,2��1"�

1" -,,"  3"!�7'3&�2',%*"a,4 *"-3'!"��  41� 9V��,*9�

>,'2&"!�+���2��1"�" 8/-13"!�$1-+�3&"�,4 *"42�3-�3&"�

 93-/*�2+V�

Glossary 

� &�� J���2!04!+� !�/1 !2!+3�&+�/1, 3!&+X�,  &+$�*����

�#3!1�� ,*/)! 3&,+�,#�/1! X*����2/)&� &+$�

��" ��+� +,+W/1, 3!&+X�,  &+$�&+3!16!+&+$�2!04!+� !2�

3%�3��1!�2/)&�! �# 1,*�*���� 41 &+$�/1, � !22&+$�

��	� +�*!22!+$!1����P���# ,1*�, #�����3 %�3���11&!2�

3%!�+4�)!, 3& !�2!04!+� !�� ,  !�# ,1���/1 , 3!&+�2!04!+� !�

3%�3�&2�31�+2)�3! �&+3,���/ ,)9/ !/ 3& !�2!04!+� !�

���" ��� ��" ��! " ��� J�3%!�231�+ �, #�����3 %�3�&2�+,3�


�� ��C��
���%$ � ��$�"%�! 



42! �3 ,�31�+2�1&�!�*���P�3 %&2�231�+ �&2�& !+3&��)�3,�

3%!�*����! 8� !/ 3�3%�3���+4� )!, 3& !2�&+�3%!������1 !�

1!/)�� ! �� 9���+4� )!, 3& !2�&+�3%!�*����

� ��� "� +���2!04!+� !�,+�����3 ,�7%&�%�����

/ ,)9*!1 �2!��+ ��22, � &�3! �# �� 3,12��&+ ��+ �&+&3&�3!�

31�+2�1&/3&,+�

�	��� � �'�� �!�+� �+�!+: 9*!�3 %�3�29+3%!2&:!2��+�

����2 31�+ �# 1,*�������3 !*/)�3 !�231�+ �

!� ��� ��� J�3%!�/1, � !22�, #�1!*, 6&+$�&+31,+2��+ �

1!� ,++!� 3&+$�!8,+2�&+���/1! X*����

"��� ��" ��! " ��� J�3%!�231�+ �, #�����3 %�3�2/!� &;!2�

3%!��,*/)!*!+3�1 9�*����*,)!�4)!�

" ��!� �� "�����#� � ��+�3%!�1!$&,+�, #�),��))9�

4+7 ,4+ �����3 %�3��)),7 2�#,1�31�+2�1&/3&,+�,#�

*����


���%$ � ��$�"%�! ��C��
��



4.9 TRANSLATION 

Learning Objectives 

�9�3%!�!+ �, #�3%&2�2!�3&,+K�9,4�7&))��!���)!�3 ,J�

I� �!2�1 &�!�3%!� &##!1!+3�23!/2�&+�/1, 3!&+�

29+3%!2&2�

I� �&2�422�3%!�1,)!�, #�1&�,2,*!2�&+�/1 , 3!&+�

29+3%!2&2�

I� �!2�1 &�!�3%!�$!+! 3&���,  !��+ �%, 7�3%!�

+4� )!, 3& !�2!04!+� !� ! 3!1*&+!2�3%!��*&+,�

�� & ��+ �3%!�/1, 3!&+�2!04!+� !�

�&"� 29,3&"2'2� -$� /1-3"',2� '2� -,"� -$� ��  "**e2� +-23� ","1%9a

 -,24+',%�+"3��- *' �/1- "22"2V�
,�341,R�/1-3"',2��  -4,3�$-1�

+-1"� +�22� 3&�,� �, 9� -3&"1�  -+/-,",3� -$� *'6',%� -1%�,'2+2�

]7'3&� 3&"� "8 "/3'-,� -$� 7 �3"1^R� �,!� /1-3"',2� /"1$-1+� �� 7'!"�

6�1'"39�-$�3&"�$4, 3'-,2�-$��� "**V��&"�/1- "22�-$�31�,2*�3'-,R�-1�



 � ��C��
���%$ � ��� %�! 



+-* / $)� . 4) /# .$.F�$)1* '1 .� �  � *�$)"� �)� (�� �� ( ..�"  �

$)/*� �� +* '4+ +/$�  � +- *� 0�/ V� �+',-� � '!2� �1"�  - 6�*",3*9�

2314,%� 3-%"3&"1� ',� *",%3&2� 1�,%',%� $1-+� �//1-8'+�3"*9� KF�

�+',-�� '!2�3-�+-1"�3&�,�GRFFFV�

�+(��4 16(,0�� ;0 6+(5,5�
� $&+,0(4;�


,� �!!'3'-,� 3-� 3&"� +���� 3"+/ *�3"R� +�,9� -3&"1� +-*" 4*"2�

 -,31'�43"�3-�3&"�/1- "22�-$�31�,2*�3'-,V��&"� -+/-2'3'-,�-$�

"� &�  -+/-,",3� +� 9� 6�19� � 1-22� 2/" '"2Y� $-1� ',23�, "R�

1'�-2-+"2� +� 9�  -,2'23� -$� !'; "1",3� ,4+�"12� -$� 1'�-2-+�*�

���2�] -�� � ^��,!�/- *9/"/3'!"2�!"/",!',%�-,�3&"�-1%�,'2+V�

	- 7"6"1R�3&"�%","1�*�2314 341"2��,!�$4, 3'-,2�-$�3&"�/1-3"',�

29,3&"2'2�+� &',"19� �1"�  -+/ �1�� *"�$1-+� �� 3"1'��3-�&4+�,�

 "**2V� �1�,2*�3'-,� 1"04'1"2�3&"� ',/43� -$� �,� +���� 3"+/ *�3"R�

1'�-2-+"2R�/�� �. R� �,!� 6�1'-42� ",:9+�3' � $� 3-12� ]�'%41"�

JVOVG^V�


���%$ � ��� %�! ��C��

�



�&$41!�CMHM@��%!�/1, 3!&+�29+3%!2&2�*��%&+!19�&+�)4 !2�3%!�
)�1$!��+ �2*�))�24�4+&3 2�,#�3%!�1&�,2,*!K�*��� K��+ �3��� M�
T�1! &3J�*,  &;��3 &,+�,#�7,1(�� 9��
��� K��
	 U�


,� �A� �)&#R� 3&"1"� �1"� HFFRFFF� 1'�-2-+"2� /1"2",3� ',� "6"19�  "**�

�3� �, 9� %'6",� 3'+"V� �� 1'�-2-+"� '2� ��  -+/ *"8� +� 1-+- *" 4*"�

 -+/-2" !� -$� 2314 341�*� �,!�  �3�*93' � 1���2R� �,!� +�, 9�

!'23', 3� /- *9/"/3'!"2V� 
,� "4)�19-3"2R� 3&"� ,4 *"- *42� '2�

 -+/ *"3"*9� 2/" '�*':" !� $-1� 3&"� 29,3&"2'2� �,!� �22"+�*9� -$�

1���2V�

�'�-2-+"2��1"�*- �3"!�',�3&"� 93-/*�2+�',�/1- )�19-3"2��,!�

',� 3&"�  93-/*�2+� �,!� ",!-/ *�2+' � 1"3' 4*4+� -$� "4)�19-3"2V�

�'�-2-+"2� �1"�+�!"� 4/� -$� �� *�1%"� �,!� �� 2+�**� 24�4,'3� 3&�3�

 -+"�3-%"3&"1�$-1�31�,2*�3'-,V��&"�2+�**�24�4,'3�'2�1"2/-,2'�*"�



� ��C��
���%$ � ��� %�! 



$-1� �',!',%�3&"�+���� 3"+/ *�3"R�7&"1"�2�3&"� *�1%"�24�4,'3�

2"04",3'�**9� �',!2� 3���2R� �� 39/"� -$� ���� +- *" 4*"� 3&�3�

�1',%2� �+',-� � '!2�3-�3&"�%1-7',%�  &�',� -$�3&"� /- *9/"/3'!"V�

� � &�+����+- *" 4*"� '2�2'+4*3�,"-42*9�31�,2*�3"!� � 9�+�, 9�

1'�-2-+"2R��**�29,3&"2':',%�/1-3"',�',�3&"�2�+"�!'1" 3'-,V�

�"/",!',%� -,� 3&"� 2/"  '"2R� JF� 3-� LF� 39/"2� -$� 3���� "8'23�

',�3&"� 93-/*�2+V��"16',%��2��!�/3-12R�2/" '> �3���2��',!�3-�

2"04", "2�-,�3&"�+����3"+/ *�3"��,!��!!�3&"� -11"2/-,!',%�

�+',-� � '!� 3-� 3&"� /- *9/"/3'!"�  &�',V� �&"1"$-1"R�3���2� �1"�

3&"�+-*" 4*"2�3&�3� � 34�**9�b31�,2*�3"c�3&"�*�,%4�%"�-$� ����

',3-�3&"�*�,%4�%"�-$�/1-3"',2V��-1�"� &�3����3-�$4, 3'-,R�'3�

+423�&�6"�'32�2/" '> ��+',-�� '!��-,!" !�3-�'3V�
,�3&"�/1- "22�

-$� 3���� b  &�1%',%Rc� "� &� 3���� +- *" 4*"� '2� �-,!" !� 3-� '32�

 -11" 3��+',-�� '!V�

�+(��(0( 6,&�
1'(�

 50= ,9:(30;@�6-�;/,��,5, ;0*��6+,�

� -�24++�1':"�7&�3�7 "�),- 7�3-�3&'2�/-',3R�3&"� "**4*�1�/1- "22�

-$�31�,2 1'/3'-,�%","1�3"2�+"22",%"1�����]+���^R���+-�'*"�

+- *" 4*�1� -/ 9�-$�-,"�-1�+-1"�%","2�7'3&��,��*/&��"3�-$��R��R�

�R��,!�41� '*�]�^V�� 1�,2*�3'-,�-$�3&"�+����3"+/ *�3"� -, 6"132�

,4 *" -3'!"a� �2"!�%","3' � ',$-1+�3'-,� ',3-���/1-3"',�/1-!4 3V�

�1-3"',�2"04", "2� -,2'23�-$�@>��*((*)' 4�*� �0--$)"��($)*�

��$�. Y� 3&"1"$-1"R� '3�  �,� �"� 2�'!� 3&�3� 3&"�+-* / $)� �'+ #�� /�


���%$ � ��� %�! ��C��

	



� *).$./.�*!�@>�'  // -. V��� &��+',-�� '!�'2�!">," !�� 9���3&1""a

,4 *" -3'!"� 2"04", "�  �**"!� 3&"� /-$+' / � � *� *) V� �&"�

1"*�3'-,2&'/� �"37"",� �� ,4 *" -3'!"�  -!-,� �,!� '32�

 -11"2/-,!',%��+',-�� '!�'2� �**"!�3&"�"  ) /$��� *�  V�

�'6 ",�3&"�!'; "1",3�,4+�"12�-$�b*"33"12c�',�3&"�+�����,!�

/1-3"',� b�*/ &��"32Rc�  -+�',�3'-,2� -$� ,4 *" -3'!"2�

 -11"2/-,!" !�3-�2',%*"��+',-�� '!2V��2',%���3&1""a,4 *"-3'!"�

 -!"�+"�,2�3&�3�3&"1"� '2� ��/* /�'� *!� DB �]J�h� J�h� J^� /-22'�*"�

 -+�',�3'-,2Y� 3&"1"$-1"R� �� %'6",� �+',-� � '!� '2� ", -!" !� � 9�

+-1"�3&�,�-,"�,4 *" -3'!"�31'/*"3�]�'%41"�JVOVH^V�

�&$41!�CMHMA��%&2�;$41!�2%,7 2�3%!�$!+! 3&���,  !�# ,1�
31�+2)�3&+$�!�� %�+4�)!, 3& !�31&/)!3K�,1��,  ,+K�&+�*����&+3 ,��+�
�*&+,��� & �,1���3!1*&+�3&,+�2&$+�)�&+���+�2�!+3�/1, 3!&+M�
T�1! &3J�*,  &;��3 &,+�,#�7,1(�� 9��
	 U�



 
 ��C��
���%$ � ��� %�! 



