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,��OIK

���Qlh�lZdh_�`bagv�k�lhqdb�aj_gby�obfbdZ"

>ey� obfbdZ� `bagv� wlh�� \� i_j\mx� hq_j_^v�� [bheh]bq_kdZy� de_ldZ� b� l_� obfbq_kdb_

ijhp_kku��dhlhju_�\�g_c�ijhl_dZxl��Obfbx�bgl_j_kmxl�g_�k\yab�f_`^m�de_ldZfb�\�`b\uo

hj]ZgbafZo� beb� nmgdpbhgbjh\Zgb_� hj]ZgbafZ� dZd� p_eh]h�� Z� ebrv� hl^_evgu_� obfbq_kdb_

ijhp_kku��dhlhju_�fh]ml�[ulv�bkke_^h\Zgu�dZd�h[uqgu_�obfbq_kdb_�j_Zdpbb���Kms_kl\m_l

Zevl_jgZlb\gZy� lhqdZ� aj_gby�� obfby� `bagb� ±� emqrbc� kihkh[� nbgZgkbjh\Zgby� gZmqguo

bkke_^h\Zgbc�

Hkgh\gu_�oZjZdl_jbklbdb�de_ldb:
���De_ldZ�±�hldjulZy�kbkl_fZ��lh�_klv�kbkl_fZ��h[f_gb\ZxsZyky�k�hdjm`Zxs_c�kj_^hc

dZd�wg_j]b_c��lZd�b�\_s_kl\hf�

���<ukhdZy�hj]ZgbaZpby�

���<ukhdbc�mjh\_gv�j_]meypbb�

���Kihkh[ghklv�d�j_ijh^mpbjh\Zgbx�

���Kihkh[ghklv�d�w\hexpbb�

Ih�hkh[_gghklyf�kljh_gby�\u^_eyxl�^\Z�hkgh\guo� lbiZ�de_lhd: ijhdZjbhlbq_kdb_�b
wmdZjbhlbq_kdb_�� <� ijhdZjbhlbq_kdbo� de_ldZo� g_l� y^_j�� Z� >GD� gZoh^blky� \� nhjf_

gmde_hb^Z�� ±� oZjZdl_jgu� ^ey� [Zdl_jbc�� \� wmdZjbhlbq_kdbo� de_ldZo� \_kv� ]_g_lbq_kdbc

fZl_jbZe�gZoh^blky�\�y^j_��Z�lZd`_�bf_xlky�fblhohg^jbb��\ujZ[Zlu\Zxsb_�:LN��±�lZdhc

lbi�de_lhd�oZjZdl_j_g�^ey�[hevrbgkl\Z�`b\uo�hj]Zgbafh\�

���Hkgh\gu_�lbiu�[bhihebf_jh\�b�bo�nmgdpby�

Z�� ;_edb� ±� \ukhdhfhe_dmeyjgu_� kh_^bg_gby�� ihkljh_ggu_� ba� ihebi_ilb^guo� p_i_c

�fhghf_jhf�dhlhjuo�y\eyxlky�α-L�Zfbghdbkehlu��
Nmgdpbb�[_edh\:
���LjZgkihjlgZy��gZijbf_j��i_j_ghk�\_s_kl\Z�q_j_a�[bheh]bq_kdb_�f_f[jZgu��

���DZlZeblbq_kdZy��n_jf_glu��

��� AZsblgZy� �dZd� f_oZgbq_kdZy� aZsblZ� [bheh]bq_kdbo� f_f[jZg�� lZd� b� aZsblZ

bffmggZy��

���KljmdlmjgZy��h[jZah\Zgb_�[bheh]bq_kdbo�f_f[jZg��kh_^bgbl_evghc�ldZgb��

���>\b]Zl_evgZy�

��� Kb]gZevgZy� �fgh]b_� [_edb� y\eyxlky� j_p_ilhjZfb�� \hkijbgbfZxsbfb� bfimevku�

ijboh^ysb_�hl�^jm]bo�de_lhd��

[�� Gmde_bgh\u_� dbkehlu� ±� \ukhdhfhe_dmeyjgu_� ebg_cgu_� iheyjgu_� [bhihebf_ju�

ihebgmde_hlb^u��dhlhju_�ihkljh_gu�ba�gmde_hlb^guo�hklZldh\�

Nmgdpbb�gmde_bgh\uo�dbkehl:
���:dlb\gh_�ojZg_gb_�]_g_lbq_kdhc�bgnhjfZpbb��>GD�

���Hj]ZgbaZpby�i_j_^Zqb�]_g_lbq_kdhc�bgnhjfZpbb��>GD�b�JGD��

���Kbgl_a�ihebi_ilb^guo�p_i_c�[_edZ��JGD��

���DZlZeba��jb[habfu��

���KljmdlmjZ�[_edZ��Q_luj_�mjh\gy�hj]ZgbaZpbb�kljmdlmju�[_edZ�

I_j\bqgZy�kljmdlmjZ�[_edZ�±�ihke_^h\Zl_evghklv�Zfbghdbkehlguo

hklZldh\�� kh_^bgzgguo� i_ilb^gufb� k\yayfb�� <� ijbjh^guo� [_edZo

\klj_qZxlky�lhevdh�/�Zfbghdbkehlu�

Hkh[_gghklb� i_ilb^ghc� k\yab – l(&±1�� gZ� ���� f_gvr_�� q_f� \

^jm]bo� fhe_dmeZo�� \jZs_gb_� aZljm^g_gh�� ij_bfms_l\_ggh� ljZgk�

dhgnb]mjZpby��Ijbf_ju� Zfbghdbkehl� �mdZaZg� 5��� +� �*O\� ±� ]ebpbg��� &+3 (Ala – ZeZgbg��
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CH2OH (Ser – k_jbg��� &+2COOH (Asp – ZkiZj]bgh\Zy� dbkehlZ��� �&+2)4NH2 (/\V� ±� ebabg��
CH2Ph (Phe – n_gbeZeZgbg��

<lhjbqgZy� kljmdlmjZ� [_edZ� ±� klZ[bebaZpby� ihke_^h\Zl_evghklb� Zfbghdbkehlguo

hklZldh\�aZ�kqzl�g_dh\Ze_glguo�\aZbfh^_ckl\bc�[ebadh�jZkiheh`_gguo�mqZkldh\�fhe_dmeu�

Lbiu�g_dh\Ze_glguo�\aZbfh^_ckl\bc�\�[_edh\uo�fhe_dmeZo�

��� <h^hjh^gZy� k\yav� �f_`^m� dbkehjh^hf� dZj[hgbevghc� ]jmiiu� b� \h^hjh^hf

Zfbgh]jmiiu��

���We_dljhklZlbq_kdh_�\aZbfh^_ckl\b_�

���=b^jhnh[gh_�\aZbfh^_ckl\b_��_keb�fhe_dmeZ�]b^jhnh[gZ��lh�_c�\u]h^gh�k\yaZlvky�k

_sz� h^ghc� lZdhc� `_� fhe_dmehc� ^ey� lh]h�� qlh[u� mf_gvrblv� h[smx� ih\_joghklv�� b�

khhl\_lkl\_ggh��mf_gvrblv�wg_j]bx�\aZbfh^_ckl\by�k�\h^hc�

4) <Zg�^_j�<ZZevkh\h�
Ba\_klgu� ^\Z� lbiZ� \lhjbqguo

kljmdlmj�� α�kibjZev� �ihebi_ilb^gZy
p_iv�k\hjZqb\Z_lky�\�kibjZev�aZ�kqzl

\h^hjh^guo� k\ya_c� f_`^m

Zfbgh]jmiihc� b� dZj[hgbevghc

]jmiihc�� gZoh^ys_cky� \� q_l\zjlhf

hl� wlhc� Zfbgh]jmiiu� i_ilb^ghf

njZ]f_gl_��� β�kdeZ^db� �^\_

ihebi_ilb^gu_� p_ib� k\yau\Zxlky

^jm]� k� ^jm]hf�� ijb� wlhf� \hafh`gu

iZjZee_evgZy� beb� ZglbiZjZee_evgZy

hjb_glZpbb�� <� h[hbo� kemqZyo� ]b^jhnh[gu_� jZ^bdZeu� gZijZ\e_gu� gZjm`m�� ©aZsbsZyª� hl

\h^u�\h^hjh^gu_�k\yab�

Lj_lbqgZy�kljmdlmjZ�[_edZ� ±�klZ[bebaZpby�\lhjbqghc� kljmdlmju� aZ� kqzl�h[jZah\Zgby

dhglZdlh\�f_`^m�hl^_evgufb�_z�qZklyf��h[jZam_lky�fhe_dmeZ�[_edZ��\gmljb�dhlhjhc�h[uqgh

gZoh^blky�bahebjh\Zggh_�hl�\h^u�©]b^jhnh[gh_�y^jhª�

Q_l\_jlbqgZy� kljmdlmjZ� [_edZ� ±� h[jZah\Zgb_� ZkkhpbZlh\� fhe_dme�� kljh_gb_� dhlhjuo

mgbdZevgh�b�hij_^_ey_lky�i_j\bqgh�kljmdlmjhc�[_edZ�

4. DhgnhjfZpby�[_edZ��DhgnhjfZpbhggu_ �i_j_oh^u�

DhgnhjfZpby� [_edZ� ±� kljmdlmjZ�� h[jZamxsZyky� [_a� jZaju\Z� dh\Ze_glguo� k\ya_c� \

i_j\bqghc�kljmdlmj_�[_edZ��dhgnhjfZpbb�fh]ml�jZaebqZlvky�dZd�dhebq_kl\hf�α�kibjZe_c�b
β�kdeZ^hd��lZd�b�bo�\aZbfguf�jZkiheh`_gb_f��©mdeZ^dhcª�\�fhe_dme_��

