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Chapter 18

Amino Acids, Proteins, and Enzymes

Opening Essay
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Figure 18.1
An Insulin Pump
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18.1 Properties of Amino Acids

LEARNING OBJECTIVE
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Configuration

'DI>8:�>C-67A:��
����DBBDC��B>CD��8>9H��DJC9�>C�)GDI:>CH�I=6I�<AN8>C:�>H�I=:
DCAN�6B>CD�68>9�L=DH:��	86G7DC�>Hnot8=>G6A
�-=:G:;DG:��L>I=�I=:�:M8:EI>DC�D;
<AN8>C:��I=:�6B>CD�68>9H�8DJA9�I=:DG:I>86AAN�:M>HI�>C�:>I=:G�I=:��	�DG�I=:�%	
:C6CI>DB:G>8�;DGB�6C9�GDI6I:�EA6C:	EDA6G>O:9�A><=I
��H�L>I=�HJ<6GH��8=:B>HIH�JH:
<AN8:G6A9:=N9:�6H�I=:�G:;:G:C8:�8DBEDJC9�;DG�I=:�6HH><CB:CI�D;�8DC;><JG6I>DC�ID
6B>CD�68>9H
���DG�BDG:�>C;DGB6I>DC�67DJI�HI:G:D>HDB:GH�6C9�8DC;><JG6I>DC��H::
�=6EI:G�����6G7D=N9G6I:H�� ,:8I>DC��
����A6HH:H�D;�&DCDH688=6G>9:H�
��"IH
HIGJ8IJG:�8ADH:AN�G:H:B7A:H�6C�6B>CD�68>9�HIGJ8IJG:�:M8:EI�I=6I�>C�I=:�A6II:G��6C
6B>CD�<GDJE�I6@:H�I=:�EA68:�D;�I=:�(!�<GDJE�DC�I=:�8=>G6A�86G7DC�D;�I=:�HJ<6G


�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
�)GDE:GI>:H�D;��B>CD��8>9H ��



0:�A:6GC:9�>C�=6EI:G�����6G7D=N9G6I:H�I=6I�6AA�C6IJG6AAN�D88JGG>C<�HJ<6GH
7:ADC<�ID�I=:���H:G>:H
�"I�>H�>CI:G:HI>C<��I=:G:;DG:��I=6I�C:6GAN�6AA�@CDLC�EA6CI�6C9
6C>B6A�EGDI:>CH�6G:�8DBEDH:9�:CI>G:AN�D;�%	6B>CD�68>9H
�!DL:K:G��8:GI6>C�768I:G>6
8DCI6>C��	6B>CD�68>9H�>C�I=:>G�8:AA�L6AAH��6C9�H:K:G6A�6CI>7>DI>8H��:
<
��68I>CDBN8>C��
6C9�I=:�<G6B>8>9>CH��8DCI6>C�K6GN>C<�6BDJCIH�D;��	A:J8>C:���	E=:CNA6A6C>C:��6C9
�	K6A>C:


CONCEPT REVIEW EXERCISES


 0=6I�>H�I=:�<:C:G6A�HIGJ8IJG:�D;�6C��	6B>CD�68>9�

�
 "9:CI>;N�I=:�6B>CD�68>9�I=6I�;>IH�:68=�9:H8G>EI>DC


6
 6AHD�@CDLC�6H�6HE6GI6I:
7
 6ABDHI�6H�HIGDC<�6�76H:�6H�HD9>JB�=N9GDM>9:
8
 9D:H�CDI�=6K:�6�8=>G6A�86G7DC

ANSWERS




�
 6
 6HE6GI>8�68>9
7
 6G<>C>C:
8
 <AN8>C:

�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
�)GDE:GI>:H�D;��B>CD��8>9H ��



KEY TAKEAWAYS

R �B>CD�68>9H�86C�7:�8A6HH>;>:9�76H:9�DC�I=:�8=6G68I:G>HI>8H�D;�I=:>G
9>HI>C8I>K:�H>9:�8=6>CH�6H�CDCEDA6G��EDA6G�7JI�JC8=6G<:9��C:<6I>K:AN
8=6G<:9��DG�EDH>I>K:AN�8=6G<:9


R -=:�6B>CD�68>9H�;DJC9�>C�EGDI:>CH�6G:�%	6B>CD�68>9H


EXERCISES


 0G>I:�I=:�H>9:�8=6>C�D;�:68=�6B>CD�68>9


6
 H:G>C:
7
 6G<>C>C:
8
 E=:CNA6A6C>C:

�
 0G>I:�I=:�H>9:�8=6>C�D;�:68=�6B>CD�68>9


6
 6HE6GI>8�68>9
7
 B:I=>DC>C:
8
 K6A>C:

�
 �G6L�I=:�HIGJ8IJG:�;DG�:68=�6B>CD�68>9


6
 6A6C>C:
7
 8NHI:>C:
8
 =>HI>9>C:

�
 �G6L�I=:�HIGJ8IJG:�;DG�:68=�6B>CD�68>9


6
 I=G:DC>C:
7
 <AJI6B>8�68>9
8
 A:J8>C:

�
 "9:CI>;N�6C�6B>CD�68>9�L=DH:�H>9:�8=6>C�8DCI6>CH�6�C�

6
 6B>9:�;JC8I>DC6A�<GDJE

7
 6GDB6I>8�G>C<

8
 86G7DMNA�<GDJE


�
 "9:CI>;N�6C�6B>CD�68>9�L=DH:�H>9:�8=6>C�8DCI6>CH�6�C�

6
 (!�<GDJE
7
 7G6C8=:9�8=6>C
8
 6B>CD�<GDJE

�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
�)GDE:GI>:H�D;��B>CD��8>9H ��



ANSWERS


 6
 �! � (! X

7


8


�


6


7


�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
�)GDE:GI>:H�D;��B>CD��8>9H ���



8


�
 6
 6HE6G6<>C:�DG�<AJI6B>C:
7
 E=:CNA6A6C>C:��INGDH>C:��DG�IGNEIDE=6C
8
 6HE6GI>8�68>9�DG�<AJI6B>8�68>9

�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
�)GDE:GI>:H�D;��B>CD��8>9H ��



18.2 Reactions of Amino Acids

LEARNING OBJECTIVE


 �MEA6>C�=DL�6C�6B>CD�68>9�86C�68I�6H�7DI=�6C�68>9�6C9�6�76H:


-=:�HIGJ8IJG:�D;�6C�6B>CD�68>9�6AADLH�>I�ID�68I�6H�7DI=�6C�68>9�6C9�6�76H:
��C�6B>CD
68>9�=6H�I=>H�67>A>IN�7:86JH:�6I�6�8:GI6>C�E!�K6AJ:��9>;;:G:CI�;DG�:68=�6B>CD�68>9�
C:6GAN�6AA�I=:�6B>CD�68>9�BDA:8JA:H�:M>HI�6H�OL>II:G>DCH
�";�68>9�>H�699:9�ID�6
HDAJI>DC�8DCI6>C>C<�I=:�OL>II:G>DC��I=:�86G7DMNA6I:�<GDJE�86EIJG:H�6�=N9GD<:C��!� �
>DC��6C9�I=:�6B>CD�68>9�7:8DB:H�EDH>I>K:AN�8=6G<:9
�";�76H:�>H�699:9��>DC�G:BDK6A�D;
I=:�! � >DC�;GDB�I=:�6B>CD�<GDJE�D;�I=:�OL>II:G>DC�EGD9J8:H�6�C:<6I>K:AN�8=6G<:9
6B>CD�68>9
�"C�7DI=�8>G8JBHI6C8:H��I=:�6B>CD�68>9�68IH�ID�B6>CI6>C�I=:�E!�D;�I=:
HNHI:BTI=6I�>H��ID�G:BDK:�I=:�699:9�68>9��!� ��DG�76H:��(!X��;GDB�HDAJI>DC


�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

���



EXAMPLE 1


 �G6L�I=:�HIGJ8IJG:�;DG�I=:�6C>DC�;DGB:9�L=:C�<AN8>C:��6I�C:JIG6A�E!�
G:68IH�L>I=�6�76H:


�
 �G6L�I=:�HIGJ8IJG:�;DG�I=:�86I>DC�;DGB:9�L=:C�<AN8>C:��6I�C:JIG6A�E!�
G:68IH�L>I=�6C�68>9


,DAJI>DC


 -=:�76H:�G:BDK:H�!� ;GDB�I=:�EGDIDC6I:9�6B>C:�<GDJE


�
 -=:�68>9�699H�!� ID�I=:�86G7DMNA6I:�<GDJE


SKILL-BUILDING EXERCISE


 �G6L�I=:�HIGJ8IJG:�;DG�I=:�86I>DC�;DGB:9�L=:C�K6A>C:��6I�C:JIG6A�E!��G:68IH
L>I=�6C�68>9


�
 �G6L�I=:�HIGJ8IJG:�;DG�I=:�6C>DC�;DGB:9�L=:C�K6A>C:��6I�C:JIG6A�E!��G:68IH
L>I=�6�76H:


-=:�E6GI>8JA6G�E!�6I�L=>8=�6�<>K:C�6B>CD�68>9�:M>HIH�>C�HDAJI>DC�6H�6�OL>II:G>DC�>H
86AA:9�I=:isoelectric point � �E"�
��I�>IH�E"��I=:�EDH>I>K:�6C9�C:<6I>K:�8=6G<:H�DC�I=:
6B>CD�68>9�76A6C8:��6C9�I=:�BDA:8JA:�6H�6�L=DA:�>H�:A:8IG>86AAN�C:JIG6A
�-=:�6B>CD
68>9H�L=DH:�H>9:�8=6>CH�6G:�6AL6NH�C:JIG6A�=6K:�>HD:A:8IG>8�ED>CIH�G6C<>C<�;GDB��
�
ID��
�
�-=:�76H>8�6B>CD�68>9H��L=>8=�=6K:�EDH>I>K:AN�8=6G<:9�H>9:�8=6>CH�6I�C:JIG6A
E!��=6K:�G:A6I>K:AN�=><=�E"H
��8>9>8�6B>CD�68>9H��L=>8=�=6K:�C:<6I>K:AN�8=6G<:9
H>9:�8=6>CH�6I�C:JIG6A�E!��=6K:�FJ>I:�ADL�E"H��-67A:��
���E"H�D;�,DB:
+:EG:H:CI6I>K:��B>CD��8>9H��


�
 -=:�E!�6I�L=>8=�6�<>K:C�6B>CD
68>9�:M>HIH�>C�HDAJI>DC�6H�6
OL>II:G>DC


�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
��+:68I>DCH�D;��B>CD��8>9H ���



-67A:��
� E"H�D;�,DB:�+:EG:H:CI6I>K:��B>CD��8>9H

Amino Acid Classification pI

6A6C>C: CDCEDA6G �
�

K6A>C: CDCEDA6G �
�

H:G>C: EDA6G��JC8=6G<:9 �
�

I=G:DC>C: EDA6G��JC8=6G<:9 �
�

6G<>C>C: EDH>I>K:AN�8=6G<:9��76H>8��
�

=>HI>9>C: EDH>I>K:AN�8=6G<:9��76H>8��
�

ANH>C: EDH>I>K:AN�8=6G<:9��76H>8��
�

6HE6GI>8�68>9C:<6I>K:AN�8=6G<:9��68>9>8��
�

<AJI6B>8�68>9C:<6I>K:AN�8=6G<:9��68>9>8��
�

�B>CD�68>9H�JC9:G<D�G:68I>DCH�8=6G68I:G>HI>8�D;�86G7DMNA>8�68>9H�6C9�6B>C:H
�-=:
G:68I>K>IN�D;�I=:H:�;JC8I>DC6A�<GDJEH�>H�E6GI>8JA6GAN�>BEDGI6CI�>C�A>C@>C<�6B>CD
68>9H�ID<:I=:G�ID�;DGB�E:EI>9:H�6C9�EGDI:>CH��6H�NDJ�L>AA�H::�A6I:G�>C�I=>H�8=6EI:G

,>BEA:�8=:B>86A�I:HIH�I=6I�6G:�JH:9�ID�9:I:8I�6B>CD�68>9H�I6@:�69K6CI6<:�D;�I=:
G:68I>K>IN�D;�I=:H:�;JC8I>DC6A�<GDJEH
��C�:M6BEA:�>H�I=:�C>C=N9G>C�I:HI�>C�L=>8=�I=:
6B>C:�;JC8I>DC6A�<GDJE�D;��	6B>CD�68>9H�G:68IH�L>I=�C>C=N9G>C�ID�;DGB�EJGEA:	
8DADG:9�8DBEDJC9H
�'>C=N9G>C�>H�JH:9�ID�9:I:8I�;>C<:GEG>CIH�7:86JH:�>I�G:68IH�L>I=
6B>CD�68>9H�;GDB�I=:�EGDI:>CH�>C�H@>C�8:AAH�IG6CH;:GG:9�ID�I=:�HJG;68:�7N�I=:
>C9>K>9J6A�A:6K>C<�I=:�;>C<:GEG>CI


�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
��+:68I>DCH�D;��B>CD��8>9H ���



CONCEPT REVIEW EXERCISES


 �:;>C:�:68=�I:GB


6
 OL>II:G>DC
7
 >HD:A:8IG>8�ED>CI

�
 �G6L�I=:�HIGJ8IJG:�;DG�I=:�6C>DC�;DGB:9�L=:C�6A6C>C:��6I�C:JIG6A�E!��G:68IH
L>I=�6�76H:


�
 �G6L�I=:�HIGJ8IJG:�;DG�I=:�86I>DC�;DGB:9�L=:C�6A6C>C:��6I�C:JIG6A�E!��G:68IH
L>I=�6C�68>9


ANSWERS


 6
 6C�:A:8IG>86AAN�C:JIG6A�8DBEDJC9�I=6I�8DCI6>CH�7DI=�C:<6I>K:AN�6C9
EDH>I>K:AN�8=6G<:9�<GDJEH

7
 I=:�E!�6I�L=>8=�6�<>K:C�6B>CD�68>9�:M>HIH�>C�HDAJI>DC�6H�6�OL>II:G>DC

�


�


KEY TAKEAWAYS

R �B>CD�68>9H�86C�68I�6H�7DI=�6C�68>9�6C9�6�76H:�9J:�ID�I=:�EG:H:C8:�D;�I=:
6B>CD�6C9�86G7DMNA�;JC8I>DC6A�<GDJEH


R -=:�E!�6I�L=>8=�6�<>K:C�6B>CD�68>9�:M>HIH�>C�HDAJI>DC�6H�6�OL>II:G>DC�>H
86AA:9�I=:isoelectric point�E"�


�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
��+:68I>DCH�D;��B>CD��8>9H ���



EXERCISES


 �G6L�I=:�HIGJ8IJG:�D;�A:J8>C:�6C9�9:I:GB>C:�I=:�8=6G<:�DC�I=:�BDA:8JA:�>C
6�C�

6
 68>9>8�HDAJI>DC��E!����

7
 C:JIG6A�HDAJI>DC��E!�����

8
 6�76H>8�HDAJI>DC��E!����

�
 �G6L�I=:�HIGJ8IJG:�D;�>HDA:J8>C:�6C9�9:I:GB>C:�I=:�8=6G<:�DC�I=:�BDA:8JA:�>C
6�C�

6
 68>9>8�HDAJI>DC��E!����

7
 C:JIG6A�HDAJI>DC��E!�����

8
 76H>8�HDAJI>DC��E!����


ANSWER




6


7


8


�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
��+:68I>DCH�D;��B>CD��8>9H ���



18.3 Peptides

LEARNING OBJECTIVES


 �MEA6>C�=DL�6�E:EI>9:�>H�;DGB:9�;GDB�>C9>K>9J6A�6B>CD�68>9H

�
 �MEA6>C�L=N�I=:�H:FJ:C8:�D;�6B>CD�68>9H�>C�6�EGDI:>C�>H�>BEDGI6CI


-LD�DG�BDG:�6B>CD�68>9H�86C�?D>C�ID<:I=:G�>CID�8=6>CH�86AA:9�E:EI>9:H
�"C�=6EI:G
���(G<6C>8��8>9H�6C9��6H:H�6C9�,DB:�D;�-=:>G��:G>K6I>K:H�� ,:8I>DC��
�
��DGB6I>DC�D;��B>9:H���L:�9>H8JHH:9�I=:�G:68I>DC�7:IL::C�6BBDC>6�6C9�6
86G7DMNA>8�68>9�ID�;DGB�6C�6B>9:
�"C�6�H>B>A6G�G:68I>DC��I=:�6B>CD�<GDJE�DC�DC:
6B>CD�68>9�BDA:8JA:�G:68IH�L>I=�I=:�86G7DMNA�<GDJE�DC�6CDI=:G��G:A:6H>C<�6
BDA:8JA:�D;�L6I:G�6C9�;DGB>C<�6C�6B>9:�A>C@6<:�

�C�6B>9:�7DC9�?D>C>C<�ILD�6B>CD�68>9�JC>IH�>H�86AA:9�6peptide bond � 
�'DI:�I=6I�I=:
EGD9J8I�BDA:8JA:�HI>AA�=6H�6�G:68I>K:�6B>CD�<GDJE�DC�I=:�A:;I�6C9�6�G:68I>K:
86G7DMNA�<GDJE�DC�I=:�G><=I
�-=:H:�86C�G:68I�L>I=�699>I>DC6A�6B>CD�68>9H�ID
A:C<I=:C�I=:�E:EI>9:
�-=:�EGD8:HH�86C�8DCI>CJ:�JCI>A�I=DJH6C9H�D;�JC>IH�=6K:
?D>C:9��G:HJAI>C<�>C�A6G<:�EGDI:>CH


��8=6>C�8DCH>HI>C<�D;�DCAN�ILD�6B>CD�68>9�JC>IH�>H�86AA:9�6dipeptide��6�8=6>C
8DCH>HI>C<�D;�I=G::�>H�6tripeptide
��N�8DCK:CI>DC��E:EI>9:�6C9�EGDI:>C�HIGJ8IJG:H�6G:
9:E>8I:9�L>I=�I=:�6B>CD�68>9�L=DH:�6B>CD�<GDJE�>H�;G::��I=:�'	I:GB>C6A�:C9��DC�I=:
A:;I�6C9�I=:�6B>CD�68>9�L>I=�6�;G::�86G7DMNA�<GDJE��I=:��	I:GB>C6A�:C9��ID�I=:�G><=I


�
 -=:�6B>9:�7DC9�?D>C>C<�ILD
6B>CD�68>9�JC>IH�>C�6�E:EI>9:
DG�EGDI:>C


�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

���



-=:�<:C:G6A�I:GBpeptideG:;:GH�ID�6C�6B>CD�68>9�8=6>C�D;�JCHE:8>;>:9�A:C<I=

!DL:K:G��8=6>CH�D;�67DJI����6B>CD�68>9H�DG�BDG:�6G:�JHJ6AAN�86AA:9�EGDI:>CH�DG
polypeptides � 
�"C�>IH�E=NH>DAD<>86AAN�68I>K:�;DGB��6�EGDI:>C�B6N�7:�8DBEDH:9�D;�DC:
DG�BDG:�EDANE:EI>9:�8=6>CH