�&1""�-$�3&"�LJ� -!-,2�3"1+',�3"�/1-3"',�2 9,3&"2'2��,!�1"*"�2"�

3&"�/-*9/"/3'!"�$1-+�3&"�31�,2*�3'-,�+� &',"19V��&"2"�31'/*"32�

�1"�  �**"!� ./*+� � *� *). V� �,-3&"1�  -!-,R� ���R� �*2-� &�2� ��

2/" '�*� $4, 3'-,V� 
,� �!!'3'-,� 3-� 2/"  '$9',%� 3&"� �+',-� � '!�

+"3&'-,',"R� '3� �*2-� 2"16"2� �2� 3&"�./�-/� � *� *) � 3-� ','3'�3"�

31�,2*�3'-,V� �&"� 1"�!',%� $1�+"� $-1� 31�,2*�3'-,� '2� 2"3� �9� 3&"�

����23�13� -!-,�,"�1�3&"�Kz�",!�-$�3&"�+���V� �# �"  ) /$��

� *�  �$.�0)$1 -.�' V�� '3&���$"7�"8 "/3'-,2R�6'134�**9��**�2/" '"2�

42"� 3&"� 2�+"� %","3' �  -!"� $-1� /1-3"',� 29,3&"2'2R� 7&' &� '2�

/- 7"1$4*� "6'!", "� 3&�3� �**� *'$"� -,� � �13&� 2&�1"2� ��  -++-,�

-1'%',V�

�+(�� (&+$0,5/�1 )��4 16(,0�
� ;0 6+(5,5�

�423��2�7'3&�+����2 9,3&"2'2R�/1-3"',�29,3&"2'2� �,��"�!'6'!" !�

',3-�3&1""�/ &�2"2Q�','3'�3'-,R�"*-,%�3'-,R��,!�3"1+',�3'-,V��&"�

/1- "22�-$�31�,2*�3'-,�'2�2'+'*�1�',�/1-)�19-3"2��,!�"4)�19 -3"2V�

	"1"� 7 "� 7'**� "8/*-1"� &-7� 31�,2*�3'-,� -  412� ',� �A� �)&#R� ��

1"/1"2",3�3'6"�/1- )�19-3"R��,!�2/" '$9��, 9�!'; "1", "2��"37"",�

/1- )�19-3' ��,!�"4)�19 -3' �31�,2*�3'-,V�

�1-3"',�29,3&"2'2��"%',2�7'3&�3&"�$-1+�3'-,�-$��,�','3'�3'-,�

 -+/ *"8V�
,��A��)&#R�3&'2� -+/ *"8� ',6- *6"2�3&"�2+�**�1'�-2-+"�

24�4,'3R�3&"�+����3"+/ *�3"R�3&1""� ','3'�3'-,�$ � 3-12R� �,!� ��

2/" '�*�','3'�3-1�3���V��&"�','3'�3-1�3����',3"1� 32�7'3&�3&"�

����23�13� -!-,R��,!�*',)2�3-���2/"  '�*�$-1+�-$�3&"��+',-�� '!�


���%$ � ��� %�! ��C��

 �



+"3&'-,',"� 3&�3� '2� 39/' �**9� 1"+-6"!� $1-+� 3&"� /-*9/"/3'!"�

�$3"1�31�,2*�3'-,�'2� -+/ *"3"V�


,� /1- )�19-3"2� �,!� "4)�19 -3"2R� 3&"� ��2' 2� -$� /-*9/"/3'!"�

"*-,%�3'-,� �1"� 3&"� 2�+"R� 2-� 7"� 7'**� 1"6'"7� "*-,%�3'-,� $1-+�

3&"� /"12/" 3'6"� -$��A� �)&#V� �&"� *�1%"�1'�-2-+�*�24�4,'3� -$��A�

�)&#� -,2'232�-$�3&1""� -+/ �13+",32Q�3&"���2'3"��',!2�', -+',%�

 &�1%"!� 3���2� ]3���2� 7'3&� 3&"'1� �33� &" !� 2/"  '> � �+',-�

� '!2^V��&"���2'3"��',!2� &�1%"!�3���2� �119',%��+',-�� '!2�

3&�3�&�6"�$-1+" !� �-,!2�7'3&�3&"�%1-7',%�/- *9/"/3'!"�  &�',�

�43�&�6"�,-3�9"3�!'22- '�3"!�$1-+�3&"'1� -11"2/-,!',%�3���V�

�&"���2'3"�1"*"�2"2�!'22- '�3"!�3���2�2-�3&"9� �,��"�1"  &�1%"!�

7'3&� $1""� �+',-� � '!2V� �&"� 1'�-2-+"� 2&'$32� -,"�  -!-,� �3� ��

3'+"R�  �3�*9:',%� "� &� /1- "22� 3&�3� -  412� ',� 3&"� 3&1""� 2'3"2V�

� '3&� "� &� 23"/R� ��  &�1%"!� 3���� ",3"12� 3&"�  -+/ *"8R� 3&"�

/- *9/"/3'!"� �"  -+"2� -,"� �+',-� � '!� *-,%"1R� �,!� �,�

4, &�1%"!�3����!"/ �132V��&"�","1%9�$-1�"� &��-,!��"37 "",�

�+',-� � '!2� '2�!"1'6 "!�$1-+���� R���+-*" 4*"�2'+'*�1�3-�����

]�'%41"� JVOVI^V� �+�:',%*9R� 3&"��A� �)&#�31�,2*�3'-,� �// �1�342�

3�)"2�-,*9�FVFK�2" -,!2�3-��!!�"� &��+',-�� '!R�+"�,',%�3&�3�

��HFFa�+',-� � '!� /- *9/"/3'!"�  -4*!� �"� 31�,2*�3"!� ',� (423�GF�

2" -,!2V�



� ��C��
���%$ � ��� %�! 



�&$41!�CMHMB��1�+2)�3&,+��!$&+2�7%!+���3�����+3 &�,  ,+�
1!� , $+&:!2���� ,  ,+�,+�3 %!�*��� M��%!�)�1$!�1&�,2,*�)�


���%$ � ��� %�! ��C��






24�4+&3�',&+2�3%!�2*�))�24�4+&3K��+ ���2!� ,+ �3����&2�
1!�14&3! M��2�3%!�*����*, 6!2�1!)�3 &6!�3,�3%!�1&�,2,*!K�
3%!�/ ,)9/ !/ 3& !�� %�&+�&2�#,1*! M��+31 9�, #���1!)! �2!�# �� 3,1�
&+3,�3%!���2&3!�3!1*&+�3!2�31�+2)�3&,+��+ �3%!�
� ,*/ ,+!+3 2� &22,� &�3!M�

� "1+',�3'-,�-$�31�,2*�3'-,�-  412�7&",���23-/� -!-,�]���R�

�� �R� -1� ���^� '2� ", -4,3"1"!V� �&",� 3&"� 1'�-2-+"�

", -4,3"12� 3&"� 23-/�  -!-,R� 3&"� %1-7',%� /- *9/"/3'!"� '2�

1"*"�2"!R� �,!� 3&"� 1'�-2-+"� 24�4,'32� !'22- '�3"� �,!� *"� 6"� 3&"�

+���V� �$3"1� +�, 9� 1'�-2-+"2� &�6"�  -+/ *"3"!� 31�,2*�3'-,R�

3&"� +���� '2� !"%1�!" !� 2-� 3&"� ,4 *"-3'!"2�  �,� �"� 1"42" !� ',�

�,-3&"1�31�,2 1'/3'-,�1"� 3'-,V�

Concept in Action 

� 1�+2�1&�!���$!+!��+ �31 �+2)�3!�&3�3,�/1 , 3!&+�

42&+$��,*/)!*!+3�1 9�/�&1&+$��+ �3%!�$!+! 3&��

� ,  !��3� 3%&2�2&3! M�

�(&6,10��7//$4;�

P��&"� ",31�*�!-%+��!"2 1'�"2�3&"�?-7�-$�%","3' �

',$-1+�3'-,�',�3&"� "**�$1-+�%","2�3-�+����3-�



� ��C��
���%$ � ��� %�! 

http://openstaxcollege.org/l/create_protein2


/1-3"',2V��","2��1"�42"!�3-�+�)"�+����� 9�3&"�/1- "22�

-$�31�,2 1'/3'-,Y�+����'2�42" !�3-�29,3&"2':"�/1-3"',2�

� 9�3&"�/1- "22�-$�31�,2*�3'-,V��&"�%","3' � -!"�'2�3&"�

 -11"2/-,!", "��"37 "",�3&"�3&1""a,4 *"-3'!"�+����

 -!-,��,!��,��+',-�� '!V��&"�%","3' � -!"�'2�

b31�,2*�3"! c��9�3&"�3����+- *" 4*"2R�7&' &��22- '�3"���

2/" '> � -!-,�7'3&���2/"  '> ��+',-�� '!V��&"�%","3' �

 -!"�'2�!"%","1�3"��"  �42"�LJ�31'/*"3� -!-,2�',�+����

2/" '$9�-,*9�HF��+',-�� '!2��,!�3&1" "�23-/� -!-,2V��&'2�

+"�,2�3&�3�+-1"�3&�,�-,"� -!-,� -11"2/-,!2�3-��,�

�+',-�� '!V��*+-23�"6 "19�2/" '"2�-,�3&"�/ *�,"3�42"2�3&"�

2�+"�%","3' � -!"V�

P� �&"�/ *�9"12�',�31�,2*�3'-,�', *4!"�3&"�+����3"+/ *�3"R�

1'�-2-+"2R�3���2R��,!�6 �1'-42�",:9+�3' �$� 3-12V��&"�

2+�**�1'�-2-+�*�24�4,'3��',!2�3-�3&"�+����3"+/ *�3"V�

� 1�,2*�3'-,��"%',2��3�3&"�','3'�3',%�����-,�3&"�+���V�

�&"�$-1+�3'-,�-$��-,!2�-  412��"37"",�2"04",3'�*�

�+',-�� '!2�2/"  '>" !�� 9�3&"�+����3"+/ *�3"��  -1!',%�

3-�3&"�%","3' � -!"V��&"�1'�-2-+"��  "/32� &�1%"!�

3���2R��,!��2�'3�23"/2��*-,%�3&"�+���R�'3� �3�*9:"2�

�-,!',%��"37 "",�3&"�,"7��+',-�� '!��,!�3&"�",!�-$�3&"�

%1-7',%�/- *9/"/3'!"V��&"�",3'1"�+����'2�31�,2*�3" !�',�

3&1""a,4 *"-3'!"�b23"/2c�-$�3&"�1'�-2-+"V��&",���23-/�

 -!-,�'2�", -4,3"1"!R���1"*"�2"�$� 3-1��',!2��,!�

!'22- '�3"2�3&"� -+/-,",32��,!�$1" "2�3&"�,"7�/1-3"',V�


���%$ � ��� %�! ��C��

 �



Glossary 

� � ���+� 3%1!!�� ,+2!�4 3&6!�+4� )!, 3& !2�&+�*����3 %�3�

2/ !� &#9�3%!��  &3&,+�,#���2/ !� &;���*&+,��� & �,1�3%!�

1!)! �2!�, #���/ ,)9/ !/ 3& !�� %�&+� 41&+$�31�+2)�3&,+�

���� "��  � � ��+� 3%!��*&+,��� & 2�3%�3��,11!2/ ,+ �3 ,�

3%1!! X+4�)!, 3& !�� ,  ,+2�, #�*����

 �	�+� 1&�,2,*�)����P�*,)!�4)!2�, #�����3 %�3�

� ,*� &+!�3,�#,1*�/�1 3�,#�3%!�1&�,2,*!�

! "���� � ���+� ,+!�, #�3%!�3%1!!�*����� ,  ,+2�3 %�3�

2/ !� &;!2�3!1*&+�3&,+�,#�31�+2)�3&,+�

! "� "�� � ���+� 3%!�� ���T,1 K�1�1!)9����U�,+��+�*����

#1,*�7%&� %�31�+2)�3&,+��!$&+2P��)7�9 2�2/!� &;!2�

*! 3%&,+&+!�

"�	�+� 31�+2#!1����P��+�����*,)!�4)!�3 %�3��,+3�&+2�

��2/ !� &;��3%1!! X+4�)!, 3& !��+3&�,  ,+�2!04!+� !�3,�

/�&1�7&3%�3%!�*����� ,  ,+��+ ��)2,�� &+ 2�3,���

2/ !� &;���*&+,��� & �


�� ��C��
���%$ � ��� %�! 



� �� �  ��

CHAPTER FIVE: 
CELL CYCLE AND 
GENETICS 

���"%�$���'��������� * ����� ���� �%��� ��C��
��




�� ��C�����"%�$���'��������� * ����� ���� �%���
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]� L	 GH� L^R��,!�-3&"1� �1�- &9!1�3"2V��&"�-6"1�**�1"� 3'-,�$-1�

/ &-3-29,3&"2'2� 2� �"23� 24++�1'2"!� � 9� 3&"� $- **-7',%� 1"� 3'-,�

23"/�[G\V�

L�� H�f�L	 H��f�","1%9�__ak�� L	 GH� L�f�L� H � � � � � �[G\�

�&-3-29,3&"2'2� -,2'232�-$�37-�+� (-1�/&�2"2�`�]�^�3&"�*'%&3�

!"/",!",3�1"� 3'-,2� �,!� ]�^�3&"� *'%&3a',!"/",!",3�1"� 3'-,2�

]!�1)�1"� 3'-,2^V��41',%�3&"�>123�/&�2"R� ) -"4�$.�+- *1$� ��

� 4���(* ' �0'  �� �''  ����  )*.$) �/-$+ #*.+ #�/ �K� ��L V�����

'2� 42"!� �2� �� +"�,2� 3-� 31�,2$"1� ","1%9� �"37"",�  &"+' �*�

1"� 3'-,2� -  411',%� 7'3&',� ��  "**V� 
,� 3&"� $-1+�3'-,� -$� *�1%"�

+- *" 4*"2� ',� 3&"�  "**� +4 &� ","1%9� '2� ,""!" !� 3-�  1"�3"� ,"7�

�-,!2V� �,"1%9a23-1�%"� +-*" 4*"2� 24 &� �2� %*4 -2"� �1"� �1-)",�

!- 7,�3-�*'�"1�3"�3&"�","1%9�3&�3�'2�',�3&"'1��-,!2V��$�',3"1"23�'2�

3&�3�3&"��1"�)!-7,�-$�%*4 -2"�3-��� H��,!�	 H��'2�3&"�1"6"12"�

-$�%*4 -2"�$-1+�3'-,� ',�3&�3�","1%9�'2�1"*"�2"!V��&'2�1"� 3'-,�

 �,��"�2" ",�',�3&"�$- **-7',%�1"� 3'-,�23"/�[H\V�

� L	 GH� L�f�L� H�__k�L�� H�f�L	 H��f�","1%9  � � � � �[H\�

�*"�2"�,-3"�3&�3��-3&�1"� 3'-,�23"/�G��,!�H�1"/1"2",3�+�,9�

',!'6'!4�*�1"� 3'-,�23"/2V�

�&"� /1- "22"2� -$� +�)',%� �,!� �1"�)',%� !- 7,� %*4 -2"�

+- *" 4*"2�'**4231�3"�37-�"8�+/ *"2�-$�( /��* '$��+�/# 2 � 4.V���

+"3��- *' �/ �3&7�9�'2���2"1'"2�-$� &"+' �*�1"� 3'-,2�3&�3�3�)"2���

23�13',%�+-*" 4*"��,!�+-!'>"2�'3R�23"/a�9a23"/R�3&1-4%&���2"1'"2�

��� ��C������� �$� *�� ����% ��!����



-$�+"3��- *' �',3"1+"!'�3"2R�"6",34�**9�9'"*!',%���>,�*�/1-!4 3V�


,� 3&"� "8�+/ *"� -$� %*4 -2"� +"3��- *'2+R� 3&"� >123� +"3��-*' �

/ �3&7�9�29,3&"2':"!�%*4 -2"�$1-+�2+�**"1�+-*" 4*"2R��,!�3&"�

-3&"1� /�3&7�9� �1-)"� 24%�1� !-7,� ',3-� 2+�**"1� +- *" 4*"2V�

�&"2"�37-�-//-2'3"�/1- "22"2_3&"�>123�1"04'1',%�","1%9��,!�

3&"� 2" -,!� /1-!4 ',%� ","1%9_�1"� 1"$ "11"!� 3-� �2� �)��* '$��

+�/# 2 � 4.� K�0$'�$)"� +* '4( -.L� �)�� � �/��* '$�� +�/# 2 � 4.�

K�- �&$)"� � *2)� +* '4( -.� $) /*� /# $-� (*)*( -.L R�

1"2/" 3'6"*9V� �-,2" 04",3*9R� +"3��-*'2+� '2�  -+/-2" !� -$�

29,3&"2'2� ]�,��- *'2+^� �,!� !"%1�!�3'-,� ] �3��- *'2+^� ]�'%41"�

LVGVH^V�

� -4� 2&-4*!� ,-3"� 3&�3�3&"�  &"+' �*� 1"� 3'-,2� -  411',%� ',�

+"3��- *' � / �3&7�92� !-� ,-3� 3�)"� / *� "� -,� 3&"'1� -7,V� � � &�

1"� 3'-,�23"/� '2�  �3�*92"!R� �9� )54( . V� � -23� ",:9+"2�$-4,!�

',� ,�341"� �1"� /1-3"',2� 3&-4%&� 2-+"� �1"� ���� +- *" 4*"2V�

 �)54( .� �-  � $(+*-/�) /� ! *-� � �/�' 4.$)"� �''� /4+ .� *!�

�$* '*"$� �'�-  ��/$*). _'11"2/" 3'6"�-$�7&"3&"1�3&"9�1"04'1"�-1�

1"*"�2"�","1%9V�

����� �$� *�� ����% ��!���� ��C���� 




�&$41!�EM@MA�� �3�� ,)&��/�3 %7�9 2��1!�3%,2!�3%�3�$!+!1�3!�
!+!1 $9�� 9��1! �(&+$� , 7+�)�1 $!1�*,)!�4)!2 M��+�� ,)&��
/�3 %7�9 2��1!�3%,2!�3%�3�1!04&1!�!+!1 $9�3,�29+3%!2&:!�)�1$!1�
*,)!�4)!2 M��,3%�39/ !2�, #�/�3%7�9 2��1!�1!04&1! �# ,1�
*�&+3�&+&+$�3%!��!))\2�!+!1$9���)�+� !M�

� 0(4*;�

�# -(*� 4)�($�. �1"$"12�3-�3&"�./0� 4�*!� ) -"4��)�� ) -"4�

/-�).!  - � ', 6- *6',%� /&92' �*�+�33"1V� �&"�+�33"1�1"*"6�,3�3-� ��

/ �13' 4*�1�  �2"� -$� ","1%9� 31�,2$"1� '2�  �**"!� �� 2923"+R� �,!�

"6"193&',%� -432'!"� -$�3&�3�+�33"1� '2�  �**"!�3&"�2411-4,!',%2V�

� -1� ',23�, "R�7&",�&"�3',%� �� /-3� -$� 7�3"1� -,� 3&"� 23-6"R�3&"�

2923"+� ', *4!"2� 3&"� 23-6"R� 3&"� /-3R� �,!� 3&"� 7�3"1V� �,"1%9� '2�

31�,2$"11"!� 7'3&',� 3&"� 2923"+� ]�"37"",� 3&"� 23-6"R� /-3R� �,!�

7 �3"1^V��&"1"��1"�37-�39/"2�-$�2923"+2Q�*+ ) ��,!� � '*. � V�
,��,�

*+ )�. 4./ ( R�","1%9� �,��"�" 8 &�,%"!�7'3&�'32�2411-4,!',%2V�

�&"�23-6"3-/�2923"+� '2� -/",� �"  �42"�&"�3�  �,� �"� *-23�3-�3&"�

�'1V��-3"�3&�3�� � '*. � �.4./ ( � �,,-3�" 8 &�,%"�","1%9�7'3&�'32�

2411-4,!',%2V�

�'- *-%' �*� -1%�,'2+2� �1"� *+ )� . 4./ (. V� �,"1%9� '2�

"8 &�,%"!� �"37 "",� 3&"+� �,!� 3&"'1� 2411-4,!',%2V� �&"�'� 2 .�

��� ��C������� �$� *�� ����% ��!����



*!� /# -(*� 4)�($�. �%-6"1,�3&"�/-�).!  -� *!�  ) -"4 �',� �,!�

�+-,%��**�2923"+2�',�3&"�4,'6"12"�', *4!',%�3&-2"�-$��'-*-%' �*�

-1%�,'2+2V�


,�%","1�*R� ) -"4�$.�*!/ )� �  8) �� �.� /# � ��$'$/4�/*� � *�

2 *-&R�-1�3-� 1"�3"�2-+"�)',!�-$� &�,%"V�
3� �,�" 8'23�',�!'; "1",3�

$-1+2V� �-1� "8�+/ *"R� "*" 31' �*� ","1%9R� *'%&3� ","1%9R� �,!� &"�3�

","1%9��1"��**�!';"1",3�39/"2�-$�","1%9V��-��//1"  '�3"�3&"�7� 9�

","1%9�?-72�',3-��,!�-43�-$��'- *-%' �*�2923"+2R�'3�'2�'+/-13�,3�

3-�4,!"123�,!�37-�-$�3&"�/&92' �*�*�72�3&�3�%-6"1,�","1%9V�

�+(4/1';0$/,&5�

�&"� 8-./� '� 2� *!� /# -(*� 4)�($�. � 23�3"2� 3&�3� 3&"�/* /�'�

�(*0) /� *!�  ) -"4� $)� /# � 0)$1  -. � $.� � *)./�) /� �)��

� *). -1  � V��) -"4�  3$./.� $)� (�) 4� �$6 -  ) /� ! *-(. V�

�  -1!',%�3-�3&"�>123�*�7�-$�3&"1+-!9,�+' 2R�","1%9� �,��"�

31�,2$"11"!�$1-+� / *� "�3-� /*� "� -1�31�,2$-1+" !� ',3-� !'; "1",3�

$-1+2R��0/�$/�� �))* /�� �� - �/ ��*-��  ./- *4 � V��&"�31�,2$"12�

�,!� 31�,2$-1+�3'-,2� -$� ","1%9� 3�)"� /*� "� �1-4,!� 42� �**� 3&"�

3'+"V� 
'%&3� �4*�2� 31�,2$-1+� "*" 31' �*� ","1%9� ',3-� *'%&3� �,!�

&"�3�","1%9V��*�,32� -, 6"13�3&"�","1%9�-$�24,*'%&3�3-� &"+' �*�

","1%9� 23-1"!� 7'3&',� -1%�,' � +- *" 4*"2� "V%V� %*4 -2"V� �-+"�

"8�+/ *"2�-$�","1%9�31�,2$-1+�3'-,2��1"�2&-7,�',��'%41"�LVGVIV�


'6',%� "**2�42"�3&"�  &"+' �*� ","1%9�23-1"!�7'3&',� -1%�,' �

+- *" 4*"2�]"V%V�24%�12��,!�$�32^�'2�31�,2$"11"!��,!�31�,2$ -1+" !�

3&1-4%&� �� 2"1'"2� -$�  "**4*�1�  &"+' �*� 1"� 3'-,2� ',3-� ","1%9�

����� �$� *�� ����% ��!���� ��C�����



7'3&',� +- *" 4*"2� -$� ��� V� �&"� ","1%9� ',� ���� '2� "�2'*9�

�  "22'�*"� 3-� !-� 7 -1)R� 24 &� �2� �4'*!',%�  -+/ *"8� +- *" 4*"2R�

31�,2/-13',%�+�3"1'�*2R�/-7"1',%�3&"�+-3'-,�-$� '*'��-1�?�%"**�R�

�,!� -,31� 3',%�+42 *"�>�1"2�3-� 1"�3"�+-6"+",3V�

��� ��C������� �$� *�� ����% ��!����



�&$41!�EM@MB��%,7+��1 !�2,*!�! 8�*/)!2�, #�!+!1$9�31�+2#!11! �
�+ �31�+2#,1*! �# 1,*�,+!�2 923!*�3 ,��+, 3%!1��+ �#1,*�,+!�
#,1*�3 ,��+, 3%!1M��%!�#, ,  �7 !�� ,+24*!�/1 , 6& !2�,41�� !))2�
7&3%�3%!�!+!1$9�1!04&1! �3 ,���11 9�,4 3�� ,  &)9�#4+� 3&,+2K�'423�
�2�)&$%3�!+!1$9�/1, 6& !2�/)�+32�7&3%�3%!�*! �+2�3,��1 ! �3!�3%!�
� %!*&��)�!+!1 $9�3%!9�+!! M�T�1! &3�Y&�!��1 ! �* ZJ�*,  &;��3 &,+�
, #�7,1(�� 9�� M��%�1,+��14&33P��1! &3�Y(& 2ZJ�*,  &;��3 &,+�,#�

����� �$� *�� ����% ��!���� ��C�����



7 ,1(�� 9���8�# 1,*��1 , 6& !+� !P��1! &3�Y)!�#ZJ�*,  &;��3 &,+�,#�
7 ,1(�� 9�� ,19�� �+( !1U�

�� *'6',%�  "**e2� /1'+�19�3�2)2� -$� -�3�',',%R�31�,2$-1+',%R� �,!�

42',%� ","1%9� 3-� !-� 7-1)� +� 9� 2""+� 2'+/ *"V� 	-7"6"1R� 3&"�

. � *)��'� 2�*!�/# -(*� 4)�($�. �"8/*�',2�7&9�3&"2"�3�2)2��1"�

&�1!"1� 3&�,� 3&"9� �//"�1V��''�  ) -"4� /-�).!  -.� �)��

/-�).! *-(�/$*).��-  �) 1 -�� *(+ ' / ' 4� 7�$ ) /R��,!�2-+"�

","1%9� '2� *-23� ',� �� $-1+�3&�3� '2� 4,42��*"V� 
,� +-23�  �2"2R�3&'2�

$-1+�'2�&"�3�","1%9V�

�,� '+/-13�,3� �2/"  3� -$� /&92' �*� 2923"+2� '2� 3&�3� -$� -1!"1�

�,!� !'2-1!"1V� �&"�+-1"�","1%9�3&�3� '2�*-23� �9� ��2923"+�3-� '32�

2411-4,!',%2R�3&"� *"22� -1!"1"!� �,!�+-1"�1�,!-+�3&"�2 923"+�

'2V�� '",3'232�1"$"1�3-�3&"�+"�241"�-$�-�)� *() ..�*-��$.*- �  -�

2$/#$)� �� . 4./ (� �.�  ) /- *+4V�
$"#�  ) /- *+4� ( �).� #$"#�

�$.*- �  -��)��' *2� ) -"4 V�� - *" 4*"2��,!� &"+' �*�1"� 3'-,2�

&�6"� 6�19',%� ",31-/9� �2� 7"**V� 
'6',%� 3&',%2� �1"�#$"#'4�

*- �  -  � R�1"04'1',%� -,23�,3�","1%9�',/43�3-��"�+�',3�'," !�',�

��23�3"�-$�*-7�",31-/ 9V�

� 16(0 6,$.�� 0(4*;�

�,� �� +- *" 4*�1� *"6"*R� 3&"��*)�. � 3&�3� &-*!� 3&"� �3-+2� -$�

+- *" 4*"2� 3-%"3&"1� "8'23� ',� �� /�13' 4*�1� 2314 341"� 3&�3� &�2�

/-3",3'�*� ","1%9V� �-3",3'�*� ","1%9� '2�23-1"!�7'3&',�3&"� �-,!2�

-$��**�3&"�$--!�+- *" 4*"2�7"�"�3R�7&' &�'2�"6",34�**9�&�1,"22"!�

��� ��C������� �$� *�� ����% ��!����



$-1�42"V� �&'2� '2� �" �42"�3&"2"� �-,!2�  �,�1"*"�2"�","1%9�7&",�

�1- )",V� �&'2� 39/"� -$� /-3",3'�*� ","1%9� 3&�3� "8'232� 7'3&',�

 &"+' �*� �-,!2� '2�  �**"!� � # ($� �'�  ) -"4 V� �&"+' �*� ","1%9�

'2�1"2/-,2'�*"�$-1�/1-6'!',%�*'6',%� "**2�7'3&�","1%9�$1-+�$--!�

7&' &� '2� 1"*"�2"!� 7&",� 3&"� +- *" 4*�1� �-,!2� 7'3&',� $ --!�

+- *" 4*"2��1"��1-)",V�

� 4((�� 0(4*;�

	- 7� '2� 3&"� ","1%9� �22- '�3"!� 7'3&� 3&"�  &"+' �*� 1"� 3'-,2�

-  411',%� ',� ��  "**� 04�,3'>"!� �,!� " 8/1"22"!W� 	- 7�  �,� 3&"�

","1%9� 1"*"�2"!� $1-+� -,"� 1"� 3'-,� �"�  -+/ �1"!� 3-� 3&�3� -$�

�,-3&"1�1"� 3'-,W�

�  -1!',%� 3-� 3&"�. � *)�� '� 2� *!� /# -(*� 4)�($�. R� �**�

","1%9�31�,2$"12�',6- *6"�3&"�*-22�-$�2-+"�","1%9�',��,�4,42��*"�

$-1+�24 &��2�&"�3V�� -  � ) -"4 �2/" '> �**9�1"$"12�3-�3&"�","1%9�

�22- '�3"!�7'3&� ��  &"+' �*�1"� 3'-,�3&�3� '2� �6�'*�� *"� �$3"1�3&"�

*-22"2��1"��  -4,3" !�$-1V�
,�-3&"1�7-1!2R�$1""�","1%9�'2�0.�� '  �

 ) -"4 V�


$� ","1%9� '2�- '  �. � �!41',%� ��  &"+' �*�1"� 3'-,R�3&",�3&"�

 &�,%"� ',� $1""� ","1%9R� 2'%,'>"!� �2� q�� ]!"*3�� �^� 7'**� �"� ��

,"%�3'6"�,4+�"1V���,"%�3'6"� &�,%"�',�$1""�","1%9��*2-�+"�,2�

3&�3� 3&"� /1-!4 32� -$� 3&"� 1"� 3'-,� &�6"� *"22� $1""� ","1%9� 3&�,�

3&"�1"� 3�,32R��" �42"�3&"9�1"*"�2"�2-+"�$1""�","1%9�!41',%�3&"�

1"� 3'-,V��"� 3'-,2�3&�3�&�6"���,"%�3'6"� &�,%"�',�$1""�","1%9�

�,!�  -,2" 04",3*9� 1"*"�2"� $1""� ","1%9� �1"�  �**"!�  3 -" *)$��

����� �$� *�� ����% ��!���� ��C����	



- ��/$*). V��&"2"�1"� 3'-,2��1"��*2-�1"$"11"!�3-��2�2/-,3�," -42�

1"� 3'-,2R��,!�3&"'1�/1-!4 32�&�6"�*"22�23-1"!�","1%9�3&�,�3&"�

1"� 3�,32V�


$� ��  &"+' �*� 1"� 3'-,� ��2-1�2� ","1%9� 1�3&"1� 3&�,� 1"*"�2"2�

","1%9� -,� � �*�, "R� 3&",� 3&"� q�� $-1� 3&�3� 1"� 3'-,� 7'**� �"� ��

/-2'3'6"�6�*4"V�	"1"R�3&"�/1-!4 32�&�6"�+-1"�$1""�","1%9�3&�,�

3&"� 1"� 3�,32V� �&42R� 3&"� /1-!4 32� -$� 3&"2"� 1"� 3'-,2�  �,� �"�

3&-4%&3� -$� �2� ","1%9a23-1',%� +-*" 4*"2V� �&"2"�  &"+' �*�

1"� 3'-,2��1"� �**"!�  )�  -" *)$��-  ��/$*). R��,!�3&"9��1"�)*)O

.+*) /�) *0. V��,�",!"1%-,' �1"� 3'-,�7'**�,-3�3�)"� / *� "�-,�

'32�-7,�7'3&-43�3&"��!!'3'-,�-$�$1""�","1%9V�

� �3� %�� � 3&6�3&,+�!+!1$9��+ �!+: 9*!2 �3,�

%&$%)&$%3�3%!�<,7�, #�!+!1$9�7%!+���1 ! �� 3&,+�

3�( !2�/)�� !M�

� 0<;/(5�

��24�23�, "�3&�3�&"*/2��� &"+' �*�1"� 3'-,�3-�-  41�'2� �**"!���

� �/�' 4./ R��,!�3&"�+-*" 4*"2�3&�3� �3�*92"��'- &"+' �*�1"� 3'-,2�

�1"� �**"!�  )54( . V�� -23�",:9+"2��1"�+-* / $). ��,!�/"1$ -1+�

3&"�  1'3' �*� 3�2)� -$�'*2  -$)"� /# � ��/$1 �/$*)�  ) -"$ . � -$�

 &"+' �*�1"� 3'-,2�',2'!"�3&"� "**R��,!�',�!-',%�2-�2/" "!�4/�3&"�

1�3"�-$�3&"2"�1"� 3'-,2V�

��
 ��C������� �$� *�� ����% ��!����

http://openstaxcollege.org/l/energy_reactio2


 �,:9+"2��',!�3-�3&"�1"� 3�,3�+- *" 4*"2��,!�&- *!',%�3&"+�

',� 24 &� �� 7 � 9� �2� 3-� +�)"� 3&"�  &"+' �*� �-,!a�1"�)',%� �,!�

a$-1+',%� /1- "22"2� -  41� +-1"� "�2'*9V� 
3� '2� '+/-13�,3� 3-�

1"+"+�"1�3&�3�",:9+"2�� *�)* /�� #�)"  �7&"3&"1���1"� 3'-,�'2�

"8"1%-,' � ]2/-,3�," -42^� -1� ",!"1%-,' V� �&'2� '2� �" �42"�3&"9�

!-� ,-3�  &�,%"� 3&"� $1""� ","1%9� -$� 3&"� 1"� 3�,32� -1� /1-!4 32V�

�&"9� -,*9� - � 0�  � /# � ��/$1 �/$*)�  ) -"4 �1"04'1"!� $-1� 3&"�

1"� 3'-,�3-�%-�$-17�1!�]�'%41"�LVGVJ^V�
,��!!'3'-,R��,�",:9+"�

'32"*$� '2� 4, &�,%"!� � 9� 3&"� 1"� 3'-,� '3�  �3�*92"2V� �, "� -,"�

1"� 3'-,�&�2��" ",� �3�*92"!R�3&"�",:9+"�'2���*"�3-�/�13' '/ �3"�',�

-3&"1�1"� 3'-,2V�

�&$41!�EM@MC��+: 9*!2�), 7 !1�3%!��� 3&6�3&,+�!+!1$9�, #�3%!�
1! �� 3&,+��43� ,�+, 3��%�+$!�3%!�#1!!�!+!1 $9�, #�3%!�1! �� 3&,+M�

����� �$� *�� ����% ��!���� ��C�����



�&"�  &"+' �*�1"� 3�,32�3-�7&' &� �,� ",:9+"� �',!2� �1"�  �**"!�

3&"� )54( R .� .0�./-�/ . V� �&"1"� +�9� �"� -,"� -1� +-1"�

24�231�3"2R� !"/",!',%� -,� 3&"� /�13' 4*�1�  &"+' �*� 1"� 3'-,V�

 �&"�*- �3'-,�7'3&',�3&"�",:9+"�7&"1"�3&"�24�231�3"��',!2�'2�

 �**"!� 3&"� ",:9+"e2���/$1 � .$/ V� �', "� ",:9+"2� �1"� /1-3"',2R�

3&"1"�'2���4,'04"� -+�',�3'-,�-$��+',-�� '!�2'!"� &�',2�7'3&',�

3&"� � 3'6"� 2'3"V� �� &� 2'!"�  &�',� '2�  &�1� 3"1':" !� � 9� !'; "1",3�

/1-/"13'"2V��&"9� �,��"�*�1%"�-1�2+�**R�7"�)*9�� '!' �-1�� �2' R�

&9!1-/ &'*' � -1�&9!1-/ &-�' R�/-2'3'6"*9�-1�,"%�3'6"*9� &�1%"!R�

-1� ,"431�*V� �&"�4,'04"�  -+�',�3'-,� -$�2'!"�  &�',2�  1"�3"2� ��

1 -4� .+ �$8�� � # ($� �'�  ) 1$-*)( ) / �7'3&',�3&"� � 3'6"�2'3"V�

�&'2� 2/" '> � ", 6'1-,+",3� '2� 24'3"!� 3-� �',!� 3-� -,"� 2/"  '> �

 &"+' �*�24�231�3"�]-1�24�231�3"2^V�

� 3'6 "� 2'3"2� �1"� 24�(" 3� 3-� ',?4", "2� -$� 3&"� *- �*�

", 6'1-,+",3V� 
, 1"�2',%� 3&"� ",6'1-,+",3�*� / (+ -�/0-  �

%","1�**9� ', 1"�2"2� 1"� 3'-,� 1�3"2R� ",:9+"a �3�*92"!� -1�

-3&"17'2"V�	-7"6"1R�3"+/"1�341"2�-432'!"�-$��,�-/3'+�*�1�,%"�

1"!4 "�3&"�1�3"� �3�7&' &��,�",:9+"� �3�*92"2���1"� 3'-,V�	-3�

3"+/"1�341"2�7'**� "6",34�**9�  �42"� ",:9+"2�3-� �  )�/0-  R� �,�

'11"6"12'�*"�  &�,%"� ',� 3&"� 3&1""a!'+",2'-,�*� 2&�/"� �,!�

3&"1"$-1"�3&"�$4, 3'-,�-$�3&"�",:9+"V��,:9+"2��1"��*2-�24'3"!�

3-�$4, 3'-,� �"23�7'3&',� ��  "13�',�+
 ��,!�2�*3�  -, ",31�3'-,�

1�,%"R� �,!R� �2� 7'3&� 3"+/"1�341"R� "831"+"� /	R� �,!� 2�*3�

 -, ",31�3'-,2� �,� �42"�",:9+"2�3-�!",�341"V�


3� '2� 4, *"�1� '$� ",:9+"a24�231�3"� �',!',%� '2� 6'�� �� 2'+/*"�

b'*� &� �)��&  4c�$�2&'-,R�7&"1"�3&"�",:9+"� �,!�24�231�3"�>3�

3-%"3&"1�/"1$" 3*9�',�-,"�',23�,3�," -42�23"/V�	- 7"6"1R� 411",3�

��� ��C������� �$� *�� ����% ��!����



1"2"�1 &�24//-132� ��+-!"*�  �**"!� $)� 0�  �� 8/ �]�'%41"�LVGVK^V�

�&"� ',!4 "!a>3� +-!"*� "8/ �,!2� -,� 3&"� *- )a�,!a)"9� +-!"*�

� 9� !"2 1'�',%� ��+-1"� !9,�+' � �',!',%� �"37 "",� ",:9+"� �,!�

24�231�3"V� �2�3&"� ",:9+"� �,!� 24�231�3"�  -+"�3-%"3&"1R�3&"'1�

',3"1� 3'-,�  �42"2� ��+'*!�2&'$3� ',�3&"�",:9+"e2�2314 341"�3&�3�

$-1+2� �,� '!"�*� �',!',%� �11�,%"+",3� �"37 "",� ",:9+"� �,!�

24�231�3"V�

� ,1�*,1 !�&+#,1*�3 &,+K�/)!�2!�), , (��3� 3%!�&+ 4�! �

;3�*,  !)�, #�!+: 9*!��� 3&,+M�

�&",� �,� ",:9+"� �',!2� '32� 24�231�3"R� �,�  )54( O.0�./-�/ �

� *(+ ' 3�'2�$-1+" !V��&'2� -+/ *"8�'*2  -. �3&"�� 3'6�3'-,�","1%9�

-$�3&"�1"� 3'-,� �,!� /1-+-3"2� '32�1�/'!� /1-%1"22'-,� ',� -,"� -$�

+4*3'/*"� /-22'�*"� 7� 92V� �,� �� � �2' � *"6"*R� ",:9+"2� /1-+-3"�

 &"+' �*� 1"� 3'-,2� 3&�3� ',6- *6"� +-1"� 3&�,� -,"� 24�231�3"� �9�

�1',%',%�3&"�24�231�3"2�3-%"3&"1�',��,�-/3'+�*�-1'",3�3'-,�$-1�

1"� 3'-,V��,-3&"1�7 � 9�',�7&' &�",:9+"2�/1-+-3"�3&"�1"� 3'-,�

-$� 3&"'1� 24�231�3"2� '2� �9�  1"�3',%� �,� -/3'+�*� ", 6'1-,+",3�

7'3&',�3&"�� 3'6"�2'3"�$-1�3&"�1"� 3'-,�3-�-  41V�

�&"� ",:9+"a24�231�3"�  -+/ *"8�  �,� �*2-� *- 7"1� � 3'6�3'-,�

","1%9��9� -+/1-+'2',%�3&"��-,!�2314 341"�2-�3&�3�'3�'2�"�2'"1�

3-��1"�)V��',�**9R�",:9+"2� �,��*2-�*- 7"1�� 3'6�3'-,�","1%'"2��9�

3�)',%�/�13�',�3&"� &"+' �*�1"� 3'-,� '32"*$V�
,�3&"2"� �2"2R�'3� '2�

����� �$� *�� ����% ��!���� ��C���� 


http://openstaxcollege.org/l/hexokinase2
http://openstaxcollege.org/l/hexokinase2


'+/-13�,3�3-�1"+"+�"1�3&�3�3&"�",:9+"�7'**��*7� 92�1"341,�3-�

'32�-1'%',�*�23�3"��9�3&"� -+/ *"3'-,�-$�3&"�1"� 3'-,V��,"�-$�3&"�

&�**+�1)�/1-/"13'"2�-$�",:9+"2�'2�3&�3�3&"9�1"+�',�4*3'+�3"*9�

4, &�,%" !�� 9�3&"�1"� 3'-,2�3&"9� �3�*92"V��$3"1��,�",:9+"�&�2�

 �3�*9:"!���1"� 3'-,R�'3�- '  �. .�$/.�+- *� 0�/K.L��,!� �,� �3�*92"�

��,"7�1"� 3'-,V�

�&$41!�EM@MD��%!�&+ 4�! X ;3�*,  !)�&2��+�� '423*!+3�3 ,�3%!�
), � ( X�+ X( ! 9�*,  !)��+ �! 8/)�&+2�%,7�!+: 9*!2��+ �
24�231�3!2�4+ !1 $,� 9+�*&��*,  &;��3 &,+2� 41&+$�3%!�
31�+2&3&,+�23�3!�3,�&+�1! �2!�3 %!��#;+&39�, #�3%!�24�231�3!�#,1�
3%!��� 3&6!�2&3!M�

�2� 3&"� 1�3"2� -$� �'- &"+' �*� 1"� 3'-,2� �1"� � *) /- * ''  � � � 9�

� 3'6�3'-,�","1%9R��,!�",:9+"2�*- 7"1��,!�!"3"1+',"�� 3'6 �3'-,�

","1%'"2� $-1�  &"+' �*� 1"� 3'-,2R� 3&"� 1"*�3'6"� �+-4,32� �,!�

$4, 3'-,',%�-$�3&"�6�1'"39�-$�",:9+"2�7'3&',��� "**�4*3'+�3"*9�

!"3"1+',"�7&' &�1"� 3'-,2�7'**�/1- ""!��,!��3�7&�3�1�3"2V��&'2�

!"3"1+',�3'-,� '2�3'%&3*9� -,31-**"!� ',�  "**2V�
,�  "13�',�  "**4*�1�

", 6'1-,+",32R� ",:9+"� � 3'6'39� '2� /�13*9�  -,31-**"!� � 9�

", 6'1-,+",3�*� $� 3-12� *')"� /	R� 3"+/"1�341"R� 2�*3�

 -, ",31�3'-,R��,!R�',�2-+"� �2"2R� -$� 3-12�-1� -",:9+"2V�

��� ��C������� �$� *�� ����% ��!����



�)54( .� � �)� �'.*� � � -  "0'�/ � � ',� 7 � 92� 3&�3� "'3&"1�

/1-+-3"�-1�1"!4 "�",:9+"� � 3'6'39V��&"1"� �1"�+�,9�)',!2�-$�

+- *" 4*"2� 3&�3� ',&'�'3� -1� /1-+-3"� ",:9+"� $4, 3'-,R� �,!�

6�1'-42� +" &�,'2+2� � 9� 7&' &� 3&"9� !-� 2-V� 
,� 2-+"�  �2"2� -$�

",:9+"� $)#$�$/$*)R� �,� ',&'�'3-1� +- *" 4*"� '2� 2314 341�**9�

2'+'*�1� 3-� 3&"� 24�231�3"� �,!�  �,� �',!� 3-� 3&"� � 3'6 "� 2'3"� �,!�

2'+/ *9� �*- )� 3&"� 24�231�3"� $1-+� �',!',%V� �&'2� '2�  �**"!�

� *(+ /$/$1  � $)#$�$/$*)R� �" �42"� 3&"� ',&'�'3-1� +-*" 4*"�

 -+/"3"2�7'3&�3&"�24�231�3"�$-1��',!',%�3-�3&"�� 3'6"�2'3"V�

�,� 3&"� -3&"1� &�,!R� ',� )*)� *(+ /$/$1  � $)#$�$/$*)R� �,�

',&'�'3-1� +- *" 4*"� �',!2� 3-� 3&"� ",:9+"� ',� �� *- �3'-,� -3&"1�

3&�,�3&"�� 3'6"�2'3"R� �**"!��,� �'' *./ -$��.$/ R��43�23'**�+�,�%"2�

3-� � *- )�24�231�3"� �',!',%�3-�3&"� � 3'6"�2'3"V� �-+"� ',&'�'3-1�

+- *" 4*"2��',!�3-�",:9+"2� ',� ��*- �3'-,�7&"1"�3&"'1��',!',%�

',!4 "2� ��  -,$ -1+�3'-,�*�  &�,%"�3&�3�1"!4 "2�3&"� �<,'39� -$�

3&"�",:9+"�$-1� '32�24�231�3"V��&'2�39/"�-$� ',&'�'3'-,� '2�  �**"!�

�'' *./ -$�� $)#$�$/$*) � ]�'%41"� LVGVL^V� �-23� �**-23"1' �**9�

1"%4*�3"!�",:9+"2��1"�+�!"�4/�-$�+-1"�3&�,�-,"�/- *9/"/3'!"R�

+"�,',%�3&�3�3&"9�&�6"�+-1"�3&�,�-,"�/1-3"',�24�4,'3V��&",�

�,��**-23"1' �',&'�'3-1��',!2�3-���1"%'-,�-,��,�",:9+"R��**�� 3'6 "�

2'3"2� -,� 3&"� /1-3"',� 24�4,'32� �1"�  &�,%"!� 2*'%&3*9� 24 &� 3&�3�

3&"9� �',!� 3&"'1� 24�231�3"2� 7'3&� *"22� "< '", 9V� �&"1"� �1"�

�'' *./ -$����/$1 �/*-. ��2�7"**��2�',&'�'3-12V��**-23"1' �� 3'6�3-12�

�',!� 3-� *- �3'-,2� -,� �,� ",:9+"� � 7 � 9� $1-+� 3&"� � 3'6"� 2'3"R�

',!4 ',%���  -,$ -1+�3'-,�*�  &�,%"�3&�3�$)� - �. . �3&"��<,'39�

-$�3&"�",:9+"e2�� 3'6"�2'3"]2^�$-1�'32�24�231�3"]2^�]�'%41"�LVGVL^V�

����� �$� *�� ����% ��!���� ��C�����



�&$41!�EM@ME��)),2 3!1&��&+%&�&3&,+�7,1( 2�� 9�&+ &1!� 3)9�&+ 4�&+$�
��� ,+#,1*�3 &,+�)��%�+$!�3,�3%!��� 3&6!�2&3!�24� %�3%�3�3%!�
24�231�3!�+,�),+$!1�;3 2M�
+��,+31�23K�&+��)),23!1&���� 3&6�3&,+K�
3%!��� 3&6�3,1�*,)!�4)!�*,  &;!2�3%!�2%�/!�, #�3%!��� 3&6!�2&3!�
3,��)), 7���� ! 33!1�;3�, #�3%!�24�231�3!M�

� �, 9� ",:9+"2� !-� ,-3�7 -1)� -/3'+�**9R� -1� "6",� �3� �**R�4,*"22�

�-4,!�3-� -3&"1�2/"  '> � ,-,a/1-3"',�&"*/"1�+- *" 4*"2V� �&"9�

+� 9� �-,!� "'3&"1� 3"+/-1�1'*9� 3&1-4%&� '-,' � -1� &9!1-%",�

�-,!2R� -1� /"1+�,",3*9� 3&1-4%&� 231-,%"1�  - 6�*",3� �-,!2V�

�',!',%� 3-� 3&"2"� +- *" 4*"2� /1-+-3"2� -/3'+�*� 2&�/"� �,!�

$4, 3'-,� -$�3&"'1�1"2/" 3'6"� ",:9+"2V� �7-� "8�+/ *"2� -$�3&"2"�

39/"2�-$�&"*/"1�+-*" 4*"2��1"�� *! ��/*-. ��,!� � * )54( . V�

�*! ��/*-. � �1"� ',-1%�,' � '-,2� 24 &� �2� '-,2� -$� '1-,� �,!�

+�%,"2'4+V��* )54( . ��1"� -1%�,' �&"*/"1�+-*" 4*"2R�3&-2"�

7'3&� �� � �2' � �3-+' � 2314 341"� +�!"� 4/� -$�  �1�-,� �,!�

&9!1-%",V� �'3�+',2� �1"� 3&"� 2-41 "� -$�  -",:9+"2V� �-+"�

��� ��C������� �$� *�� ����% ��!����



6'3�+',2� �1"� 3&"� /1" 412-12� -$�  -",:9+"2� �,!� -3&"12� � 3�

!'1" 3*9��2� -",:9+"2V�

� ,,+)(*2��5/0)0;065�05�� , ;()630*�
� ( ;/ > ( @:�

�"**2�&�6"�"6- *6"!�3-�42"�3&"�/1-!4 32�-$�3&"'1�-7,�1"� 3'-,2�

$-1� $""!� � )� ',&'�'3'-,� -$� ",:9+"� � 3'6'39 V� �""!� � )�

',&'�'3'-,�', 6- *6"2�3&"�42"�-$���- ��/$*)�+- *� 0�/ �3-�1"%4*�3"�

'32�-7,�$413&"1� /1-!4 3'-,� ]�'%41"�LVGVM^V��&"�  "**�1"2/-,!2�

3-��,���4,!�, "�-$�3&"�/1-!4 32��9�2*-7',%�!- 7,�/1-!4 3'-,�

!41',%� �,��- *' � -1�  �3��- *' �1"� 3'-,2R�3&'2� /1"6",32�3&"�  "**2�

$1-+�7�23',%�,431'",32�-1�","1%9�'$� '3�!-"2�,-3�,""!� '3��3�3&"�

3'+"V�

�&$41!�EM@MF��! 3�� ,)&��/�3 %7�9 2��1!���2!1 &!2�,#�1! �� 3&,+2�
��3�)9 2! �� 9�*4)3&/)!�!+: 9*!2 M��!! ��� (�&+%&�&3&,+K�7%!1!�
3%!�!+ �/1 ,  4� 3�,#�3%!�/�3 %7�9�&+%&�&32��+�4/2 31! �*�
/1, � !22K�&2��+�&*/,13�+3�1!$4)�3 ,19�*!� %�+&2*�&+��!))2M�

����� �$� *�� ����% ��!���� ��C�����



�(&6,10��7//$4;�

P��"**2�/"1$-1+�3&"�$4, 3'-,2�-$�*'$"�3&1-4%&�6�1'-42�

 &"+' �*�1"� 3'-,2V��� "**e2�+"3��-*'2+�1"$"12�3-�3&"�

 -+�',�3'-,�-$� &"+' �*�1"� 3'-,2�3&�3�3�)"�/*� "�7'3&',�

'3V���3��- *' �1"� 3'-,2��1"�)�!- 7,� -+/ *"8� &"+' �*2�

',3-�2'+/ *"1�-,"2��,!��1"��22- '�3" !�7'3&�","1%9�1"*"�2"V�

�,��- *' �/1- "22"2��4'*!� -+/ *"8�+- *" 4*"2�-43�-$�

2'+/ *"1�-,"2��,!�1" 04'1"�","1%9V�

P�
,�234!9',%�","1%9R�3&"�3"1+�2923"+�1"$"12�3-�3&"�+�33"1�

�,!�", 6'1-,+",3�', 6- *6"!�',�","1%9�31�,2$"12V��,31-/9�'2�

��+"�241"�-$�3&"�!'2-1!"1�-$���2923"+V��&"�/&92' �*�*�72�

3&�3�!"2 1'�"�3&"�31�,2$"1�-$�","1%9��1"�3&"�*�72�-$�

3&"1+-!9,�+' 2V��&"�>123�*�7�23�3"2�3&�3�3&"�3-3�*�

�+-4,3�-$�","1%9�',�3&"�4,'6"12"�'2� -,23�,3V��&"�

2" -,!�*� 7�-$�3&"1+-!9,�+' 2�23�3"2�3&�3�"6"19�","1%9�

31�,2$"1�',6- *6"2�2-+"�*-22�-$�","1%9�',��,�4,42��*"�

$-1+R�24 &��2�&"�3�","1%9V��,"1%9� -+"2�',�!'; "1",3�

$-1+2Q�)',"3' R�/-3",3'�*R��,!�$1""V��&"� &�,%"�',�$1""�

","1%9�-$���1"� 3'-,� �,��"�,"%�3'6 "�]1"*"�2"2�","1%9R�

"8"1%-,' ^�-1�/-2'3'6"�] -,24+"2�","1%9R�",!"1%-,' ^V�

�**�1"� 3'-,2�1"04'1"��,�','3'�*�',/43�-$�","1%9�3-�

/1- ""!R� �**"!�3&"�� 3'6�3'-,�","1%9V�

P��,:9+"2��1"� &"+' �*� �3�*9232�3&�3�2/""!�4/� &"+' �*�

1"� 3'-,2�� 9�*-7"1',%�3&"'1�� 3'6�3'-,�","1%9V��,:9+"2�

&�6"��,�� 3'6 "�2'3"�7'3&���4,'04"� &"+' �*�", 6'1-,+",3�

3&�3�>32�/�13' 4*�1� &"+' �*�1"� 3�,32�$-1�3&�3�",:9+"R�

��� ��C������� �$� *�� ����% ��!����



 �**"!�24�231�3"2V��,:9+"2��,!�24�231�3"2��1"�3&-4%&3�3-�

�',!��  -1!',%�3-�3&"�b*- )��,!�)"9c�-1�',!4 "!a>3�

+-!"*V��,:9+"�� 3'-,�'2�1"%4*�3"!�3-� -,2"16"�1"2-41 "2�

�,!�1"2/-,!�-/3'+�**9�3-�3&"�", 6'1-,+",3V�

Glossary 

�� "�$�" ������� �'+� 3%!��*,4+3�, #�&+&3&�)�!+!1$9�

+!� !22�19�#,1�1! �� 3&,+2�3,�, � �41�

�� "�$��!�" �+���2/ !� &;��1!$&,+�,+�3%!�!+: 9*!�7%!1 !�

3%!�24�231�3!�� &+ 2�

����! "� �������� �" ���+� 3%!�*!� %�+&2*�#,1�&+%&�&3&+$�

!+: 9*!��� 3&,+�&+�7%&�%���1!$4)�3 ,19�*,)!�4)!�� &+ 2�

3,���2!� ,+ �2&3!�T+, 3�3%!��� 3&6!�2&3!U��+ �&+&3&�3!2���

� ,+#,1*�3 &,+��%�+$!�&+�3%!��� 3&6!�2&3!K�/1! 6!+3&+$�

� &+ &+$�7&3%�3%!�24�231�3!�

���� � ��� +� !2�1 &�!2�3%!�/�3 %7�9�3%�3�1!04&1!2���+! 3�

!+!1 $9�&+/43�3,�29+3%!2&:!�� ,*/)! 8�*,)!�4)!2�# 1,*�

2&*/)!1�,+!2�

� �� ��� �� "�� !+�3%!��,+� !/ 3�,#�!+!1$9�<, 7�3%1,4$%�

)&6&+$�2923!*2�

����� �$� *�� ����% ��!���� ��C����	



��"�� � ��� +� !2�1 &�!2�3%!�/�3 %7�9�&+�7%&�%��,*/)! 8�

*,)!�4)!2��1 !��1 , ( !+� , 7+�&+3,�2&*/)!1�,+!2 K�

9&!) &+$�!+!1$9��2��+��  &3 &,+�)�/1,  4� 3�,#�3%!�

1! �� 3&,+�

� ��� � "�" �$������� �" ���+� ��$!+!1 �)�*!� %�+&2*�,#�

!+: 9*!��� 3&6&39�1!$4)�3 &,+�&+�7%&�%���*,)!�4)!�, 3%!1�

3%�+�3%!�!+: 9*! \2�24�231�3!�&2���)!�3 ,�� &+ �3%!�

�� 3&6!�2&3!��+ �/1 ! 6!+3�3%!�24�231�3!�&32!)#�#1,*�

� &+ &+$K�3%42�&+%&�&3&+$�3%!�, 6!1�))�1�3!�, #�1! �� 3&,+�

#,1�3%!�!+: 9*!�

���� ����� +� !2�1 &�!2���� %!*&��)�1! �� 3&,+�3%�3�

1!24)32�&+�/1,  4� 32�3%�3�23,1!�*,1 !�� %!*&��)�

/ , 3!+3&�)�!+!1$9�3%�+�3%!�1! �� 3�+32�

��( '��+� ��*,)!�4)!�3 %�3���3�)9: !2���� &,� %!*&��)�

1! �� 3&,+�

� &� ����� +� !2�1 &�!2���� %!*&��)�1! �� 3&,+�3%�3�

1!24)32�&+�/1,  4� 32�7&3%�)!22��%!*&��)�/ , 3!+3&�)�

!+!1 $9�3%�+�3%!�1! �� 3�+32K�/)42�3%!�1!)! �2!�, #�#1!!�

!+!1 $9�

� ������ ������� �" ���+� ��*!� %�+&2*�,#�!+: 9*!�

�� 3&6&39�1!$4)�3 &,+�&+�7%&�%�3%!�/1,  4� 3�,#���1! �� 3&,+�

,1�3%!�;+�)�/1 ,  4� 3�,#���2!1&!2�,#�2!04!+3&�)�

��
 ��C������� �$� *�� ����% ��!����



1! �� 3&,+2�&+%&�&32��+�!+: 9*!�# ,1��+�! �1)&!1�23!/�&+�

3%!�1! �� 3&,+�2!1&!2�

�� �"���� �'+� 3%!�!+!1$9�31�+2#!11! �# 1,*�,+!�

2923!*�3 ,��+, 3%!1�3%�3�&2�+,3�7,1(�

���� "������ �'+� 3%!�39/ !�, #�!+!1$9��22, � &�3! �7&3%�

, �'!� 32�&+�*,3&,+�

�� "�� � ��!�+ ��))�3%!��%!*&��)�1! �� 3&,+2�3%�3�3�(!�

/)�� !�&+2& !��!))2K�&+�)4 &+$�3%,2!�3%�3�42!�!+!1$9�

�+ �3 %,2!�3%�3�1!)! �2!�!+!1 $9�

���� ��� � "�" �$������� �" ���+� ��$!+!1 �)�*!� %�+&2*�

, #�!+: 9*!��� 3&6&39�1!$4)�3 &,+�&+�7%&�%���1!$4)�3 ,19�

*,)!�4)!�� &+ 2�3,���2&3!�, 3%!1�3%�+�3%!��� 3&6!�2&3!�

�+ �/1 ! 6!+32�3%!��� 3&6!�2&3!�#1,*��&+ &+$�3%!�

24�231�3!P�3%42K�3%!�&+%&�&3,1�*,)!�4)!� , !2�+, 3�

� ,*/ ! 3!�7&3%�3%!�24�231�3!�#,1�3%!��� 3&6!�2&3!P�

�)),2 3!1&��&+%&�&3&,+�&2���#,1*�, #�+,+� ,*/ ! 3&3&6!�

&+%&�&3&,+�

� � "��" ������� �'+� 3%!�39/ !�, #�!+!1$9�3%�3�1! #!12�3,�

3%!�/ , 3!+3&�)�3,� ,�7 ,1(�

!#�! " �" �+���*,)!�4)!�,+�7%&� %�3%!�!+: 9*!��� 32�

����� �$� *�� ����% ��!���� ��C�����



"�� �� �'����� !+�3%!�2�&!+�!�, #�3%!�1!)�3 &,+2%&/2�

� ! 37 !!+�%! �3K�!+!1$9K��+ �7 ,1(�

��� ��C������� �$� *�� ����% ��!����



6.2 GLYCOLYSIS 

Learning Objectives 

�9�3%!�!+ �, #�3%&2�2!�3&,+K�9,4�7&))��!���)!�3 ,J�

I� � 8/)�&+�%,7�� ���&2�42! �� 9�3%!��!))��2��+�

!+!1 $9�2,41� !�

I� �!2�1 &�!�3%!�, 6!1�))�1!24)3�&+�3!1*2�, #�

*,)!�4)!2�/1 ,  4� ! �, #�3%!��1! �(  , 7+�, #�

$)4�,2!�� 9�$)9� ,)92&2�

�,"1%9� /1-!4 3'-,� 7'3&',� ��  "**� ',6- *6"2� +�, 9�  --1!',�3" !�

 &"+' �*�/ �3&7�92V��-23�-$�3&"2"�/�3&7�92��1"� -+�',�3'-,2�

-$�*3$��/$*) ��,!� - � 0�/$*) �1"� 3'-,2V��,�- 8'!�3'-,�1"� 3'-,�

231'/2� �,� "*" 31-,� $1-+� �,� �3-+� ',� ��  -+/-4,!R� �,!� 3&"�

�!!'3'-,�-$�3&'2�"*" 31-,�3-��,-3&"1� -+/-4,!�'2���1" !4 3'-,�

1"� 3'-,V� �"  �42"� -8'!�3'-,� �,!� 1" !4 3'-,� 424�**9� -  41�

������ * � !� * ��� ��C���� 




3-%"3&"1R� 3&"2"� /�'12� -$� 1"� 3'-,2� �1"�  �**"!� *3$��/$*)O

- � 0�/$*)�-  ��/$*). R�-1�- � *3�- ��/$*). V�

�.(&64105�$0'�� 0(4*;�

�&"� 1"+- 6�*� -$� �,� "*" 31-,� $1-+� �� +- *" 4*"R� -8'!':',%� '3R�

1"24*32� ',� ���  � - �. � $)� +* / ) /$�'�  ) -"4 � ',� 3&"� -8'!':" !�

 -+/-4,!V� �&'2� "*"  31-,� '2� 2&'$3"!� 3-� �� 2" -,!�  -+/-4,!R�

1"!4 ',%�'3� ',�3&"�/1- "22V��&"�2&'$3�-$��,�"*" 31-,�$1-+�-,"�

 -+/-4,!� 3-� �,-3&"1� 1"+- 6"2� 2-+"� /-3",3'�*� ","1%9� $1-+�

3&"�>123�  -+/-4,!� ]3&"� *3$�$5 � � -+/-4,!^� �,!� ', 1"�2"2�

3&"� /-3",3'�*� ","1%9� -$�3&"�2" -,!�  -+/-4,!� ]3&"� - � 0�  ��

 -+/-4,!^V� �&"� 31�,2$ "1� -$� "*" 31-,2� �"37"",� +- *" 4*"2� '2�

'+/-13�,3� �"  �42"� +-23� -$� 3&"� ","1%9� 23-1"!� ',� �3-+2� �,!�

42"!�3-� !0 '� �  ''� !0)�/$*).�$.�$)� /# � ! *-(�*!�#$"#O ) -"4�

 '  �/- *). V� �&"� 31�,2$"1� -$� ","1%9� ',� 3&"� $-1+� -$� "*" 31-,2�

�**-72� 3&"�  "**� 3-� 31�,2$"1� �,!� 42"� ","1%9� ',� �,� ', 1"+",3�*�

$�2&'-,_ $)� .(�''� + �� &�"  . � 1�3&"1� 3&�,� ',� �� 2',%*"R�

!"2314 3'6"��4123V�

�3,*;9 65��(990,9:�


,� *'6',%� 2923"+2R� �� 2+�**�  *�22� -$�  -+/-4,!2� $4, 3'-,� �2�

"*" 31-,� 2&433*"2Q� 3&"9� �',!� �,!�  �119� &'%&a","1%9� "*" 31-,2�

�"37 "",�  -+/-4,!2� ',� !'; "1",3�+"3��- *' � / �3&7�92V� �&"2"�

 -+/-4,!2�  �,� �"� "�2'*9� 1"!4 "!� ]3&�3� '2R� 3&"9� �  "/3�

��� ��C�������� * � !� * ���



"*" 31-,2^� -1� -8'!':" !� ]3&"9� *-2"� "*" 31-,2^V�� $�* /$)�($�  �

��  )$) � �$)0� ' * /$�  �]� � � ^�]�'%41"�LVHVG^�'2�!"1'6"!�$1-+�

6'3�+',� �I� ] )$��$) ^V� �� 2" -,!� 6 �1'�3'-,� -$� ��� R� ���� R�

 -,3�',2� �,� " 831�� /&-2/&�3"� %1-4/V�� � � S� '2� 3&"�*3$�$5 ��

!*-( � -$� 3&"� +-*" 4*"Y�� � �
 � '2� 3&"�- � 0�  �� ! *-( � -$� 3&"�

+- *" 4*"� �$3"1� '3� &�2� �  "/3"!� 37-� "*" 31-,2� �,!� �� /1-3-,�

]7&' &�3-%"3&"1��1"�3&"�"04'6�*",3�-$���&9!1-%",��3-+�7'3&��,�

"831��"*" 31-,�7&' &�'2� �**"!��� #4�-$�  �$*) ^V�

��� f �  �,� �  "/3� "*" 31-,2� $1-+� �,� -1%�,' � +- *" 4*"�

�  -1!',%�3-�"04�3'-,�[I\Q�

�	� ]�" !4 ',%� �%",3^� f� ��� f � ]�8'!':',%� �%",3^� _ak�

���	�]�" !4 "!^�f���]�8'!':" !^V � �[I\�

� # )�  '  �/- *).� �-  � �� �  �� /*� �� � *(+*0)�F� /# 4� �-  �

- � 0�  � V� ��  -+/-4,!� 3&�3� 1" !4 "2� �,-3&"1� '2�  �**"!� ��

- � 0�$)"� �"  ) /V� 
,� 3&"� ��-6"� "04�3'-,R� �	� '2� �� 1" !4 ',%�

�%",3R��,!���� f �'2�1"!4 "!�3-����	V��&",�  '  �/- *).��-  �

- (* 1 ��!- *(�� *(+*0)�F�$/�$.�* 3$�$5 � V��� -+/-4,!�3&�3�

-8'!':"2� �,-3&"1� '2�  �**"!� �,� *3$�$5$)"� �" ) /V� 
,� 3&"� ��-6"�

"04�3'-,R���� f �'2��,�- 8'!':',%��%",3R��,!��	�'2�- 8'!':" !�3-�

�V�

�'+'*�1*9R�9� 1$)� ��  )$) � �$)0� ' * /$�  �]� �� f ^� '2� !"1'6"!�

$1-+�1$/�($)� � @� ]�*2-�  �**"!� 1'�-?� 6',^V� 
32� 1"!4 "!� $-1+�

'2� ���	 HV� �-3&� ��� f � �,!� � �� f � �1"� "83",2'6"*9� 42"!� ',�

","1%9� "831� 3'-,� $1-+� 24%�12R� 7&'*"� ����� /*�92� �,�

'+/-13�,3�1- *"�',��,��- *' �1"� 3'-,2��,!�/ &-3-29,3&"2'2V�

������ * � !� * ��� ��C�����



�&$41!�EMAM@��%!�, 8& &:! �# ,1*�, #�3%!�!)!� 31,+�
��11&!1�T���^U�&2�2%, 7+�,+�3 %!�)!#3��+ �3%!�
1! 4� ! �# ,1*�T ���	 U�&2�2%,7+�,+�3 %!�1&$%3M�
� %!�+&31, $!+,42���2!�&+����	�%�2�,+!�*,1 !�
%9 1, $!+�&,+��+ �3 7 ,�*,1 !�!)!� 31,+2�3%�+�&+�
���^M�


 ���05��0=05.�� @:; ,4:�


'6',%�  "**2� !-� ,-3�31�,2$"1� ","1%9� ',�3&"�$-1+� -$�&"�3V� �&"�

�+-4,3� -$� ","1%9� 1"*"�2"!� $1-+� 2-+"� 1"� 3'-,2� �1"� 2-� *�1%"�

3&�3�'$�'3�7�2�1"*"�2"!��2�&"�3�3&"� "**�7-4*!�6�/-1'2"��2���1"24*3V�

�"**2� 42"� &'%&� ","1%9�  -,3�',',%�  -+/-4,!2� 3-� 23-1"� 3&"�

","1%9�2�$"*9� �,!�1"*"�2"� '3�$-1�42"�-,*9� �2� ,""!" !V� �&"�+�',�

&'%&� ","1%9�  -,3�',',%�  -+/-4,!� $ -4,!� ',� 3&"�  "**� '2�

��  )*.$) �/-$+ #*.+ #�/ �*-  � �� V�

�&",� � ��� '2� �1- )",� !- 7,R�424�**9� �9�3&"�1"+-6�*� -$� '32�

3"1+',�*� / &-2/&�3"�%1-4/R� ) -"4�$.� -  '  �. � V� �&"�  "**�42"2�

3&"� ","1%9� 3-� !-� 7-1)R� 424�**9� �9� 3&"� 1"*"�2"!� / &-2/&�3"�

��� ��C�������� * � !� * ���



�',!',%� 3-� �,-3&"1� +- *" 4*"R� � 3'6�3',%� '3V� �-1� "8�+/ *"R� ',�

3&"�+" &�,' �*�7-1)�-$�+42 *"� -,31� 3'-,R�� ���24// *'"2�3&"�

","1%9� 3-� +-6"� 3&"�  -,31� 3'*"� +42 *"� /1-3"',2V� �" �**� 3&"�

� 3'6"�31�,2/-13�7-1)�-$�3&"�2-!'4+a/-3�22'4+�/4+/� ',�  "**�

+"+�1�,"2V� � ��� �*3"12�3&"�2314 341"� -$�3&"� ',3"%1�*� /1-3"',�

3&�3�$4, 3'-,2� �2�3&"� /4+/R�  &�,%',%� '32� �<,'39�$-1�2-!'4+�

�,!�/-3�22'4+V�
,�3&'2�7� 9R�3&"� "**�/"1$-1+2�7-1)R�/4+/',%�

'-,2��%�',23�3&"'1�"*" 31- &"+' �*�%1�!'",32V�


 ���� ;9<*;<9,�(5+�� <5*;065�

�3� 3&"� &"�13� -$� ���� '2� �� +- *" 4*"� -$� ��  )*.$) �

(*)*+ #*.+ #�/ �]���^R�7&' &� '2�  -+/-2" !� -$� �,� ��  )$) �

� �. ��-,!" !�3-� �� -$�*. � (* ' �0'  ��,!� �� .$)"'  � +#*.+ #�/ �

"- *0+�]�'%41"�LVHVH^V� �'�-2"� '2� ��>6"a �1�-,�24%�1�$-4,!� ',�

���R� �,!� ���� '2� -,"� -$� 3&"� ,4 *" -3'!"2� ',� ���V� �&"�

�!!'3'-,� -$� �� 2"  -,!� / &-2/&�3"�%1-4/�3-�3&'2�  -1"�+- *" 4*"�

1"24*32� ',� 3&"�$-1+�3'-,� -$� ��  )*.$) � �$+#*.+ #�/ �]���^Y�

3&"� �!!'3'-,� -$� �� 3&'1!� / &-2/&�3"� %1-4/� $-1+2���  )*.$) �

/-$+#*.+ #�/ �]� ��^V�

������ * � !� * ��� ��C�����



�&$41!�EMAMA�� ���T� !+,2&+!�31 &/%,2/%�3!U�%�2�
3%1!!�/ %,2/%�3!�$1,4/2�3 %�3���+�� !�1!*, 6! �� 9�
%9 1,)92&2�3,�#,1*�����T� !+,2&+!� &/ %,2/%�3!U�
,1�����T� !+,2&+!�*,+,/ %,2/%�3!UM��%!�
+!$�3 &6!�� %�1$!2�,+�3 %!�/%,2/%�3!�$1,4/�
+�341�))9�1!/ !)�! �� %�,3%!1K�1!04&1&+$�!+!1$9�3,�
� ,+ �3 %!*�3 , $! 3%!1��+ �1!)! �2&+$�!+!1$9�7%!+�
3%!2!�� ,+ 2��1 !��1 , ( !+M�

�&"� �!!'3'-,� -$� �� / &-2/&�3"� %1-4/� 3-� �� +-*" 4*"�- ,0$- .�

 ) -"4 V� �&"� 1"*"�2"� -$� -,"� -1� 37-� / &-2/&�3"� %1-4/2� $1-+�

� �� R���/1- "22� �**"!� �  +#*.+ #*-4 '�/$*) R�1"*"�2"2�","1%9V�

�. ; &1.; 5,5�

� -4�&�6"�1"�!� 3&�3� ,"�1*9� �**� -$�3&"� ) -"4� 0. �� � 4� '$1$)"�

/#$)".�� *( .�/*�/# (�$)�/# ��*)�.�*!�"' 0� *. V�	' 4� * '4.$.�

'2�3&"�>123�23"/�',�3&"��1"�)!-7,�-$�%*4 -2"�3-�"831� 3�","1%9�

$-1� "**�+"3��- *'2+V���, 9�*'6',%�-1%�,'2+2� �119�-43�%*9 - *92'2�

��� ��C�������� * � !� * ���



�2�/ �13�-$�3&"'1�+"3��-*'2+V��*9 - *92'2�-  412�',�3&"�� 4/*.* ' �-$�

+-23�/1-)�19-3' ��,!��**�"4)�19 -3' � "**2V�

�*9  - *92'2��"%',2�7'3&�3&"�2'8a �1�-,R�1',%a2&�/"!�2314 341"�

-$���2',%*"�%*4 -2"�+- *" 4*"��,!�",!2�7'3&�37 -�+- *" 4*"2�-$���

3&1""a �1�-,�24%�1� �**"!�/ 9146�3"V��*9 - *92'2� -,2'232�-$�37-�

!'23', 3�/ &�2"2V�
,�3&"�>123�/�13�]+- +�-�/*-4�+ #�. ^�/�3&7�9R�

","1%9�]H�����+- *" 4*"2^�'2�42"!�3-�+�)"��!(423+",32�2-�3&�3�

3&"� 2'8a �1�-,� 24%�1� +-*" 4*"�  �,� �"� 2/ *'3� "6",*9� ',3-� 37-�

3&1""a �1�-,� / 9146�3"� +- *" 4*"2V� 
,� 3&"� 2" -,!� / �13� -$�

%*9 - *92'2� ]+� 4*6� + #�. ^R� ���� ]J� � ��^� �,!� ,' -3',�+'!"a

�!",',"� !',4 *" -3'!"� ]���	^� ]H� ���	^� �1"� /1-!4 "!�

]�'%41"�LVHVI^V�


$�3&"� "**� �,,-3�$413&"1� �3��- *':"�/ 9146�3"R�'3�7'**�&�16"23�

-,*9�37-� � ���+- *" 4*"2�$1-+� -,"�+- *" 4*"� -$�%*4 -2"V� �-1�

"8�+/ *"R�+�341"�+�++�*'�,�1" !� � *--!� "**2��1"�-,*9� �/ �� *"�

-$�%*9 - *92'2R�7&' &�'2�3&"'1�2-*"�2-41 "�-$�� �� V�
$�%*9 - *92'2�'2�

',3"114/3"!R�3&"2"� "**2�7-4*!�"6",34�**9�!'"V�

������ * � !� * ��� ��C����	



�&$41!�EMAMB�
+�$)9� ,)92&2K���$)4�,2!�*,)!�4)!�&2�
� ,+6 !13! �&+3,�37 ,�/ 9146�3!�*,)!�4)!2 M�

�,*;065��<44(9@�

P�� ���$4, 3'-,2��2�3&"�","1%9� 411", 9�$-1� "**2V�
3��**-72�

 "**2�3-�23-1"�","1%9��1'"?9��,!�31�,2/-13�'3�7'3&',�'32"*$�

3-�24//-13�",!"1%-,' � &"+' �*�1"� 3'-,2V��&"�2314 341"�

-$�� ���'2�3&�3�-$��,�����,4 *" -3'!"�7'3&�3&1""�

��
 ��C�������� * � !� * ���



/ &-2/&�3"�%1-4/2��33� &"!V��2�� ���'2�42" !�$-1�","1%9R���

/ &-2/&�3"�%1-4/�'2�!"3� &"!R��,!�����'2�/1-!4 "!V�

�,"1%9�!"1'6"!�$1-+�%*4 -2"� �3��- *'2+�'2�42"!�3-�

1" &�1%"�����',3-�� �� V�

P� �*9  - *92'2�'2�3&"�>123�/�3&7�9�42"!�',�3&"��1"�)!- 7,�-$�

%*4 -2"�3-�"831� 3�","1%9V��" �42"�'3�'2�42"!�� 9�,"�1*9��**�

-1%�,'2+2�-,�"�13&R�'3�+423�&�6"�"6- *6"!�"�1*9�',�3&"�

&'23-19�-$�*'$"V��*9 - *92'2� -,2'232�-$�37-�/ �132Q��&"�>123�

/ �13�/1"/�1"2�3&"�2'8a �1�-,�1',%�-$�%*4 -2"�$-1�

2"/�1�3'-,�',3-�37 -�3&1""a �1�-,�24%�12V��,"1%9�$1-+�

� ���'2�', 6"23"!�',3-�3&"�+- *" 4*"�!41',%�3&'2�23"/�3-�

","1%':"�3&"�2"/�1�3'-,V��&"�2" -,!�&�*$�-$�%*9 - *92'2�

"831� 32������,!�&'%&a","1%9�"*" 31-,2�$1-+�&9!1-%",�

�3-+2��,!��33� &"2�3&"+�3-���� f V��7-�� ���+- *" 4*"2�

�1"�', 6"23"!�',�3&"�>123�&�*$��,!�$-41�� ���+- *" 4*"2��1"�

$-1+" !�!41',%�3&"�2" -,!�&�*$V��&'2�/1-!4 "2���,"3�%�',�

-$�37-�� ���+- *" 4*"2�/"1�+-*" 4*"�-$�%*4 -2"�$-1�3&"�

 "**V�

Glossary 

� ��+� T�)2,K�� !+,2&+!�31&/%,2/%�3!U�3%!��!))\2�!+!1$9�

�411!+� 9�

��' � � �' !�!+� 3%!�/1, � !22�, #��1! �(&+$�$)4�,2!�&+3,�37 ,�

������ * � !� * ��� ��C�����



3%1!! X��1� ,+�*,)!�4)!2�7&3 %�3%!�/1,  4� 3&,+�,#�� ���

�+ ����	�

��� ��C�������� * � !� * ���



6.3 CITRIC ACID CYCLE 
AND OXIDATIVE 
PHOSPHORYLATION 

Learning Objectives 

�9�3%!�!+ �, #�3%&2�2!�3&,+K�9,4�7&))��!���)!�3 ,J�

I� �!2�1 &�!�3%!�),��3 &,+�,#�3%!��&31&���� & �T� �� U�

� 9� )!��+ �, 8& �3&6!�/ %,2/%,19)�3&,+�&+�3%!��!))�

I� �!2�1 &�!�3%!�, 6!1�))�,4 3� ,*!�, #�3%!��&31&���� & �

T� �� U��9� )!��+ �, 8& �3&6!�/ %,2/%,19)�3&,+�&+�

3!1*2�, #�3%!�/1,  4� 32�,#�!�� %�

I� �!2�1 &�!�3%!�1!)�3 &,+2%&/2�,#�$)9� ,)92&2K�3%!�

� &31&���� & �T� �� U��9� )!K��+ �, 8& �3&6!�

/ %,2/%,19)�3&,+�&+�3!1*2�, #�3%!&1�&+/432��+ �

,4 3/432�

��	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! ��C����




�+(�
,64,&�� &,'�
; &.(�


,�  0&�-4 * /$�� �  ''. R�3&"�/9146�3"�+- *" 4*"2�/1-!4 "!� �3�3&"�

",!� -$�%*9 - *92'2� �1"� 31�,2/-13"!� ',3-� ($/*� #*)�-$� R�7&' &�

�1"�2'3"2�-$� "**4*�1�1"2/'1�3'-,V�
$�*34"  ) �'2��6�'*�� *"R��"1-�' �

1"2/'1�3'-,� 7'**� %-� $-17�1!V� 
,� +'3- &-,!1'�R� / 9146�3"� 7'**�

�"�31�,2$-1+" !� ',3-���37 -a �1�-,�� "39*�%1-4/�]�9�1"+-6',%�
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-,"�&'%&a","1%9����	 H�+- *" 4*"V��&"2"�&'%&a","1%9� �11'"12�

7'**�  -,,"  3� 7'3&� 3&"� *�23� /-13'-,� -$� �"1-�' � 1"2/'1�3'-,� 3-�

/1-!4 "�� ���+- *" 4*"2V��,"�� ���]-1��,�" 04'6�*",3�7&' &�'2�

���^� '2� �*2-�+�!"� ',� "� &�  9 *"V� �"6"1�*� -$�3&"� ',3"1+"!'�3"�

 -+/-4,!2� ',� 3&"�  '31' � � '!� ]� ��^�  9 *"�  �,� �"� 42" !� ',�

��	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! ��C�����



29,3&"2':',%�,-,a"22",3'�*� �+',-� � '!2Y�3&"1"$-1"R�3&"� 9 *"� '2�

�-3&� �,��- *' � �,!�  �3��- *' � ',� ,�341"R� �,!� �2� 24 &� '2�  �**"!�

�(+ #$�* '$�V�

� :,'$ 6,8(��+152+14;.$ 6,10�

�&"�>123�37-�/ �3&7�92�',�%*4 -2"� �3��- *'2+_%*9 - *92'2��,!�

3&"�  '31' � � '!�  9 *"_%","1�3"2� ��� V� � -23� -$� 3&"� ����

%","1�3"!�!41',%�3&"��"1-�' � �3��- *'2+�-$�%*4 -2"R�&-7"6"1R�

'2�)* /� "  ) -�/ �� �$-  �/' 4�$1-+� 3&"2"� /�3&7�92V� ��3&"1R� '3�

!"1'6"2� $1-+� �� /1- "22� 3&�3� �"%',2� 7'3&� /�22',%� "*" 31-,2�

3&1-4%&� �� 2"1'"2� -$�  &"+' �*� 1"� 3'-,2� 3-� �� >,�*� "*" 31-,�

�  "/3-1R� -89%",V� �&"2"� 1"� 3'-,2� 3�)"� /*� "� ',� 2/"  '�*':" !�

/1-3"',�  -+/ *"8"2� *- �3"!� ',� /# � $)) -� ( ( �-�) � *!� /# �

($/*� #*)�-$� �-$�"4)�19-3' �-1%�,'2+2��,!�-,�3&"�',,"1�/ �13�

-$� 3&"�  "**� +"+�1�,"� -$� /1- )�19-3' � -1%�,'2+2V� �&"� ","1%9�

-$� 3&"� "*" 31-,2� '2� &�16"23"!� �,!� 42" !� 3-� %","1�3"� �,�

 '  �/- *� # ($� �'� "-��$ ) / � � 1-22� 3&"� ',,"1� +'3- &-,!1'�*�

+"+�1�,"V��&"� +*/ ) /$�'�  ) -"4�*!� /#$.�"-��$ ) /�$.�0. ��

/*� "  ) -�/ � � �� V� �&"� ",3'1"39� -$� 3&'2� /1- "22� '2�  �**"!�

*3$��/$1 �+#*.+ #*-4 '�/$*) V�

�&"�  '  �/- *)�/-�).+*-/�� #�$)� ]�� � ^�]�'%41"�LVIVH�^�'2�3&"�

*�23� -+/-,",3�-$��"1-�' �1"2/'1�3'-,��,!�'2�3&"� *)' 4�+�-/ �-$�

+"3��- *'2+�3&�3�42"2�-89%",V��*" 31-,�31�,2/-13�'2���2"1'"2�-$�

 &"+' �*�1"� 3'-,2�7&"1"�"*" 31-,2��1"�/�22"!�1�/'!*9�$1-+�-,"�

 -+/-,",3�3-�3&"� ," 83R�3-�3&"� ",!/-',3� -$�3&"�  &�',�7&"1"�

�	� ��C����	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! 



-89%",� '2� 3&"� >,�*� "*" 31-,� �  "/3-1� �,!� 	 H�� '2� /1-!4 "!V�

�&"1"� �1"� $-41�  -+/ *"8"2�  -+/-2" !� -$� /1-3"',2R� *��"**"!� 
�

3&1-4%&�
��',��'%41"�LVIVH R��,!�3&"��%%1"%�3'-,�-$�3&"2"�$-41�

 -+/ *"8"2R�3-%"3&"1�7'3&��22- '�3"!�+-�'*"R��  "22-19�"*" 31-,�

 �11'"12R�'2� �**"!�3&"� '  �/- *)�/-�).+*-/�� #�$) �]�� �^V�� �, 9�

 -/'"2� -$� 3&"� �� �� �1"� *- �3"!� ',� 3&"� $)) -� ($/*� #*)�-$�'�

( ( �-�) � -$� "4)�19-3"2� �,!� ',� 3&"� / *�2+�� +"+�1�,"� -$�

/1- )�19-3"2V� 
,� "� &� 31�,2$"1� -$� �,� "*" 31-,� 3&1-4%&� 3&"�

"*" 31-,� 31�,2/-13�  &�',R�3&"� "*" 31-,� *-2"2� ","1%9R� �43�7'3&�

2-+"�31�,2$"12R�3&"�","1%9�'2�23-1"!��2�/-3",3'�*�","1%9��9�42',%�

'3�3-�+0(+�# 4�- *"  )�$*). �]/1-3-,2�-1�	 f ^�� 1-22�3&"�',,"1�

+'3- &-,!1'�*� +"+�1�,"� ',3-� 3&"� $)/ -( ( �-�) � .+ ��  R�

 1"�3',%��,� '  �/- *� # ($� �'�"-��$ ) /G�

!0:<(3��655,*;065�

��	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! ��C���	�



�&$41!�EMBMA�T�U��%!�!)!� 31,+�31�+2/ ,13��%�&+�&2���2!3�,#�
*,)!�4)!2�3 %�3�24// ,132���2!1&!2�,#�,8& �3&,+X1! 4� 3&,+�
1! �� 3&,+2M�T�U�� ���2 9+3%�2!�&2����,*/)! 8K�*,)!�4)�1�*�� %&+!�
3%�3�42!2��+�	^�$1 � &!+3�3,�1!$!+!1 �3!�� ���# 1,*���� M�T�U�
� %!*&,2*,2&2�1!)&!2�,+�3%!�/ , 3!+3&�)�!+!1$9�/1, 6& ! �� 9�3%!�
	^�$1 � &!+3���1 ,22�3%!�*!*�1 �+!M�

� 4�)$�  � ',&'�'32�  93- &1-+"�  � -8'!�2"R� /1"6",3',%� 3&"�

"*" 31-,2� /�22',%� 3-� -89%",� 3&"1"�9� /1"6",3',%� '3� �"',%�

1"!4 "!� 3-� 7 �3"1V� �- **-7',%� -,� $1-+� 3&'2� 3&"� "*" 31-,�

31�,2/-13�  &�',� 7-4*!� ,-� *-,%"1� /4+/� /1-3-,2� ',3-� 3&"�

�	� ��C����	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! 