DhgnhjfZpbhggu_� i_j_oh^u�� gZ[ex^Zxlky� \h

fgh]bo� [_edZo� b� aZqZklmx� h[mkeh\eb\Zxl� bo

nmgdpbhgZevgu_� k\hckl\Z�� GZijbf_j�� \� ijhp_kk_

ijbkh_^bg_gby� dbkehjh^Z� d� ]_fh]eh[bgm� \� fhe_dme_

ihke_^g_]h� ijhbkoh^yl� dhgnhjfZpbhggu_� i_j_oh^u�

h[e_]qZxsb_� ijbkh_^bg_gb_� ihke_^mxsbo� fhe_dme

dbkehjh^Z� �kf�� ���� Ih^h[gu_� ijhp_kku� lZd`_

oZjZdl_jgu� ^ey� ljZgkihjlguo� [_edh\�� \oh^ysbo� \

khklZ\�[bheh]bq_kdbo�f_f[jZg��kf��������

��� KljmdlmjZ� ]_fh]eh[bgZ�� F_oZgbaf

k\yau\Zgby�dbkehjh^Z�]_fh]eh[bghf�

=_fh]eh[bg�khklhbl�ba�q_lujzo�km[t_^bgbp� �^\_

α� b� ^\_� β��� <h� \k_o� q_lujzo� km[t_^bgbpZo� [_edh\u_
njZ]f_glu� k\yaZgu� k� ]_fhf – ihjnbjbgh\uf
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dhfie_dkhf�`_e_aZ� �\Z`gh� bf_lv� \� \b^m�� qlh� \� ^Zgghf� kemqZ_� ]_f� \uklmiZ_l� \� dZq_kl\_

eb]Zg^Z��Z�[_edh\uc�njZ]f_gl�]eh[bg�±�\�dZq_kl\_�p_gljZevgh]h�ZlhfZ���H^gm�ba�ZdkbZevguo

ihabpbc�\�lZdhf�dhfie_dk_�aZgbfZ_l�]bklb^bg��\lhjZy�±�\ZdZglgZ��_z�fh`_l�aZgylv�fhe_dmeZ

dbkehjh^Z��<�h[eZklb�\ukhdbo�^Z\e_gbc�dbkehjh^Z�]_fh]eh[bg�ijbkh_^bgy_l�d�k_[_�q_luj_

fhe_dmeu�H2��\�h[eZklb�gbadbo�^Z\e_gbc�±�hl^Zzl�bo��lZd�fh`_l�hkms_kl\eylvky�ljZgkihjl

dbkehjh^Z� \� `b\uo� hj]ZgbafZo�� Ijbkh_^bg_gb_� dbkehjh^Z� d� ]_fh]eh[bgm� y\ey_lky� lZd

gZau\Z_fuf� dhhi_jZlb\guf� ijhp_kkhf�� ihkdhevdm� ijbkh_^bg_gb_� d� i_j\hc� km[t_^bgbp_

agZqbl_evgh� mkdhjy_l� ijbkh_^bg_gb_� d� hklZevguf� �wlh� k\yaZgh� k� baf_g_gb_f� aZjy^h\h]h

jZkij_^_e_gby� \� fhe_dme_� ±� gZ� k\h[h^guo� ]_fZo� \hajZklZ_l� iheh`bl_evguc� aZjy^�

wnn_dlb\g__�ijbly]b\Zxsbc�d� k_[_�g_ih^_ezggu_�iZju� dbkehjh^Z���=_fh]eh[bg� \oh^bl� \

khklZ\� wjbljhpblh\� djh\b�� :gZeh]bqguf� h[jZahf� jZ[hlZ_l� fur_qguc� [_ehd� fbh]eh[bg�

khklhysbc�ba�\k_]h�h^ghc�km[t_^bgbpu��\�dhlhjhc�h^gZ�fhe_dmeZ�]_fZ�k\yaZgZ�k�iylvx�α-
kibjZevgufb�njZ]f_glZfb�[_edZ�

���KljmdlmjZ�b�nmgdpby�[bheh]bq_kdbo�f_f[jZg�

;bheh]bq_kdb_� f_f[jZgu –
keh`gu_� \ukhdhhj]Zgbah\Zggu_

kbkl_fu�� khklhysb_�� \� hkgh\ghf�� ba

ebib^guo�[bkehz\�b�[_edh\�

Ebib^gu_�[bkehb�knhjfbjh\Zgu

nhknhebib^Zfb�±�keh`gufb�wnbjZfb

]ebp_jbgZ� beb� knbg]habgZ�� <� h[hbo

kemqZyo� 51� b� 52� ±� ^ebggu_

m]e_\h^hjh^gu_� njZ]f_glu� �K12 –
K24���qZklh�bf_xsb_�^\hcgu_� k\yab�\

pbk�dhgnb]mjZpbb�� ;� ±� h[uqgh

hklZlhd� ohebgZ� ±&+2CH2N
+(CH3)3.

Knbg]hfb_ebgu� oZjZdl_jgu� lhevdh

^ey� `b\hlguo� de_lhd�� lh]^Z� dZd

]ebp_jbgh\u_� nhknhebib^u

\klj_qZxlky� ihqlb� \h� \k_o� `b\uo

hj]ZgbafZo�

Nhknhebib^� bf__l

]b^jhnbevguc�b�]b^jhnh[guc�dhg_p�±

ih^h[gh_� kljh_gb_� g_fbgm_fh

ijb\h^bl� d� h[jZah\Zgbx� [bkehz\�� \

dhlhjuo� ]b^jhnbevgu_� ohebgh\u_

dhgpu� hjb_glbjh\Zgu� gZjm`m�� \

\h^gmx� kj_^m�� Z� ]b^jhnh[gu_

m]e_\h^hjh^gu_�±�\gmljv��LhesbgZ�lZdbo�[bkehz\�±�ihjy^dZ����Å; [bkehb�fh]ml�h[jZah\Zlv
^ebggmx�de_lhqgmx�f_f[jZgm�� aZfdgmlvky�\hdjm]�h^ghc�fhe_dmeu��h[jZamy� ebihkhfm��beb

`_��ihiZ\�\�\h^gmx�kj_^m��h[jZah\Zlv�fbp_eem�±�qZklbpm�dheehb^gh]h�jZkl\hjZ��KljmdlmjZ

de_lhqghc�f_f[jZgu�y\ey_lky�^hklZlhqgh�]b[dhc��ihwlhfm�\�g_z�fh]ml�\kljZb\Zlvky�hkh[u_

f_f[jZggu_�[_edb��djhf_�wlh]h�\gmlj_ggyy��]b^jhnh[gZy�qZklv�[bkehy�kihkh[gZ�jZkl\hjylv

g_iheyjgu_�fhe_dmeu�±�h[uqgh �ohe_kl_jbg�
Nmgdpbb�[bheh]bq_kdbo�f_f[jZg:
���H[jZah\Zgb_�]jZgbp�jZa^_eZ��Z�lZd`_�dhfiZjlf_glh\�±�h[eZkl_c��©ijbgZ^e_`Zsboª

de_ld_��

���K_e_dlb\guc�ljZgkihjl�

���=_g_jZpby�wg_j]bb�

���I_j_^ZqZ�we_dljbq_kdh]h�kb]gZeZ�

���K_gkhjgZy�
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���LjZgkihjl�fhe_dme�q_j_a�[bheh]bq_kdb_�f_f[jZgu�

LjZgkihjl� q_j_a� [bheh]bq_kdb_� f_f[jZgu� fh`gh� jZa^_eblv� gZ� iZkkb\guc

�ijhbkoh^ysbc�ih�]jZ^b_glm�dhgp_gljZpbb��b�Zdlb\guc� �ijhlb\�]jZ^b_glZ�dhgp_gljZpbb��

Hq_\b^gh�� qlh� _keb� iZkkb\guc� ljZgkihjl� ijhl_dZ_l� kZfhijhba\hevgh�� lh� Zdlb\guc

ljZgkihjl� lj_[m_l� aZljZl� wg_j]bb�� J_amevlZlhf� iZkkb\gh]h� ljZgkihjlZ� klZgh\blky

mjZ\gb\Zgb_�dhgp_gljZpbc�lh]h�beb�bgh]h�\_s_kl\Z�ih�jZagu_�klhjhgu�hl�f_f[jZgu��lh]^Z

dZd� Zdlb\guc� ljZgkihjl� kha^Zzl� jZaghklv� dhgp_gljZpbc�� h[mkeh\eb\Zxsmx� jZaghklv

obfbq_kdbo��Z�bgh]^Z�b�we_dljbq_kdbo�±�kf�����ihl_gpbZeh\�gZ�f_f[jZg_�

IZkkb\guc�ljZgkihjl�ijhbkoh^bl�ih�f_oZgbafm�h[uqghc�^bnnmabb��kZfhklhyl_evgh]h

ijhgbdgh\_gby� \_s_kl\Z� kd\hav� f_f[jZgm� ±� oZjZdl_jgh� ^ey� ]b^jhnh[guo� fhe_dme��� k

ihfhsvx�ljZgkf_f[jZgguo�[_edh\��aZo\Zlu\Zxsbo�i_j_ghkbfmx�fhe_dmem�b�i_j_^Zxsbf

_z� q_j_a� f_f[jZgm� aZ� kqzl� kf_gu� dhgnhjfZpbb�� beb� q_j_a� bhggu_� dZgZeu�� h[jZah\Zggu_

ki_pbZevguf� [_edhf�� \kljh_gguf� \� f_f[jZgm�� LZdb_� [_edb� g_� y\eyxlky� n_jf_glZfb� \

lhqghf� kfuke_� wlh]h� keh\Z�� gh� dZd� [u� dZlZebabjmxl� i_j_ghk� fhe_dme� q_j_a� f_f[jZgm�

h[eZ^Zy� \ukhdhc� ki_pbnbqghklvx��Bhggu_� dZgZeu� y\eyxlky� madbfb� aZiheg_ggufb� \h^hc

ihehklyfb�� jZaf_ju� dhlhjuo� lZdh\u�� qlh� ijhimkdZxl� lhevdh� fhe_dmeu� �beb

]b^jZlbjh\Zggu_�fhe_dmeu��hij_^_ezggh]h�jZaf_jZ��Ijbf_j�bhggh]h�dZgZeZ�ijb\_^zg�\���

:dlb\guc� ljZgkihjl�fh`_l�[ulv�i_j\bqguf�beb� \lhjbqguf��<�i_j\bqghf� Zdlb\ghf

ljZgkihjl_� g_ihkj_^kl\_ggh� aZ^_ckl\m_lky� wg_j]by� ]b^jhebaZ�:LJ� ^h� $'3�� \h� \lhjbqghf

ljZgkihjl_� bklhqgbdhf� wg_j]bb� kem`bl� h^gh\j_f_gguc� i_j_ghk� dZdh]h�eb[h� \_s_kl\Z� ih

]jZ^b_glm� dhgp_gljZpbb� �lh� _klv� iZkkb\guc� ljZgkihjl��� I_j\bqguc� Zdlb\guc� ljZgkihjl

gZb[he__�lbibq_g�^ey�ijhlhgh\��kf�������bhgh\�gZljby�b�dZeby��kf������<lhjbqguc�ljZgkihjl

oZjZdl_j_g� ^ey� Zfbghdbkehl�� m]e_\h^h\� b� hkms_kl\ey_lky� aZ� kqzl� i_j_ghkZ� ih� ]jZ^b_glm

Na+/K+
��mjZ\gb\Zxs_]h�dhgp_gljZpbb��^hklb]gmlu_�^_ckl\b_f�1D�.�gZkhkZ�

���DZeb_\u_�dZgZeu�

<� de_lhqguo� f_f[jZgZo� kms_kl\mxl� hkh[u_� dZgZeu�� hkms_kl\eyxsb_� k_e_dlb\guc

ljZgkihjl�bhgh\�dZeby�q_j_a�f_f[jZgm��<�wlbo�dZgZeZo�kms_kl\m_l�h^gZ�[hevrZy�ihehklv�

kihkh[gZy�\f_klblv�\�k_[y�^h����fhe_dme�\h^u�±�kx^Z�ihiZ^Zxl�jZaebqgu_�]b^jZlbjh\Zggu_

bhgu��>Ze__�dZgZe�km`Z_lky��ijbqzf�jZaf_ju�ihehkl_c�lZdh\u��qlh�\�gbo�klZ[bebabjmxlky

bhgu� dZeby�� ]b^jZlbjh\Zggu_� \hk_fvx� fhe_dmeZfb� \h^u�� <k_]h� lZdbo� ©madboª� ihehkl_c

k_fv�� ihke_� ijhoh`^_gby� q_j_a� gbo� bhg� dZeby� \uoh^bl� ba� f_f[jZgu� b� jZkrbjy_l� k\hx

]b^jZlgmx� h[hehqdm�� GZijZ\e_gb_� i_j_ghkZ� khhl\_lkl\m_l� ]jZ^b_glm� dhgp_gljZpbb� D
+

�bagmljb�de_ldb�gZjm`m��
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��� F_oZgbaf� jZ[hlu

Na+ – K+
�gZkhkZ�

:dlb\guc� ljZgkihjl

bhgh\� gZljby� b� dZeby

hkms_kl\ey_lky

ki_pbZevguf�n_jf_glhf�Na-
.�$73Zahc�� Wlhl� n_jf_gl

khklhbl�ba�^\mo�km[t_^bgbp�

dZ`^Zy�ba� dhlhjuo� \kljh_gZ

\� de_lhqgmx� f_f[jZgm�

F_`^m� km[t_^bgbpZfb

gZoh^ylky� g_kdhevdh

ihehkl_c�� iheh`_gb_

dhlhjuo� aZ\bkbl� hl

dhgnhjfZpbb� [_edZ�� GZ

i_j\hf� wlZi_�jZ[hlu�gZkhkZ�[_ehd� aZo\Zlu\Z_l� ljb�bhgZ�Na+
�b�� aZ� kqzl� wg_j]bb� ]b^jhebaZ

:LJ��i_j_ghkbl�ihehklb�gZ�\g_rgxx�klhjhgm�f_f[jZgu��LZf�bhgu�gZljby�hk\h[h`^Zxlky�

Z� gZ� bo� f_klh� ihiZ^Zxl� ^\Z� bhgZ� .
+
�� wlb� bhgu� i_j_f_sZxlky� gZ� \gmlj_ggxx� klhjhgm

f_f[jZgu�b�\uoh^yl�\h�\gmlj_ggxx�kj_^m�de_ldb��ihke_�q_]h�gZkhk�]hlh\�d�gh\hfm�pbdem�

LZdhc�gZkhk�kha^Zzl�ih�jZagu_� klhjhgu�f_f[jZgu�g_� lhevdh�jZaghklv�dhgp_gljZpbc��gh�b

jZaghklv�aZjy^h\��lh�_klv�we_dljbq_kdbc�ihl_gpbZe��Wlhl�ihl_gpbZe�gZau\Z_lky�f_f[jZgguf

b� fh`_l� [ulv� baf_j_g�� _]h� \_ebqbgZ� khklZ\ey_l� ihjy^dZ� � � �±���� f<� �jZaghklv� f_`^m

ihl_gpbZeZfb�\gmljb�b�kgZjm`b��

10. ;Zdl_jbhjh^hikbg�dZd�ijhlhggZy�ihfiZ�

;Zdl_jbhjh^hikbg� ±� ljZgkf_f[jZgguc� �lh

_klv� \kljh_gguc� \� de_lhqgmx� f_f[jZgm�� [_ehd�

khklhysbc� ba� ��α�kibjZe_c��H[gZjm`_g� \� [Zdl_jbyo� khezguo
hazj�� >ey� i_j_ghkZ� ijhlhgZ� g_h[oh^bf� k\_l�� ihwlhfm� \

ijhp_kk_� i_j_ghkZ� ^he`_g� mqZkl\h\Zlv� ih]ehlbl_ev� k\_lZ��Bf

y\ey_lky�j_lbgZev��h^gZ�ba�^\hcguo�k\ya_c�dhlhjh]h�i_j_oh^bl

\�pbk�dhgnb]mjZpbx��j_lbgZev�ijbkh_^bgy_lky�d�Zahlm�/\V����

k� h[jZah\Zgb_f� _gZfbgZ�� AZl_f� ljzodhhj^bgbjh\Zgguc� Zahl

ijhlhgbjm_lky� aZ� kqzl� $VS���� �gZoh^blky� gZ� h^ghc� klhjhg_

f_f[jZgu��b�^_ijhlhgbjm_lky�k�i_j_oh^hf�ijhlhgZ�gZ�$VS���

�gZoh^blky� gZ� ^jm]hc� klhjhg_� f_f[jZgu��� <� j_amevlZl_� wlh]h

ijhp_kkZ� ijhlhg� i_j_oh^bl� q_j_a� f_f[jZgm� \� gZijZ\e_gbb

]jZ^b_glZ�dhgp_gljZpbb�G
+
� ±� aZ

kqzl�k\_lh\hc�wg_j]bb�kha^Zzlky

jZaghklv� obfbq_kdbo

ihl_gpbZeh\� +
+
� ih� jZagu_

klhjhgu�f_f[jZgu�

����Kljh_gb_�b�f_oZgbaf�jZ[hlu�:LJ�kbgl_lZau�

:LJ�kbgl_lZaZ�±�n_jf_gl��h[_ki_qb\Zxsbc�kbgl_a�:LJ

ba�$'3�b�nhknZlgh]h�hklZldZ��:LJ�\kljh_gZ�\�f_f[jZgm�lZd

gZau\Z_fhc� γ-km[t_^bgbp_c�� gZ� dhgp_� dhlhjhc� q_j_^mykv
jZkiheZ]Zxlky���α-�b���β-km[t_^bgbpu��WlZ�kbkl_fZ�bf__l�ljb
Zdlb\guo� p_gljZ�� h^bg� ba� dhlhjuo� k\h[h^_g�� ^jm]hc

aZgbfZxl�$'3�b�nhknZlguc�hklZlhd��lj_lbc�±�:LJ��Kbkl_fZ

CHO

J_lbgZev
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ihklhyggh� \jZsZ_lky� \hdjm]� γ-km[t_^bgbpu�� \� j_amevlZl_� q_]h� h[jZam_lky� $73�� Wg_j]by�
g_h[oh^bfZy� ^ey� wlh]h� ijhp_kkZ�� ihklZ\ey_lky� [Zdl_jbhjh^hikbghf�� h[_ki_qb\Zxsbf