�DG�E:EI>9:H�6C9�EGDI:>CH�ID�7:�E=NH>DAD<>86AAN�68I>K:��>I�>H�CDI�:CDJ<=�I=6I�I=:N
>C8DGEDG6I:�8:GI6>C�6BDJCIH�D;�HE:8>;>8�6B>CD�68>9H
�-=:�DG9:G��DGsequence��>C
L=>8=�I=:�6B>CD�68>9H�6G:�8DCC:8I:9�>H�6AHD�D;�8G>I>86A�>BEDGI6C8:
��G69N@>C>C�>H�6
C>C:	6B>CD�68>9�E:EI>9:�EGD9J8:9�>C�I=:�7ADD9�I=6I�=6H�I=:�;DAADL>C<�6B>CD�68>9
H:FJ:C8:�

6G<	EGD	EGD	<AN	E=:	H:G	EGD	E=:	6G<

-=>H�E:EI>9:�ADL:GH�7ADD9�EG:HHJG:��HI>BJA6I:H�HBDDI=�BJH8A:�I>HHJ:��>C8G:6H:H
86E>AA6GN�E:GB:67>A>IN��6C9�86JH:H�E6>C
�0=:C�I=:�DG9:G�D;�6B>CD�68>9H�>C
7G69N@>C>C�>H�G:K:GH:9�

6G<	E=:	EGD	H:G	E=:	<AN	EGD	EGD	6G<

I=:�E:EI>9:�G:HJAI>C<�;GDB�I=>H�HNCI=:H>H�H=DLH�CDC:�D;�I=:�68I>K>IN�D;�7G69N@>C>C


#JHI�6H�B>AA>DCH�D;�9>;;:G:CI�LDG9H�6G:�HE:AA:9�L>I=�DJG���	A:II:G��C<A>H=�6AE=67:I�
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18.4 Proteins

LEARNING OBJECTIVES
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Levels of Protein Structure
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Figure 18.2Primary Structure of Human Insulin

Human insulin, whose amino acid sequence is shown here, is a hormone that is required for the proper metabolism
of glucose.
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Figure 18.3A Ball-and-Stick Model of an �-Helix

This ball-and-stick model shows the intrachain hydrogen bonding between carbonyl oxygen atoms and amide
hydrogen atoms. Each turn of the helix spans 3.6 amino acids. Note that the side chains (represented as green
spheres) point out from the helix.
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Figure 18.4A Ball-and-Stick Model of the �-Pleated Sheet Structure in Proteins

The side chains extend above or below the sheet and alternate along the chain. The protein chains are held together
by interchain hydrogen bonding.
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Figure 18.5A Ribbon Model of the Three-Dimensional Structure of Insulin

The spiral regions represent sections of the polypeptide chain that have an �-helical structure, while the broad
arrows represent �-pleated sheet structures.
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Figure 18.6Tertiary Protein Structure Interactions

Four interactions stabilize the tertiary structure of a protein: (a) ionic bonding, (b) hydrogen bonding, (c) disulfide
linkages, and (d) dispersion forces.
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Figure 18.7The Quaternary Structure of Hemoglobin

Hemoglobin is a protein that transports oxygen throughout the body.

Source: Image from the RCSB PDB (www.pdb.org) of PDB ID 1I3D (R.D. Kidd, H.M. Baker, A.J. Mathews, T. Brittain,
E.N. Baker (2001) Oligomerization and ligand binding in a homotetrameric hemoglobin: two high-resolution crystal
structures of hemoglobin Bart's (gamma(4)), a marker for alpha-thalassemia. Protein Sci. 1739Ð1749).

Figure 18.8Levels of Structure in Proteins
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Theprimary structureconsists of the specific amino acid sequence. The resulting peptide chain can twist into an �-
helix, which is one type ofsecondary structure. This helical segment is incorporated into thetertiary structureof
the folded polypeptide chain. The single polypeptide chain is a subunit that constitutes thequaternary structureof
a protein, such as hemoglobin that has four polypeptide chains.
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Figure 18.9Denaturation and Renaturation of a Protein

The denaturation (unfolding) and renaturation (refolding) of a protein is depicted. The red boxes represent
stabilizing interactions, such as disulfide linkages, hydrogen bonding, and/or ionic bonds.
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18.5 Enzymes

LEARNING OBJECTIVES
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18.6 Enzyme Action

LEARNING OBJECTIVE
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Figure 18.10Substrate Binding to the Active Site of an Enzyme

The enzyme dihydrofolate reductase is shown with one of its substrates: NADP+(a) unbound and (b) bound. The
NADP+(shown in red) binds to a pocket that is complementary to it in shape and ionic properties.