',3"1+"+�1�,"� 2/ � "V� �&"� /	� -$� 3&"� ',3"1+"+�1�,"� 2/ � "�

7-4*!�', 1"�2"R��,!�� ���2 9,3&"2'2�7-4*!�23-/V�

�'  �/- *). �$1-+� ���	� �,!� � ��	 H� �1"� / �22"!� 3-� +-* / $)�

� *(+ ' 3 . �',�3&"�"*" 31-,�31�,2/-13� &�',V��2�3&"9��1"�/�22"!�

$1-+� -,"�  -+/ *"8� 3-� �,-3&"1� ]�'%41"� LVIVH�^R� 3&"� "*" 31-,2�

*-2"� ","1%9R� �,!� 2-+"� -$� 7&' &� '2� 42"!� 3-� +0(+� +- * /*).

$1-+�3&"�+'3- &-,!1'�*�+�31'8�',3-�3&"�',3"1+"+�1�,"�2/ � "V�


,� 3&"� $-413&� /1-3"',�  -+/ *"8� ]�-+/ *"8� 
�^R� 3&"� "*" 31-,2�

�1"� �  "/3"!� � 9� -89%",R�3&"�/ -($)�'� �� �  +/*- V� �&"� -89%",�

7'3&�'32�"831��"*" 31-,2�3&",� -+�',"2�7'3&�37 -�/1-3-,2�]	 f ^R�

$413&"1�",&�, ',%�3&"�"*" 31- &"+' �*�%1�!'",3R�3-�$-1+�7 �3"1V�


$� 3&"1"� 7"1"� ,-� - 89%",� /1"2",3� ',� 3&"� +'3- &-,!1'-,R� 3&"�

"*" 31-,2� -4*!�,-3��"�1"+- 6"!�$1-+�3&"�2923"+R��,!�3&"�",3'1"�

"*" 31-,� 31�,2/-13�  &�',� 7-4*!� � � )� 4/� �,!� 23-/ V� �&"�

+'3- &-,!1'��7 -4*!� �"�4,�� *"�3-�%","1�3"� ,"7� ���� ',�3&'2�

7 � 9R��,!�3&"� "**�7'**�6"19�04' )*9�!'"�!4"�3-���24!!",�*� )�-$�

","1%9V�


,� 3&"� "*" 31-,� 31�,2/-13�  &�',R� 3&"� $1""� ","1%9� $1-+� 3&"�

2"1'"2�-$�1"� 3'-,2�(423�!"2 1'�" !�'2�42"!�3-�/4+/�/1-3-,2�]	 f ^�

� 1-22� 3&"� +"+�1�,"V� �&"� 4,"6",� !'231'�43'-,� -$� 3&"2"�

/1-3-,2� ]	 f ^� � 1-22� 3&"� +"+�1�,"� "23��*'2&"2� �,�

 '  �/- *� # ($� �'� "-��$ ) /R� -7',%� 3-� 3&"� /-2'3'6"�  &�1%"� -$�

3&"2"� '-,2� �,!� �� !'; "1", "� ',�  -, ",31�3'-,� � 1-22�3&"� ',,"1�

+'3- &-,!1'�*� +"+�1�,"V�  �&"�  -, ",31�3'-,� -$� /1-3-,2� '2�

&'%&"1�',�3&"�',3"1+"+�1�,"�2/� "�3&�,�',�3&"�+'3- &-,!1'�*�

+�31'8V�

��	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! ��C���		



	9 !1-%",� '-,2� !';42"� 3&1-4%&� 3&"� ',,"1� +"+�1�,"�

3&1-4%&��,� ',3"%1�*�+"+�1�,"�/1-3"',�  �**"!� � ��� . 4) /#�. �

]�'%41"�LVIVH�^V��&'2� -+/ *"8�/1-3"',�� 32��2���3',9�%","1�3-1R�

341,"!� � 9� 3&"� $-1 "� -$� 3&"� /1-3-,2� 3&�3� !';42"� 3&1-4%&� '3R�

� *2)� /# $-�  '  �/- *� # ($� �'� "-��$ ) / � $1-+� 3&"�

',3"1+"+�1�,"� 2/ � "R� 7&"1"� 3&"1"� �1"� +�,9� +434�**9�

1"/"**',%� &9!1-%",� '-,2� 3-� 3&"� +�31'8R� 7&"1"� 3&"1"� �1"� $"7V�

�&"�341,',%�-$�3&"�/�132�-$�3&'2�+-*" 4*�1�+� &',"�1"%","1�3"�

� ���$1-+� ��� V� �&'2�?-7� -$� /1-3-,2� � 1-22�3&"�+"+�1�,"�

3&1-4%&�����2 9,3&�2"�'2� �**"!� � # ($*.(*.$. V�

�&"+'-2+-2'2�]�'%41"�LVIVH ^�'2�42"!�3-�%","1�3"�OFs�-$�3&"�

� ���+�!"� !41',%� � - *�$� �%*4 -2"�  �3��- *'2+V� �&"�1"24*3� -$�

3&"�1"� 3'-,2�'2�3&"�/1-!4 3'-,�-$�����$1-+�3&"�","1%9�-$�3&"�

"*" 31-,2� 1"+-6"!� $1-+� &9!1-%",� �3-+2V� �&"2"� �3-+2� 7"1"�

-1'%',�**9�/�13�-$���%*4 -2"�+- *" 4*"V��3�3&"�",!�-$�3&"�"*" 31-,�

31�,2/-13�2923"+R�3&"� "*" 31-,2� �1"�42"!�3-�1"!4 "� �,� - 89%",�

+- *" 4*"� 3-� -89%",� '-,2V� �&"� "831�� "*" 31-,2� -,� 3&"� -89%",�

'-,2� �331� 3� &9!1-%",� '-,2� ]/1-3-,2^� $1-+� 3&"� 2411-4,!',%�

+" !'4+R� �,!� 7 �3"1� '2�$-1+" !V� �&"� "*" 31-,� 31�,2/-13�  &�',�

�,!� 3&"� /1-!4 3'-,� -$� � ��� 3&1-4%&�  &"+'-2+-2'2� �1"�

 - **" 3'6"*9� �**"!� *3$��/$1 �+#*.+ #*-4 '�/$*) V�

� ���!,(.'�

�&"�,4+�"1�-$�� ���+- *" 4*"2�%","1�3"!�$1-+�3&"� �3��- *'2+�

-$�%*4 -2"�6�1'"2V���2-41 "�-$�6�1'�, "�'2�1"*�3"!�3-�3&"�2&433*"�

�	
 ��C����	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! 



-$�"*" 31-,2�� 1-22�3&"�+'3- &-,!1'�*�+"+�1�,"V��&"����	�

%","1�3"!� $1-+� %*9 - *92'2�  �,,-3� "�2'*9� ",3"1� +'3- &-,!1'�V�

�&42R� "*" 31-,2� �1"� /' )" !� 4/� -,� 3&"� ',2'!"� -$� 3&"�

+'3- &-,!1'�� � 9� "'3&"1� ��� f � -1� ��� f V� �"7 "1� � ���

+- *" 4*"2��1"�%","1�3"!�7&",�� �� f �� 32��2��� �11'"1V���� f �'2�

42"!��2�3&"�"*" 31-,�31�,2/-13"1�',�3&"�*'6"1��,!� � �� f �',�3&"�

�1�',R�2-�� ���9'"*!�!"/",!2�-,�3&"�3'224"��"',%� -,2'!"1" !V�

�,-3&"1� $� 3-1� 3&�3� �;" 32� 3&"� 9'"*!� -$� ���� +- *" 4*"2�

%","1�3"!� $1-+� %*4 -2"� '2� 3&�3� ',3"1+"!'�3"�  -+/-4,!2� ',�

3&"2"� /�3&7�92� �1"� 42"!� $-1� -3&"1� /41/-2"2V� �*4 -2"�

 �3��- *'2+�  -,,"  32� 7'3&� 3&"� /�3&7�92� 3&�3� �4'*!� -1� �1"�)�

!- 7,��**�-3&"1��'- &"+' �*� -+/-4,!2�',� "**2R��,!�3&"�1"24*3�

'2�2-+"7&�3�+"22'"1�3&�,�3&"� '!"�*�2'34�3'-,2� !"2 1'�" !�3&42�

$�1V� �-1� "8�+/ *"R� 24%�12� -3&"1� 3&�,� %*4 -2"� �1"� $"!� ',3-� 3&"�

%*9 - *93' �/�3&7�9�$-1�","1%9�"831� 3'-,V��3&"1�+-*" 4*"2�3&�3�

7-4*!�-3&"17'2"��"�42"!�3-�&�16"23�","1%9�',�%*9 - *92'2�-1�3&"�

 '31' �� '!� 9 *"�+� 9��"�1"+- 6"!�3-�$-1+�,4 *"' �� '!2R��+',-�

� '!2R�*'/'!2R�-1� -3&"1�  -+/-4,!2V� �6 "1�**R� ',� *'6',%�2923"+2R�

3&"2"�/�3&7�92�-$�%*4 -2"� �3��- *'2+�"831� 3���-43�IJs�-$�3&"�

","1%9� -,3�'," !�',�%*4 -2"V�

�(&6,10��7//$4;�

P��&"� '31' �� '!�]� ��^� 9 *"�'2���2"1'"2�-$� &"+' �*�

1"� 3'-,2�3&�3�1"+-6"2�&'%&a","1%9�"*" 31-,2��,!�42"2�

3&"+�',�3&"�"*" 31-,�31�,2/-13� &�',�3-�%","1�3"���� V�

��	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! ��C���	�



�,"�+- *" 4*"�-$�� ���]-1��,�" 04'6�*",3^�'2�/1-!4 "!�/"1�

"� &�341,�-$�3&"� 9 *"V�

P� �&"�"*"  31-,�31�,2/-13� &�',�'2�3&"�/-13'-,�-$��"1-�' �

1"2/'1�3'-,�3&�3�42"2�$1""�-89%",��2�3&"�8)�'� '  �/- *)�

�� �  +/*- �$-1�"*" 31-,2�1"+-6"!�$1-+�3&"�',3"1+"!'�3"�

 -+/-4,!2�',�%*4 -2"� �3��- *'2+V��2�3&"�"*" 31-,2��1"�

/ �22"!�$1-+����	�-1�� ��	 H�!- 7,�3&"�"*" 31-,�

31�,2/-13� &�',R�3&"9�*-2"�","1%9V��&"�/1-!4 32�-$�3&"�

"*" 31-,�31�,2/-13� &�',��1"�7�3"1��,!�� �� V���,4+�"1�

-$�',3"1+"!'�3"� -+/-4,!2� �,��"�!'6 "13"!�',3-�3&"�

�,��- *'2+�-$�-3&"1��'- &"+' �*�+- *" 4*"2R�24 &��2�

,4 *"' �� '!2R�,-,a"22",3'�*��+',-�� '!2R�24%�12R��,!�

*'/'!2V��&"2"�2�+"�+- *" 4*"2R�"8 "/3�,4 *"' �� '!2R� �,�

2"16"��2�","1%9�2-41 "2�$-1�3&"�%*4 -2"�/ �3&7�9V�

Glossary 

�� � "'��� ��+� 3%!��,*� &+�3&,+�,#��+��� ! 39)�$1,4/�

 !1 &6! �# 1,*�/ 9146&����& ��+ �� , !+: 9*!���7%&� %�&2�

*� !�# 1,*�/�+3 , 3%!+&����& �T��� X$1,4/�6&3�*&+U�

� ���! '�" ��!�+� ��*!*�1 �+! X!*� !  ! �/1 , 3!&+�

� ,*/)! 8�3%�3�1!$!+!1 �3!2�� ���# 1,*�����7&3 %�

!+!1 $9�#1,*�/1 , 3,+2� &##42&+$�3%1,4$%�&3�

� �����!��!�!+� 3%!�*, 6!*!+3�, #�%9 1, $!+�&,+2�

�	� ��C����	���%$���� ����� * ����� ��! )�� � %�'��"�!�"�!$ *�� %�! 



 , 7+�3%!&1�!)!�31, � %!*&��)�$1� &!+3���1 ,22���

*!*�1 �+!�3 %1,4$%�� ���2 9+3%�2!�3,�$!+!1 �3!�� ���

� �" ����� ���� ' � ��+���2!1 &!2�,#�!+: 9*! X��3�)9: ! �

� %!*&��)�1! �� 3&,+2�,#��!+31�)�&*/ ,13�+� !�&+��))�)&6&+$�

� !))2�3%�3�%�16!232�3%!�!+!1$9�&+���1� ,+X��1 � ,+�

� ,+ 2�, #�24$�1�*,)!�4)!2�3 ,�$!+!1 �3!�� ��P�3%!��&31&��

�� & ��9� )!�&2��+��!1, � &��*! 3�� ,)&��/�3 %7�9�� !��42!�&3�

1!04&1!2�, 89$!+�&+�)�3!1�1! �� 3&,+2�3,�/1 , � !! �

���� " ���" ��!� � "�� ����+� ��2!1 &!2�,#�#,41�)�1$!K�

*4)3&X/1, 3!&+��,*/)! 8!2�!*� !  ! �&+�3 %!�&++!1�

*&3, � %,+ 1&�)�*!*�1 �+!�3 %�3��� � !/ 32�!)!� 31,+2�

#1,*� ,+,1�� ,*/ ,4+ 2��+ �%�1 6!232�!+!1$9�#1,*���

2!1&!2�,#��%!*&��)�1! �� 3&,+2�3,�$!+!1 �3!���%9 1 , $!+�
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