∆µ�G+
��ih�jZagu_�klhjhgu�f_f[jZgu��N_jf_gl�lZd`_�fh`_l�\uklmiZlv�\�dZq_kl\_�:LJ�Zau,

ljZgkihjlbjmy�ijhlhgu�ijhlb\�]jZ^b_glZ�dhgp_gljZpbb�aZ�kqzl�wg_j]bb�:LJ�

����KljmdlmjZ�>GD�

I_j\bqgZy� kljmdlmjZ� >GD� ±� ihke_^h\Zl_evghklv� gmde_hlb^h\�� dhlhju_�� \� k\hx

hq_j_^v��knhjfbjh\Zgu�h^gbf�hklZldhf�nhknhjghc�dbkehlu���¶�^_ahdkbjb[hahc�b�h^gbf�ba

q_lujzo� Zahlguo� ]_l_jhpbdebq_kdbo

hkgh\Zgbc��NhknZlgu_� ]jmiiu� ijbkh_^bg_gu

d� �¶� b� �¶�ZlhfZf� m]e_jh^Z� ^_ahdkbjb[hau�

Zahlgu_�hkgh\Zgby�±�d��¶�Zlhfm��>ey�L��K�b�*

\hafh`gZ� d_lh�_ghevgZy� lZmlhf_jby�� qlh

y\ey_lky� h^ghc� ba� ijbqbg� fmlZpbc�

khhlghr_gb_� d_lhgghc� b� _ghevghc� nhjf

h[uqgh� jZ\gh� ��
4
�� Kj_^gbc� jZaf_j� ]_gZ� ±

ihjy^dZ������gmde_hlb^h\�

<lhjbqgZy�kljmdlmjZ�>GD�±�^\_�p_ihqdb

k\hjZqb\Zxlky� \� ^\hcgmx� kibjZev� aZ� kqzl

h[jZah\Zgby� \h^hjh^guo� k\ya_c� f_`^m

dhfiebf_glZjgufb� iZjZfb� Zahlguo

hkgh\Zgbc� �A–T, C–G, ijZ\beh� QZjl]ZnnZ).
H^bg� rZ]� kibjZeb� kh^_j`bl� ��� iZj

gmde_hlb^h\�� <k_� iZju� Zahlguo� hkgh\Zgbc

e_`Zl� \� iZjZee_evguo� iehkdhklyo�� ihkdhevdm

^ey� lZdhc� dhgnb]mjZpbb� \hafh`gu� hkh[u_

klwdbg]�\aZbfh^_ckl\by� �qZklguc� kemqZc

]b^jhnh[guo�� f_`^m� iehkdbfb� pbdeZfb�� aZ� kqzl� dhlhjuo� khk_^gb_� iZju� k[eb`Zxlky� gZ

jZkklhygby�^h���Å, h[_ki_qb\Zy�iehlgmx�mdeZ^dm��\gmljb�^\hcghc�kibjZeb�\h^u�g_l��P_ib
hjb_glbjh\Zgu� ZglbiZjZee_evgh�� lh� _klv� ©gZijhlb\ª� �¶�dhgpZ� h^ghc� p_ib� gZoh^blky� �¶�

dhg_p�^jm]hc��Ijb�gZ]j_\Zgbb�\yadhklv�>GD�ihgb`Z_lky�±�ijhbkoh^bl�^_gZlmjZpby��jZkiZ^

\lhjbqghc� kljmdlmju�� ijb� hoeZ`^_gbb� ijhbkoh^bl� j_gZlmjZpby� ±� ih\lhjgh_� h[jZah\Zgb_

^\hcghc�kibjZeb�

Lj_lbqgZy� kljmdlmjZ� >GD�� _keb� ^\Z� dhgpZ� ^\hcghc� kibjZeb� k[ebaylky�� hgb� fh]ml

kh_^bgblvky��h[jZah\Z\�dhevp_\mx�fhe_dmem�>GD��Gb�dhevp_\Zy��gb�qbklh�ebg_cgZy�nhjfZ
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g_mklhcqb\u�� ihkdhevdm� \� h[hbo� kemqZyo� hgb� fh]ml� k\_jgmlvky�� h[jZamy� k\_jokibjZev,
klZ[bebabjh\Zggmx�^hihegbl_evgufb�dhglZdlZfb�f_`^m�jZagufb�mqZkldZfb�kibjZeb��<k_

wlb�dhgnhjfZpbhggu_�ij_\jZs_gby�hij_^_eyxlky�agZq_gb_f�lhiheh]bq_kdh]h�bg\ZjbZglZ�/

= W + TW��]^_�:�±�iZjZf_lj�JZcabg]Z� �kdjxq_gghklv���Z�7W� ±�qbkeh�h[hjhlh\�h^ghc�p_ib

hlghkbl_evgh�^jm]hc��>\hcgu_� kibjZeb� k\hjZqb\Zxlky� \� k\_jokibjZeb� b� jZa\hjZqb\Zxlky

h[jZlgh� ih^� ^_ckl\b_f� hkh[uo� n_jf_glh\� ±� lhihbahf_jZa� �ihlj_[eyxl� wg_j]bx� :LJ�� Z

ihlhfm�y\eyxlky�:LJZaZfb��

����KljmdlmjZ�b�nmgdpby�JGD�

I_j\bqgZy� kljmdlmjZ� JGD

h[jZah\ZgZ� ihke_^h\Zl_evghklvx

gmde_hlb^h\�� kh^_j`Zsbo� nhknZlguc

hklZlhd�� hklZlhd� jb[hau� b� Zahlgh]h

hkgh\Zgby��NhknZlu�ijbkh_^bgyxlky��dZd

b�\�kemqZ_�>GD��d��¶�b��¶�ZlhfZf�m]e_jh^Z

jb[hau��Lbfbg�aZf_gy_lky�gZ�mjZpbe�

<lhjbqgZy� kljmdlmjZ� JGD� aZ\bkbl

hl�_z�nmgdpbc��^ey�f�JGD�wlh�α�kibjZev�
ZgZeh]bqgZy� α�kibjZeyf� [_edh\� b

m^_j`b\Z_fZy� aZ� kqzl� klwdbg]�

\aZbfh^_ckl\bc� f_`^m� hkgh\Zgbyfb�� <lhjbqgZy

kljmdlmjZ� l�JGD� ±� ©de_\_jguc� ebklª�� ljb

©ribevdbª�b�kl_[eb�dhfiebf_glZjguo�hkgh\Zgbc�

h^gZ� ba� ©ribe_dª� h[yaZl_evgh� kh^_j`bl

Zglbdh^hg�� Z� kl_[_ev� [_a� ©ribevdbª� ±� dhg_p�

kihkh[guc� m^_j`b\Zlv� Zfbghdbkehlm�� J�JGD

h[jZamxl�keh`gu_�kljmdlmju��ijbf_j�ijb\_^zg�gZ

jbkmgd_��

Lj_lbqgZy� kljmdlmjZ� JGD� ±� h[jZah\Zgb_

k\_jokibjZe_c� f�JGD� b� l�JGD�� f_oZgbaf

h[jZah\Zgby� lZdbo� k\_jokibjZe_c� koh`� k

f_oZgbafhf�h[jZah\Zgby�k\_jokibjZe_c�>GD��kf������

Nmgdpbb�JGD:
���I_j_^ZqZ�]_g_lbq_kdhc�bgnhjfZpbb�

���Kbgl_a�ihebi_ilb^guo�p_i_c�[_edZ�

��� DZlZeblbq_kdZy� �jb[habfu� ±� n_jf_glu�� y\eyxsb_ky� dhfie_dkZfb� JGD� b� [_edZ�

JGD� lZd`_� fh`_l� dZlZebabjh\Zlv� kZfZ� k_[y�� \uklmiZy� \� jheb� JGD�aZ\bkbfhc� JGD�

ihebf_jZau��

����J_iebdZpby�>GD�

J_iebdZpby� ±� m^\h_gb_� fhe_dmeu� >GD�� h[jZah\Zgb_� ba� h^ghc� fhe_dmeu� ^\mo�

iheghklvx�b^_glbqguo�bkoh^ghc�

Ijhp_kk� j_iebdZpbb� gZqbgZ_lky� k� jZkdjmqb\Zgby� ^\hcghc� kibjZeb� >GD�

ijhbkoh^ys_]h� ih^� ^_ckl\b_f� n_jf_glh\� ]_ebdZa �ihlj_[eyxl� wg_j]bx� :LJ� b� y\eyxlky
:LJZaZfb��� kms_kl\mxl� ^\Z� lbiZ� ]_ebdZa�� jZaebqZxsboky� gZijZ\e_gb_f� ^\b`_gby� \^hev

p_i_c�>GD��hl��¶�d��¶��beb�gZh[hjhl���<�oh^_�jZkdjmqb\Zgby�h^ghc�qZklb�p_ib�\�>GD��\lhjhc

dhg_p� dhlhjuo� aZdj_iezg� �gZijbf_j�� \� dhevp_\uo�>GD��� gZ[ex^Z_lky� k\_jokibjZebaZpby�

mkljZgy_fZy�^_ckl\b_f�lhihbahf_jZa��JZkdjmqb\Zgb_�h[uqgh�gZqbgZ_lky�k�hkh[h]h�mqZkldZ

ori (origin of UHSOLFDWLRQ��� ihke_� q_]h� dhevp_\u_� >GD� jZkdjmqb\Zxlky� kjZam� \� ^\mo
gZijZ\e_gbyo�� lh]^Z� dZd� \� ebg_cguo�fhe_dmeZo�>GD� jZkdjmqb\Zgb_� ijhbkoh^bl� lhevdh� \
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h^gm� klhjhgm� k� h[jZah\Zgb_f