Figure 18.11The Lock-and-Key Model of Enzyme Action

(a) Because the substrate and the active site of the enzyme have complementary structures and bonding groups,
they fit together as a key fits a lock. (b) The catalytic reaction occurs while the two are bonded together in the
enzyme-substrate complex.
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Figure 18.12The Induced-Fit Model of Enzyme Action

(a) The enzyme hexokinase without its substrate (glucose, shown in red) is bound to the active site. (b) The enzyme
conformation changes dramatically when the substrate binds to it, resulting in additional interactions between
hexokinase and glucose.
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18.7 Enzyme Activity

LEARNING OBJECTIVE
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Figure 18.13Concentration versus Reaction Rate

(a) This graph shows the effect of substrate concentration on the rate of a reaction that is catalyzed by a fixed
amount of enzyme. (b) This graph shows the effect of enzyme concentration on the reaction rate at a constant level
of substrate.
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Figure 18.14Temperature and pH versus Concentration

(a) This graph depicts the effect of temperature on the rate of a reaction that is catalyzed by a fixed amount of
enzyme. (b) This graph depicts the effect of pH on the rate of a reaction that is catalyzed by a fixed amount of
enzyme.
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18.8 Enzyme Inhibition

LEARNING OBJECTIVES


 �MEA6>C�L=6I�6C�:CONB:�>C=>7>IDG�>H

�
 �>HI>C<J>H=�7:IL::C�G:K:GH>7A:�6C9�>GG:K:GH>7A:�>C=>7>IDGH

�
 �>HI>C<J>H=�7:IL::C�8DBE:I>I>K:�6C9�CDC8DBE:I>I>K:�>C=>7>IDGH


"C,:8I>DC��
����CONB:��8I>K>IN���L:�CDI:9�I=6I�:CONB:H�6G:�>C68I>K6I:9�6I�=><=
I:BE:G6IJG:H�6C9�7N�8=6C<:H�>C�E!
�-=:H:�6G:�CDCHE:8>;>8�;68IDGH�I=6I�LDJA9
>C68I>K6I:�6CN�:CONB:
�-=:�68I>K>IN�D;�:CONB:H�86C�6AHD�7:�G:<JA6I:9�7N�BDG:
HE:8>;>8�>C=>7>IDGH
�&6CN�8DBEDJC9H�6G:�ED>HDCH�7:86JH:�I=:N�7>C9�8DK6A:CIAN�ID
E6GI>8JA6G�:CONB:H�DG�@>C9H�D;�:CONB:H�6C9�>C68I>K6I:�I=:B��-67A:��
���)D>HDCH�6H
�CONB:�"C=>7>IDGH��


-67A:��
� )D>HDCH�6H��CONB:�"C=>7>IDGH

Poison Formula
Example of

Enzyme Inhibited
Action

6GH:C6I: �H( �
�X

<AN8:G6A9:=N9:
�	E=DHE=6I:
9:=N9GD<:C6H:

HJ7HI>IJI:H
;DG
E=DHE=6I:

>D9D68:I6I: "�! � �((
X IG>DH:�E=DHE=6I:

9:=N9GD<:C6H:

7>C9H�ID
8NHI:>C:
,!�<GDJE

9>>HDEGDENA;AJDGD	
E=DHE=6I:���"�)��6
C:GK:�ED>HDC�

68:INA8=DA>C:HI:G6H:
7>C9H�ID
H:G>C:�(!
<GDJE
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Figure 18.15Competitive Inhibition

(a) Succinate binds to the enzyme succinate dehydrogenase. A dehydrogenation reaction occurs, and the
productÑfumarateÑis released from the enzyme. (b) Malonate also binds to the active site of succinate
dehydrogenase. In this case, however, no subsequent reaction occurs while malonate remains bound to the enzyme.
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Figure 18.16Feedback Inhibition of Threonine Deaminase by Isoleucine

Threonine deaminase is the first enzyme in the conversion of threonine to isoleucine. Isoleucine inhibits threonine
deaminase through feedback inhibition .
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18.9 Enzyme Cofactors and Vitamins
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Vitamin Coenzyme Coenzyme Function
Deficiency

Disease
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KEY TAKEAWAYS
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6BDJCIH�;DG�I=:�B6>CI:C6C8:�D;�CDGB6A�B:I67DA>HB
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L6I:G	HDAJ7A:�K>I6B>CH


R &DHI�L6I:G	HDAJ7A:�K>I6B>CH�6G:�C::9:9�;DG�I=:�;DGB6I>DC�D;�8D:CONB:H�
L=>8=�6G:�DG<6C>8�BDA:8JA:H�C::9:9�7N�HDB:�:CONB:H�;DG�86I6ANI>8
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EXERCISES


 "9:CI>;N�:68=�K>I6B>C�6H�L6I:G�HDAJ7A:�DG�;6I�HDAJ7A:


6
 K>I6B>C��
7
 K>I6B>C��
8
 K>I6B>C���

�
 "9:CI>;N�:68=�K>I6B>C�6H�L6I:G�HDAJ7A:�DG�;6I�HDAJ7A:


6
 C>68>C
7
 8=DA:86A8>;:GDA
8
 7>DI>C

�
 0=6I�K>I6B>C�>H�C::9:9�ID�;DGB�:68=�8D:CONB:�

6
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7
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8
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9
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�
 0=6I�8D:CONB:�>H�;DGB:9�;GDB�:68=�K>I6B>C�

6
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7
 I=>6B>C:
8
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9
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�
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6
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7
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8
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Chapter Summary

To ensure that you understand the material in this chapter, you should review the meanings of the bold terms in the
following summary and ask yourself how they relate to the topics in the chapter.