\bedb� j_iebdZpbb�� GZ� \bed_

j_iebdZpbb� gZqbgZ_lky

\ukljZb\Zgb_�gh\uo�p_i_c�

>ey� \ukljZb\Zgby� gh\hc

p_ib� g_h[oh^bfu�� n_jf_gl

>GD�ihebf_jZaZ� �g_

ihlj_[ey_l� wg_j]bx� :LJ�

ihkdhevdm� ^ey� h[jZah\Zgby

gh\uo� k\ya_c� bkihevam_lky

wg_j]by�ibjhnhknZlguo�k\ya_c

km[kljZlZ��� fZljbpZ� �bkoh^gZy

p_iv��� km[kljZl

�^_ahdkbjb[hgmde_hab^��¶�

ljbnhknZl��b�jZklmsZy�p_iv��d

dhlhjhc� ³ijbrb\Z_lky´� gh\uc

gmde_hlb^�� <� gZqZe_

j_iebdZpbb� mqZkldh\� jZklms_c� p_ib� _sz� g_l�� ihwlhfm� g_h[oh^bfu� ijZcf_ju –
³aZljZ\hqgu_´�njZ]f_glu��khklhysb_�ba�g_kdhevdbo�gmde_hlb^h\��IjZcf_ju�kha^Zxlky�ijb

ihfhsb� n_jf_glZ� ijZcfZau�� h[_ki_qb\Zxs_]h� kbgl_a� dhjhldbo� jb[hgmde_hlb^guo

mqZkldh\�\�g_dhlhjuo�f_klZo�fZl_jbgkdhc�p_ib��hgb�jZa[jhkZgu�g_i_jbh^bqgh�k�bgl_j\Zehf

\� g_kdhevdh� ^_kyldh\� gmde_hlb^h\��� Ihke_� ihy\e_gby� ijZcf_jZ� gZqbgZ_lky� gZjZsb\Zgb_

gh\hc�p_ib�ijb�ihfhsb�>GD�ihebf_jZau��H^gZdh��\�hlebqb_�hl�]_ebdZa��>GD�ihebf_jZaZ

fh`_l�i_j_f_sZlvky�lhevdh�hl��¶�dhgpZ�d��¶�dhgpm�p_ib��ih�wlhc�ijbqbg_�lhevdh�^ey�h^ghc

(\_^ms_c��p_ib�gZijZ\e_gb_� jZkdjmqb\Zgby� kh\iZ^Z_l� k� gZijZ\e_gb_f� gZjZsb\Zgby� gh\hc

p_ib�� <h� \lhjhc� �aZiZa^u\Zxs_c�� p_ib� aZqZldb� gh\hc� p_ib� ihy\eyxlky� gZ� dZ`^hf

ke_^mxs_f�ijZcf_j_��lZdb_�aZqZldb�ihemqbeb�gZa\Zgb_�njZ]f_glh\�HdZaZdb��<�lhl�fhf_gl�

dh]^Z�njZ]f_gl�HdZaZdb�^hkljZb\Z_lky�^h�[eb`Zcr_]h�ijZcf_jZ��wlhl�ijZcf_j�hls_iey_lky

eb[h�ih^�^_ckl\b_f�kZfhc�>GD�ihebf_jZau��eb[h�k�ihfhsvx�hkh[h]h�n_jf_glZ�JGDZau�G.
Krb\Zgb_� hl^_evguo�njZ]f_glh\�HdZaZdb�� hk\h[h`^zgguo� hl� ijZcf_jh\�� hkms_kl\ey_lky

ijb�ihfhsb�>GD�eb]Zau.

����LjZgkdjbipby�

LjZgkdjbipby�±�ijhp_kk�[bhkbgl_aZ�JGD�gZ�fZljbp_�>GD��H[jZamxsb_ky�p_ib�JGD�\

^Zevg_crbf� fh]ml� ij_\jZsZlvky� \h� \k_� ljb� \b^Z� JGD�� lh� _klv� bkihevah\Zlvky� ijb

ljZgkeypbb�dZd�f�JGD�beb�l�JGD��Z�lZd`_�nhjfbjh\Zlv�j�JGD�

<�oh^_�ljZgkdjbipbb�jZkdjmq_gguf�hdZau\Z_lky�lhevdh�h^bg�g_[hevrhc�mqZklhd�>GD�

gZ�dhlhjhf�\�^Zgguc�fhf_gl�ijhbkoh^bl

kbgl_a�� JZkdjmqb\Zgb_� ijhbkoh^bl� ih^

^_ckl\b_f� n_jf_glh\� ]_ebdZa.
BgbpbZpby� ijhl_dZ_l� gZ� kljh]h

hij_^_ezgguo� mqZkldZo� fZljbpu�

gZau\Z_fuo� ijhfhlhjZfb� �hgb

k_e_dlb\gh�\aZbfh^_ckl\mxl�k�hkgh\guf

n_jf_glhf� ljZgkdjbipbb� ±� JGD�

ihebf_jZahc��� kljmdlmju� ijhfhlhjh\

jZaebqgu�� h^gZdh� \k_� hgb� �^ey� dZ`^hc

dhgdj_lghc� JGD�ihebf_jZau�� [ebadb� d

g_dhc�b^_Zevghc��gZb[he__� wnn_dlb\ghc

�\� kfuke_� \aZbfh^_ckl\by� k�n_jf_glhf�

ihke_^h\Zl_evghklb� dhgk_gkmkZ�� Ijb

bgbpbZpbb� JGD�ihebf_jZaZ� dZd� [u
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©aZdj_iey_lkyª� gZ� jZkdjmq_gghf� mqZkld_� h^ghc

ba� p_i_c� >GD� b� dZlZebabjm_l� j_Zdpbx

bgbpbZpbb��aZdexqZxsmxky�\�krb\Zgbb�i_j\uo

^\mo� jb[hgmde_hab^ljbnhknZlh\� gh\hc� p_ib�

khhl\_lkl\mxsbo� gm`ghfm� mqZkldm� fZljbqghc

p_ib�

pppX1–OH + pppX2–OH → pppX1pX2–OH + PPi
AZl_f� JGD�ihebf_jZaZ� gZqbgZ_l� ^\b]Zlvky

\^hev�jZkdjmqb\Zxs_cky�p_ib�>GD��^hkljZb\Zy�\

gh\mx� p_iv� ke_^mxsb_� gmde_hlb^u�� Ijb� wlhf

©hljZ[hlZggu_ª� mqZkldb� >GD� k\hjZqb\Zxlky

h[jZlgh�\� kibjZev��g_� aZljZ]b\Zy�h[jZamxsmxky

fhe_dmem�JGD�

L_jfbgZpby� ljZgkdjbipbb� ^h� dhgpZ� g_� bamq_gZ�� ij_^iheZ]Z_lky�� qlh� ijbqbghc

l_jfbgZpbb� y\ey_lky� ihy\e_gb_� \� \ukljZb\Z_fhc� JGD�ribe_d�� ^ey� h[jZah\Zgby� dhlhjuo

dhg_p� p_ib� hlju\Z_lky� hl� JGD�ihebf_jZau�� ij_ju\Zy� ljZgkdjbipbx�� <hafh`gh� lZd`_

kms_kl\h\Zgb_� hkh[uo� mqZkldh\�l_jfbgZlhjh\� >GD�� Ihke_� hdhgqZgby� ljZgkdjbipbb

kbgl_abjh\ZggZy� JGD� fh`_l� ij_l_ji_\Zlv� kZfu_� jZagu_� ij_\jZs_gby� \� aZ\bkbfhklb� hl

k\h_]h�ij_^gZagZq_gby�

����=_g_lbq_kdbc�dh^�

=_g_lbq_kdbc� dh^� ±� khhl\_lkl\b_� f_`^m� ��� dh^hgZfb� �ljhcdZfb� gmde_hlb^h\�� b� ��

ZfbghdbkehlZfb�

K\hckl\Z�]_g_lbq_kdh]h�dh^Z:
���Ljbie_lguc�

���<ujh`^_gguc��[hevrbgkl\m�Zfbghdbkehl�khhl\_lkl\mxl�g_kdhevdh�dh^hgh\��

3) G_i_j_dju\Zxsbcky�

���Kms_kl\h\Zgb_� hldjuluo� jZfhd� kqblu\Zgby� ±� h[eZkl_c�� ^ey� dhlhjuo�gZ� [hevrbo

mqZkldZo�g_�\klj_qZxlky�dh^hgu�l_jfbgZlhju�

���Mgb\_jkZevguc��h^bgZdh\�^ey�ih^Z\eyxs_]h�[hevrbgkl\Z�hj]Zgbafh\��

��� dh^hg� dh^bjm_l� Zfbghdbkehlu�� _sz� �� dh^hgZ� �8$$�� 8$*�� 8*$�� y\eyxlky

dh^hgZfb�l_jfbgZlhjZfb�� hklZgZ\eb\Zxsbfb� ijhp_kk� ljZgkeypbb�� H[uqgh� \k_

ihke_^h\Zl_evghklb�dh^hgh\�gZqbgZxlky�k�$8*��f_lbhgbg��

>ey� jZkrbnjh\db� ]_g_lbq_kdh]h� dh^Z� bkihevamxl� ki_pbZevgh� kbgl_abjh\Zggu_� f�

JGD��khklhysb_�ba�h^gh]h�b�lh]h�`_��ih\lhjyxs_]hky�dh^hgZ��ijb�\\_^_gbb�lZdhc�f�JGD�\

jb[hkhfm�kbgl_abjm_lky�[_ehd��khklhysbc�ba�\k_]h�h^ghc�Zfbghdbkehlu�±�lhc��qlh�dh^bjm_l

wlhl�dh^hg�

����;bhkbgl_a�[_edZ�

LjZgkeypby�±�i_j_\h^�]_g_lbq_kdh]h�dh^Z

k�yaudZ�ihke_^h\Zl_evghklb�gmde_hlb^h\�JGD�

dhibb� ]_gZ� \� Zfbghdbkehlgmx

ihke_^h\Zl_evghklv�[_edZ�

LjZgkeypby� ijhbkoh^bl� gZ� jb[hkhf_ –
hj]Zg_ee_� de_ldb�� khklhys_c� ba� ^\mo

km[t_^bgbp� �[hevrhc� b� fZehc���Fhe_dmeZ� f�

JGD� gZoh^blky� f_`^m� [hevrhc� b� fZehc

km[t_^bgbpZfb�� ijbqzf� jb[hkhfZ� fh`_l

i_j_^\b]Zlvky� \^hev� f�JGD� hl� �¶� d� �¶�dhgpm�

:fbghdbkehlu�� g_h[oh^bfu_� ^ey� kbgl_aZ�

ihklZ\eyxlky� ZfbghZpbe�l�JGD,



11

h[jZamxsbfbky� ijb� \aZbfh^_ckl\bb

Zfbghdbkehlu�b�l�JGD�\�ijbkmlkl\bb

n_jf_glZ� ZfbghZpbe�l�JGD�

kbgl_lZau��Ijb� wlhf� ki_pbnbqghklv

\aZbfh^_ckl\by� hij_^_ezgguo� l�JGD

k� hij_^_ezggufb� ZfbghdbkehlZfb

hij_^_ey_lky� bkdexqbl_evgh

ki_pbnbqghklvx� n_jf_glZ�� Z� g_

Zglbdh^hghf�l�JGD�

:fbghZpbe�l�JGD� aZdj_ieyxlky

gZ� f�JGD� aZ� kqzl� \aZbfh^_ckl\by

f_`^m� dh^hghf� b� Zglbdh^hghf�

h[uqgh� kh_^bgyxlky

dhfiebf_glZjgu_� iZju� hkgh\Zgbc�

ohly� \� g_dhlhjuo� kemqZyo� lZd`_

\hafh`gh� k\yau\Zgb_� Zglbdh^hgZ�

kh^_j`Zs_]h� h^gh� g_dhfiebf_glZjgh_� d� dh^hgm� hkgh\Zgb_�� GZ� klZ^bb� bgbpbZpbb

bgbpbZlhjgZy� f_lbhgbgh\Zy� l�JGD�� Z� lZd`_� ©ke_^mxsZyª� ih� dh^m� l�JGD� k\yau\Zxlky� k

khk_^gbfb� dh^hgZfb� f�JGD�� ihke_� q_]h� ijhbkoh^bl� i_j_ghk� njZ]f_glZ� f_lbhgbgZ� gZ

khk_^gxx�l�JGD�k�h[jZah\Zgb_f�i_ilb^ghc�k\yab�

H3C–CH2CH2CH(Z)–CO–O–tRNAMet + NH3
+CHR2CO–O–tRNA(2) →

→ H3C–CH2CH2CH(Z)–CO–NHCHR2CO–O–tRNA(2) + tRNAMet.
AZl_f� ijh^he`Z_lky� ZgZeh]bqguc� ijhp_kk�� dZlZebabjm_fuc� n_jf_glhf� i_ilb^be

ljZgkn_jZahc��kh^_j`Zsbfky�\�jb[hkhfZo��h[jZah\Zgb_�i_ilb^ghc�k\yab�g_�lj_[m_l�:LJ�±

wg_j]by� aZiZkZ_lky� jZgvr_�� gZ� klZ^bb� h[jZah\Zgby� ZfbghZpbe�l�JGD��� <� j_amevlZl_

i_ilb^gZy� p_iv� ihkl_i_ggh� gZjZsb\Z_lky� hl� 1�dhgpZ� d� &�dhgpm�� MqZklhd� jb[hkhfu�

kh^_j`Zsbc� ZfbghZpbe�l�JGD�� gZau\Zxl� :�mqZkldhf�� Z� mqZklhd�� kh^_j`Zsbc� l�JGD�

g_kmsmx� i_ilb^�� ±� J�mqZkldhf�� Ihke_� i_j_ghkZ� i_ilb^gh]h� njZ]f_glZ� gZ� hq_j_^gmx

Zfbghdbkehlm�jb[hkhfZ�k^\b]Z_lky�gZ�ljb�dh^hgZ�\^hev�f�JGD�lZd��qlh[u�l�JGD��g_kmsZy

i_ilb^�� \gh\v� hdZaZeZkv� gZ� J�mqZkld_�� >ey� mkdhj_gby� ijhp_kkZ� ljZgkeypbb� bkihevamxl

ihebkhfu�±�dhfie_dku��khklhysb_�ba�[hevrh]h�qbkeZ�jb[hkhf�

Dh^hgZf�l_jfbgZlhjZf� g_� khhl\_lkl\m_l� gb� h^gZ� ZfbghdbkehlZ�� ihwlhfm� ijb

^hklb`_gbb�h^gh]h�ba� lZdbo�dh^hgh\�i_ilb^gZy�p_iv�h[ju\Z_lky��Z�h[jZah\Z\rbcky�[_ehd

hlju\Z_lky�hl�l�JGD�

18. IeZafb^u�b�\bjmku�

IeZafb^Z� ±� g_[hevrZy� dhevp_\Zy� fhe_dmeZ� >GD�� khklhysZy� ba� g_kdhevdbo� lukyq

gmde_hlb^h\�� IeZafb^u� h[uqgh

kh^_j`Zlky� \� ijhdZjbhlbq_kdbo� de_ldZo

b� y\eyxlky� gZb[he__� jZkijhkljZgzgguf

\_dlhjhf�\�]_gghc�bg`_g_jbb��kf������

<bjmk – kmijZfhe_dmeyjguc

obfbq_kdbc� dhfie_dk�� g_� y\eyxsbcky

`b\hc� km[klZgpb_c�� gh� kihkh[guc� ijb

ihiZ^Zgbb� \� de_ldm� kms_kl\_ggh� \ebylv

gZ� _z� `bag_^_yl_evghklv�� <k_� \bjmku

g_kml� hij_^_ezgguc� ]_g_lbq_kdbc

fZl_jbZe��gZoh^ysbcky�\�\b^_�h^gh��beb

^\mgbl_\uo� >GD� beb� JGD�� H[s_c

aZ^Zq_c�\k_o�\bjmkh\�y\ey_lky�\g_^j_gb_

k\h_]h�]_g_lbq_kdh]h�fZl_jbZeZ�\�de_ldm�



12

ijb\h^ys__� d� kbgl_am� ki_pbnbq_kdbo

[_edh\� \bjmkZ��<� ^Zevg_cr_f� wlb� [_edb

kihkh[kl\mxl� h[jZah\Zgbx� gh\uo

\bjmkguo�qZklbp��dhlhju_�aZl_f�\uoh^yl

ba� de_ldb�� jZajmrZy� _z� f_f[jZgm�

Ki_pbnbq_kdb_� \bjmku�� ZlZdmxsb_

[Zdl_jbb�� gZau\Zxl� [Zdl_jbhnZ]Zfb;
hgb��dZd�b�ieZafb^u��gZreb�ijbf_g_gb_

\�]_gghc�bg`_g_jbb��kf������

F_oZgbaf�\g_^j_gby�]_g_lbq_kdh]h

fZl_jbZeZ�\bjmkZ�\�]_ghf�de_ldb�aZ\bkbl

hl�kljh_gby�\bjmkZ��?keb�\bjmk�kh^_j`bl

^\mgbl_\mx�>GD�� lh�� ihiZ^Zy� \� de_ldm�

hgZ� mqZkl\m_l� \� ijhp_kk_� ljZgkdjbipbb

lhqgh� lZd`_� dZd� >GD� de_ldb�� <

j_amevlZl_� wlh]h� gZqbgZ_lky� kbgl_a

ki_pbnbq_kdbo� [_edh\� \bjmkZ�� dhlhju_

aZqZklmx� fh]ml� \uklmiZlv� \� jheb

ijZcf_jh\�� mijhsZy� ijhp_kk

ljZgkdjbipbb�

?keb� \bjmk� kh^_j`bl� h^ghgbl_\mx

>GD�� lh� hgZ�� \� i_j\mx� hq_j_^v�

mqZkl\m_l� \� ijhp_kk_� h[jZah\Zgby

j_iebdZlb\ghc� nhjfu� >GD

�^hkljZb\Zgbb� \lhjhc� p_ib��� ijb� wlhf

bkoh^gZy�p_iv�gZau\Z_lky�iexk�p_ivx�� Z

^hkljh_ggZy� ±� fbgmk�p_ivx�� AZl_f� gZ

fbgmk�p_ib� gZqbgZ_lky� \ukljZb\Zgb_

gh\uo� iexk�p_i_c�� dhlhju_� eb[h

ij_\jZsZxlky�\�gh\u_�j_iebdZlb\gu_�nhjfu�>GD��eb[h�\oh^yl�\�khklZ\�gh\uo�\bjmkguo

qZklbp�

JGD�kh^_j`Zsb_� \bjmku� fh]ml� bf_lv� dZd� iexk��� lZd� b� fbgmk�p_ib� JGD�� Hlebqb_

iexk�p_i_c� khklhbl� \� lhf�� qlh� hgb� fh]ml� \uklmiZlv� \� dZq_kl\_� f�JGD� ^ey� ijhba\h^kl\Z

[_edh\�gZ�jb[hkhfZo�de_ldb��<�h[hbo�kemqZyo�gh\u_�p_ib�JGD�\ukljZb\Zxlky�gZ�klZjuo�ijb

ihfhsb�hkh[h]h�n_jf_glZ�JGD�aZ\bkbfhc�JGD�ihebf_jZau�(JGD�j_iebdZau���dhlhjZy�eb[h
kbgl_abjm_lky� jb[hkhfZfb� gZ� iexk�p_iyo�� eb[h� \oh^bl� \� khklZ\� \bjmkZ�� Fbgmk�p_ib�

\ukljZb\Z_fu_�lZdbf�h[jZahf�gZ�iexk�p_iyo��mqZkl\mxl�\�h[jZah\Zgbb�gh\uo�iexk�p_i_c�

ijb�ihfhsb�dhlhjuo�kbgl_abjmxlky�[_edb�\bjmkZ�beb�h[jZamxlky�gh\u_�\bjmkgu_�qZklbpu�

GZdhg_p�� hl^_evguc� deZkk� \bjmkh\� khklZ\eyxl� j_ljh\bjmku�� kh^_j`Zsb_� n_jf_gl

JGD�aZ\bkbfmx�>GD�ihebf_jZam��h[_ki_qb\Zxsbc�h[jZlgmx�ljZgkdjbipbx�±�kbgl_a�gblb

>GD� gZ� fZljbp_� \bjmkghc� JGD�� AZl_f� lhl� `_� kZfuc� n_jf_gl� ihkl_i_ggh� jZajmrZ_l

bkoh^gmx� p_iv� JGD�� Z� h^ghgbl_\Zy� >GD� ^hkljZb\Z_lky� ^h� ^\mgbl_\hc� >GD�� Ihke_^gyy

\kljZb\Z_lky�\�>GD�de_ldb�ohaybgZ�b�ijbgbfZ_l�mqZklb_�\�ijhp_kkZo�ljZgkdjbipbb�

����J_]meypby�ljZgkdjbipbb�]_gh\�

=_gu�\�>GD�fh`gh�jZa^_eblv�gZ�dhgklblmlb\gu_��jZ[hlZxsb_�\�ihklhygghf�j_`bf_

±� \k_]^Z� ih^\_j]Z_fu_� ljZgkdjbipbb�� b� j_]mebjm_fu_�� J_]meypby� ljZgkdjbipbb

j_]mebjm_fuo�]_gh\�hkms_kl\ey_lky�ijb�ihfhsb�ki_pbZevguo�j_]meylhjguo�[_edh\��;_edb�

ih^Z\eyxsb_� ljZgkdjbipbx� ]_gZ�� gZau\Zxlky� j_ij_kkhjZfb�� Z� Zdlb\bjmxsb_

ljZgkdjbipbx� ±� Zdlb\ZlhjZfb� �bg^mdlhjZfb���F_oZgbaf� ^_ckl\by� j_]meylhjguo� [_edh\

k\yaZg� k� h[jZah\Zgb_f� dhfie_dkZ� k� hij_^_ezgguf� mqZkldhf� fhe_dmeu�>GD�� gZau\Z_fuf

hi_jZlhjhf�� Hi_jZlhj� jZkiheZ]Z_lky� jy^hf� k� ijhfhl_jhf� b� aZljm^gy_l� \aZbfh^_ckl\b_
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ijhfhl_jZ� k� JGD�ihebf_jZahc�

ih^Z\eyy�ljZgkdjbipbx�

MqZklhd� >GD�� ih^\_j]Z_fuc

j_]meypbb�� gZau\Z_lky� hi_jhghf� b

\dexqZ_l� \� k_[y�� ijhfhl_j�� hi_jZlhj�

dh^bjmxsmx� qZklv� b� l_jfbgZlhju

ljZgkdjbipbb��J_ij_kkby�ljZgkdjbipbb

fh`_l� ijhbkoh^blv� \� jZaguo� kemqZyo�

ijhba\h^kl\h� [_edZ�� dZlZebabjmxs_]h

]b^jheba� eZdlhau�� ih^Z\ey_lky� ijb

hlkmlkl\bb� eZdlhau�� ijhba\h^kl\h

[_edZ�� dZlZebabjmxs_]h� j_Zdpbx

h[jZah\Zgby� ljbilhnZgZ�� ih^Z\ey_lky

ijb�ihy\e_gbb�ba[uldZ�ljbilhnZgZ�

Klhev� ijhklZy� kblmZpby

j_Zebam_lky�lhevdh�^ey�ijhdZjbhlbq_kdbo�de_lhd��<�wmdZjbhlZo�k\yab�f_`^m�hi_jZlhjZfb�b

j_]mebjm_fufb�]_gZfb�[he__�keh`gu�±�h^gbf�[_edhf�fh`_l�dhgljhebjh\Zlvky�Zdlb\ghklv

kjZam� g_kdhevdbo� ]_gh\�� h^gZdh� aZqZklmx� Zdlb\ghklv� h^gh]h� ]_gZ� hij_^_ey_lky� kjZam

g_kdhevdbfb�j_]meylhjgufb�[_edZfb�

����=_g_lbq_kdZy�bg`_g_jby�

Hkgh\gufb�aZ^ZqZfb�]_g_lbq_kdhc�bg`_g_jbb�y\eyxlky�bkdmkkl\_gguc�kbgl_a�[_edh\

gZ�jb[hkhfZo�`b\hc�de_ldb��Z�lZd`_�k_e_dlb\gh_�baf_g_gb_�lbibqguo�[_edh\�de_ldb�aZ�kqzl

baf_g_gby�_z�]_g_lbq_kdh]h�dh^Z��>ey�wlh]h�\�>GD�de_ldb�gm`gh�\\_klb�khhl\_lkl\mxsb_

g_h[oh^bfhfm�[_edm�]_gu��Ih�wlhc�ijbqbg_�]eZ\ghc�aZ^Zq_c�]_gghc�bg`_g_jbb�klZgh\blky

hl[hj�g_h[oh^bfuo�]_gh\��bo�jZafgh`_gb_�b�\g_^j_gb_�\�de_ldb�^ey�\ujZ[hldb�[_edZ�

Hl[hj� ]_g_lbq_kdh]h� fZl_jbZeZ� ijhba\h^blky� g_kdhevdbfb� kihkh[Zfb�� fh`gh

kbgl_abjh\Zlv� bkdhfmx� ihke_^h\Zl_evghklv� gmde_hlb^h\� obfbq_kdbfb� f_lh^Zfb�� fh`gh

\u^_eblv� ba� de_lhd�� kh^_j`Zsbo� wlhl� ]_g�� \k_�f�JGD� �b� i_j_\_klb� bo� \�>GD� k� ihfhsvx

h[jZlghc� ljZgkdjbipbb� ±� kf�� ����� beb� `_� g_ihkj_^kl\_ggh� \uj_aZlv� �k� ihfhsvx

ki_pbZevguo�n_jf_glh\��gm`guc�mqZklhd�>GD��<�ihke_^gbo�^\mo�kemqZyo�ihemqblv�gm`guc

]_g�\�qbklhf�\b^_�ijZdlbq_kdb�g_\hafh`gh��ihwlhfm�\�^Zevg_crb_�fZgbimeypbb�\\h^blky

©]jyagucª�h[jZa_p�

>ey� jZafgh`_gby� ihemq_ggh]h� ]_g_lbq_kdh]h� fZl_jbZeZ� g_h[oh^bfh� \\_klb� _]h� \

de_ldm�� bkihevamy� lZd� gZau\Z_fu_� \_dlhjZ� ±� fhe_dmeu� >GD�� kihkh[gu_� Z\lhghfgh

jZafgh`Zlvky� \gmljb� de_ldb�� Hkgh\gu_� k\hckl\Z� \_dlhjh\�� kihkh[ghklv� d� Z\lhghfghc

j_iebdZpbb�� gZebqb_� mgbdZevguo� mqZkldh\� jZks_ie_gby� ih^� ^_ckl\b_f� wg^hgmde_Za

j_kljbdpbb�� gZebqb_� fZjd_jguo� [_edh\� �khhl\_lkl\b_� ]_g_lbq_kdh]h� dh^Z� \_dlhjZ� [_edZf

�h[eZ^Zxsbf� ki_pbnbq_kdbfb� k\hckl\Zfb��� H[uqgh� \� dZq_kl\_� \_dlhjh\� bkihevamxl

ieZafb^u�b�\bjmku��hkh[_ggh�[Zdl_jbhnZ]b��

JZkkfhljbf� ^Zevg_crb_� ij_\jZs_gby� gZ� ijbf_j_� \kljZb\Zgby� bkke_^m_fh]h� ]_gZ� \

ieZafb^m� S%5����� kh^_j`Zsmx� ]_gu� mklhcqb\hklb� d� Zglb[bhlbdZf� �Zfibpbeebgm� b

l_ljZpbdebgm���Ih^� ^_ckl\b_f� n_jf_glZ�� hlghkys_]hky� d� ]jmii_� wg^hgmde_Za� j_kljbdpbb