� protein >H�6�A6G<:�7>DAD<>86A�EDANB:G�HNCI=:H>O:9�;GDBamino acids��L=>8=�6G:�86G7DMNA>8�68>9H�8DCI6>C>C<�6C
�	6B>CD�<GDJE
�)GDI:>CH�=6K:�6�K6G>:IN�D;�>BEDGI6CI�GDA:H�>C�A>K>C<�DG<6C>HBH��N:I�I=:N�6G:�B69:�;GDB�I=:�H6B:
���%	6B>CD�68>9H
��7DJI�=6A;�D;�I=:H:�6B>CD�68>9H��I=:essential amino acids��86CCDI�7:�HNCI=:H>O:9�7N�I=:
=JB6C�7D9N�6C9�BJHI�7:�D7I6>C:9�;GDB�I=:�9>:I
�"C�I=:�HDA>9�HI6I:�6C9�>C�C:JIG6A�HDAJI>DCH��6B>CD�68>9H�:M>HI�6H
zwitterions ��HE:8>:H�I=6I�6G:�8=6G<:9�7JI�:A:8IG>86AAN�C:JIG6A
�"C�I=>H�;DGB��I=:N�7:=6K:�BJ8=�A>@:�>CDG<6C>8
H6AIH
��68=�6B>CD�68>9�7:ADC<H�ID�DC:�D;�;DJG�8A6HH:H�9:E:C9>C<�DC�I=:�8=6G68I:G>HI>8H�D;�>IH�+�<GDJE�DG�6B>CD
68>9�H>9:�8=6>C��CDCEDA6G��EDA6G�7JI�C:JIG6A��EDH>I>K:AN�8=6G<:9��6C9�C:<6I>K:AN�8=6G<:9
��:E:C9>C<�DC�I=:
8DC9>I>DCH��6B>CD�68>9H�86C�68I�6H�:>I=:G�68>9H�DG�76H:H��L=>8=�B:6CH�I=6I�EGDI:>CH�68I�6H�7J;;:GH
�-=:�E!�6I
L=>8=�6C�6B>CD�68>9�:M>HIH�6H�I=:�OL>II:G>DC�>H�86AA:9�I=:isoelectric point (pI) 


-=:�6B>CD�68>9H�>C�6�EGDI:>C�6G:�A>C@:9�ID<:I=:G�7Npeptide bonds
�)GDI:>C�8=6>CH�8DCI6>C>C<���DG�;:L:G�6B>CD
68>9H�6G:�JHJ6AAN�G:;:GG:9�ID�6Hpeptides��L>I=�6�EG:;>M�HJ8=�6H�9>	�DG�IG>	�>C9>86I>C<�I=:�CJB7:G�D;�6B>CD�68>9H

�=6>CH�8DCI6>C>C<�BDG:�I=6C����6B>CD�68>9�JC>IH�6G:�G:;:GG:9�ID�6HproteinsDGpolypeptides 
�)GDI:>CH�6G:
8A6HH>;>:9�<AD7JA6G�DG�;>7GDJH��9:E:C9>C<�DC�I=:>G�HIGJ8IJG:�6C9�G:HJAI>C<�HDAJ7>A>IN�>C�L6I:G
Globular proteins
6G:�C:6GAN�HE=:G>86A�6C9�6G:�HDAJ7A:�>C�L6I:G�fibrous proteins =6K:�:ADC<6I:9�DG�;>7GDJH�HIGJ8IJG:H�6C9�6G:�CDI
HDAJ7A:�>C�L6I:G


)GDI:>C�BDA:8JA:H�86C�=6K:�6H�B6CN�6H�;DJG�A:K:AH�D;�HIGJ8IJG:
�-=:primary structure >H�I=:�H:FJ:C8:�D;�6B>CD
68>9H�>C�I=:�8=6>C
�-=:secondary structure >H�I=:�6GG6C<:B:CI�D;�69?68:CI�6IDBH�>C�I=:�E:EI>9:�8=6>C��I=:
BDHI�8DBBDC�6GG6C<:B:CIH�6G:��	=:A>8:H�DG��	EA:6I:9�H=::IH
�-=:tertiary structure >H�I=:�DK:G6AA�I=G::	
9>B:CH>DC6A�H=6E:�D;�I=:�BDA:8JA:�I=6I�G:HJAIH�;GDB�I=:�L6N�I=:�8=6>C�7:C9H�6C9�;DA9H�>C�DC�>IH:A;
�)GDI:>CH�I=6I
8DCH>HI�D;�BDG:�I=6C�DC:�8=6>C�=6K:quaternary structure ��L=>8=�>H�I=:�L6N�I=:�BJAI>EA:�8=6>CH�6G:�E68@:9
ID<:I=:G


�DJG�INE:H�D;�>CIG6BDA:8JA6G�6C9�>CI:GBDA:8JA6G�;DG8:H�8DCIG>7JI:�ID�H:8DC96GN��I:GI>6GN��6C9�FJ6I:GC6GN
HIGJ8IJG:����hydrogen bonding 7:IL::C�6C�DMN<:C�DG�6�C>IGD<:C�6IDB�6C9�6�=N9GD<:C�6IDB�7DJC9�ID�6C
DMN<:C�6IDB�DG�6�C>IGD<:C�6IDB��:>I=:G�DC�I=:�H6B:�8=6>C�DG�DC�6�C:><=7DG>C<�8=6>C�����ionic bonding 7:IL::C
DC:�EDH>I>K:AN�8=6G<:9�H>9:�8=6>C�6C9�DC:�C:<6I>K:AN�8=6G<:9�H>9:�8=6>C�����disulfide linkages 7:IL::C
8NHI:>C:�JC>IH��6C9����dispersion forces 7:IL::C�CDCEDA6G�H>9:�8=6>CH


�:86JH:�D;�I=:>G�8DBEA:M>IN��EGDI:>C�BDA:8JA:H�6G:�9:A>86I:�6C9�:6HN�ID�9>HGJEI
��denaturedEGDI:>C�>H�DC:�L=DH:
8DC;DGB6I>DC�=6H�7::C�8=6C<:9��>C�6�EGD8:HH�86AA:9denaturation ��HD�I=6I�>I�86C�CD�ADC<:G�9D�>IH�E=NH>DAD<>86A

�=6EI:G����B>CD��8>9H��)GDI:>CH��6C9��CONB:H

�
���C9	D;	�=6EI:G�&6I:G>6A ���



?D7
���K6G>:IN�D;�8DC9>I>DCH��HJ8=�6H�=:6I��JAIG6K>DA:I�G69>6I>DC��I=:�699>I>DC�D;�DG<6C>8�8DBEDJC9H��DG�8=6C<:H�>C
E!�86C�9:C6IJG:�6�EGDI:>C


�C enzyme >H�6C�DG<6C>8�86I6ANHI�EGD9J8:9�7N�6�A>K>C<�8:AA
��CONB:H�6G:�HJ8=�EDL:G;JA�86I6ANHIH�I=6I�I=:
G:68I>DCH�I=:N�EGDBDI:�D88JG�G6E>9AN�6I�7D9N�I:BE:G6IJG:
�0>I=DJI�I=:�=:AE�D;�:CONB:H��I=:H:�G:68I>DCH�LDJA9
G:FJ>G:�=><=�I:BE:G6IJG:H�6C9�ADC<�G:68I>DC�I>B:H


-=:�BDA:8JA:�DG�BDA:8JA:H�DC�L=>8=�6C�:CONB:�68IH�6G:�86AA:9�>IHsubstrates
��C�:CONB:�=6H�6Cactive site
L=:G:�>IH�HJ7HIG6I:�DG�HJ7HIG6I:H�7>C9�ID�;DGB�6C�:CONB:	HJ7HIG6I:�8DBEA:M
�-=:�G:68I>DC�D88JGH��6C9�EGD9J8I�>H
G:A:6H:9�

����,����S,�������)

-=:�DG><>C6Alock-and-key model D;�:CONB:�6C9�HJ7HIG6I:�7>C9>C<�E>8IJG:9�6�G><>9�:CONB:�D;�JC8=6C<>C<
8DC;><JG6I>DC�7>C9>C<�ID�I=:�6EEGDEG>6I:�HJ7HIG6I:
�-=:�C:L:Ginduced-fit model 9:H8G>7:H�I=:�:CONB:�68I>K:
H>I:�6H�8=6C<>C<�>IH�8DC;DGB6I>DC�6;I:G�7>C9>C<�ID�I=:�HJ7HIG6I:


&DHI�:CONB:H�=6K:�B6M>B6A�68I>K>IN�>C�6�C6GGDL�E!�G6C<:�8:CI:G:9�DC�6Coptimum pH 
�"C�I=>H�E!�G6C<:��I=:
:CONB:�>H�8DGG:8IAN�;DA9:9��6C9�86I6ANI>8�<GDJEH�>C�I=:�68I>K:�H>I:�=6K:�I=:�8DGG:8I�8=6G<:��EDH>I>K:��C:<6I>K:��DG
C:JIG6A�
��DG�BDHI�:CONB:H��I=:�DEI>BJB�E!�>H�7:IL::C���6C9��


,J7HI6C8:H�I=6I�>CI:G;:G:�L>I=�:CONB:�;JC8I>DC�6G:�86AA:9�>C=>7>IDGH
��Cirreversible inhibitor >C68I>K6I:H
:CONB:H�7N�;DGB>C<�8DK6A:CI�7DC9H�ID�I=:�:CONB:��L=>A:�6reversible inhibitor >C68I>K6I:H�6C�:CONB:�7N�6
L:6@:G��CDC8DK6A:CI�>CI:G68I>DC�I=6I�>H�:6H>:G�ID�9>HGJEI
��competitive inhibitor >H�6�G:K:GH>7A:�>C=>7>IDG�I=6I
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