�n_jf_glu�� k_e_dlb\gh� jZks_ieyxsb_� gmde_hlb^gmx� p_iv� \� h^ghf� dhgdj_lghf� f_kl_��

lZdZy� ieZafb^Z� jZkdju\Z_lky� gZ� mqZkld_�� hl\_lkl\_gghf� aZ� mklhcqb\hklv� d� Zfibpbeebgm�

Ijb� wlhf� h[jZam_lky� ebg_cgZy� fhe_dmeZ�� bf_xsZy� lZd� gZau\Z_fu_� ebidb_� dhgpu

(h^ghgbl_\u_� njZ]f_glu� d(S7S&S&S$�±2+��� d� dhlhjuf� e_]dh� fh`_l� ijbkh_^bgblvky
gmde_hlb^�� h[eZ^Zxsbc� g_h[oh^bfuf� gZ[hjhf� khijy`zgguo� hkgh\Zgbc�� ?keb

\kljZb\Z_fuc�]_g_lbq_kdbc�gZ[hj�ihemq_g�obfbq_kdbf�imlzf��lh�\g_^j_gb_�lZdbo�gZ[hjh\

gZ�dhgpZo�p_ib�g_�khklZ\ey_l�ljm^Z��_keb�`_�njZ]f_gl�[ue�\u^_e_g�ba�f�JGD��>GD��de_ldb�

lh� g_h[oh^bfu_� ebidb_� dhgpu� h[jZamxlky� ih^� ^_ckl\b_f� n_jf_glZ� ^_ahdkbgmde_hlb^be
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ljZgkn_jZau��Ihke_�kh_^bg_gby�ebidbo�dhgph\��\�j_amevlZl_�^_ckl\by�>GD�ihebf_jZau�b

>GD�eb]Zau� \hagbdrb_� \� oh^_� kbgl_aZ� ©^ujdbª� aZrb\Zxlky�� h[jZam_lky� gh\Zy� ieZafb^Z�

kh^_j`ZsZy� g_h[oh^bfuc� ]_g� b� gZau\Z_fZy� j_dhf[bgZglghc� >GD�� Ihemq_ggu_� lZdbf

imlzf�ieZafb^u�\g_^jyxlky�\�de_ldm�ohaybgZ��]^_�gZqbgZxl�j_iebpbjh\Zlvky�

F_`^m� l_f�� bkke_^m_fuc� ]_g� \g_^jy_lky� ^Ze_dh� g_� \h� \k_� ieZafb^u�� ^ey� hl[hjZ

g_h[oh^bfuo�ieZafb^�lj_[m_lky�ijhp_^mjZ��gZau\Z_fZy�dehgbjh\Zgb_f�>GD beb kdjbgbg]hf

�©jZa[hjdhcª ihemq_gguo fhe_dme��� <� ijbgpbi_�� dehg� ±� ]_g_lbq_kdb� b^_glbqgh_� ihlhfkl\h

h^ghc� de_ldb�� ihwlhfm� kZfh� ihgylb_� ©dehgbjh\Zgb_� >GDª� [_kkfuke_ggh�� H^gZdh

ljZ^bpbhggh� ijhp_kk� jZafgh`_gby� ]_g_lbq_kdh]h� fZl_jbZeZ� gZau\Zxl� bf_ggh� lZd�

ihkdhevdm� \� oh^_� jZafgh`_gby� j_dhf[bgZglguo� >GD� h[jZamxlky� dehgu� ±� k_f_ckl\Z

]_g_lbq_kdb� b^_glbqguo� de_lhd�� >ey� hl[hjZ� g_h[oh^bfuo� de_lhd� bkihevamxl� k\hckl\Z

mklhcqb\hklb� d� Zglb[bhlbdZf�� \gZqZe_� dehgu� ihf_sZxl� gZ� l_ljZpbdebg� �hlk_b\Zxlky

ieZafb^u��\�dhlhjuo�\g_^j_gb_�ijhbahreh�\�g_ijZ\bevghf�f_kl_���aZl_f�±�gZ�Zfibpbeebg

�jZa^_eyxlky� j_dhf[bgZglgu_�>GD� b� bkoh^gu_� ieZafb^u� S%5������Kms_kl\m_l� b� ^jm]hc

kihkh[� hl[hjZ�� gZau\Z_fuc� fhe_dmeyjghc� ]b[jb^baZpb_c�� d� oZjZdl_jghfm� mqZkldm

\kljZb\Z_fh]h� ]_gZ� ijbkh_^bgyxl� ihke_^h\Zl_evghklv� dhfiebf_glZjguo� gmde_hlb^h\�

g_kmsmx� jZ^bhZdlb\gmx� f_ldm�� ihke_� q_]h� hl^_eyxl� jZ^bhZdlb\gu_� >GD� hl

g_jZ^bhZdlb\guo�� Ih^h[gZy� hi_jZpby� hkh[_ggh� g_h[oh^bfZ� \� lhf� kemqZ_�� dh]^Z

bkihevam_fuc� ]_g_lbq_kdbc�fZl_jbZe�g_� y\ey_lky� qbkluf�� Z� \u^_e_g�ba�>GD�beb�f�JGD�

\gZqZe_�h[jZam_lky�lZd�gZau\Z_fZy�[b[ebhl_dZ�dhfiebf_glZjguo�>GD (d>GD���ba�dhlhjhc
g_h[oh^bfh�\u[jZlv�gm`gmx�

LZdbf� imlzf� hkms_kl\ey_lky� jZafgh`_gb_� ]_g_lbq_kdh]h� fZl_jbZeZ�� _keb� p_evx

bkke_^h\Zgby�y\ey_lky�kbgl_a�[_edZ�gZ�ijbjh^ghc�jb[hkhf_��lh�\�dZq_kl\_�\_dlhjZ�\u[bjZxl

ieZafb^m�� jZaju\Zxsmxky� \[ebab� mqZkldZ�

kh^_j`Zs_]h�Zdlb\guc�ijhfhl_j��<�j_amevlZl_

gZ� j_dhf[bgZglghc� >GD� Zdlb\bjh\ZgZ

ljZgkdjbipby� \kljh_ggh]h� mqZkldZ�� qlh

ijb\h^bl� d� Zdlb\ghc� wdkij_kkbb� \g_^jzggh]h

]_gZ�

21. J_dhf[bgZglgu_�>GD�

Kf�����

���� KljmdlmjZ� ]_gh\� wmdZjbhl�

KieZckbg]�

>Ze_dh�g_�\k_�]_gu�wmdZjbhlh\�dh^bjmxl

g_h[oh^bfmx�^ey�de_ldb�bgnhjfZpbx��MklZgh\e_gh��qlh�^hklZlhqgh�ijhly`zggu_�mqZkldb

f�JGD� �gZau\Z_fu_� bgljhgZfb�� \hh[s_� g_� dh^bjmxl� Zfbghdbkehlu�� Z� y\eyxlky� g_

g_kmsbfb� dh^� \klZ\dZfb�� GZb[he__� yjdh� ih^h[gZy� kblmZpby� ijhy\ey_lky� \� ojhfhkhfZo

wmdZjbhl��]^_�>GD�gZoh^blky�\�nhjf_�i_j_ie_lzgguo�^jm]�k�^jm]hf�p_i_c��ijbqzf�mqZkldb�

g_kmsb_� bgnhjfZpbx� �wdahgu��� aZgbfZxl� ebrv� hdheh� ��� �� ^ebgu� wlbo� p_i_c�� Ih� wlhc

ijbqbg_�\h�\k_o�wmdZjbhlbq_kdbo�de_ldZo�\�oh^_�ljZgkdjbipbb�\gZqZe_�h[jZamxlky�ij_�f�

JGD�� lhqgu_� dhibb� h^ghc�ba�p_i_c�>GD�� dhlhju_� aZl_f� hk\h[h`^Zxlky� hl� bgljhgh\� ijb

ihfhsb�hi_jZpbb�kieZckbg]Z.
Obfbq_kdbc� f_oZgbaf� kieZckbg]Z� aZdexqZ_lky� \� ZlZd_� HG�]jmiiu� Z^_ghabevgh]h

hklZldZ�bgljhgZ�ih�nhknh^bwnbjghc�k\yab�gZ� �¶�dhgp_�bgljhgZ��bgljhg�h[jZam_l�i_lex��Z

ijbkh_^bgzgguc�d��¶�dhgpm�wdahg�ZlZdm_l��¶�dhg_p�bgljhgZ��<�j_amevlZl_�bgljhg�hl^_ey_lky

\�\b^_�i_leb��Z�wdahgu�kh_^bgyxlky�\�h[smx�p_iv��DZlZebaZlhjhf�wlh]h�ijhp_kkZ�kqblZxl

kZfm�fhe_dmem�JGD�±�h^bg�ba�ijbf_jh\�dZlZebaZ�jb[habfh\��kf������

23. Ihebf_jZagZy�p_igZy�j_Zdpby�
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Ihebf_jZagZy�p_igZy�j_Zdpby�±�kihkh[�\hkijhba\_^_gby�]_g_lbq_kdh]h�fZl_jbZeZ�[_a

mqZklby� \_dlhjh\� b� de_lhd�ohay_\�� >ey� hkms_kl\e_gby� lZdhc� j_Zdpbb� g_h[oh^bfu� ^\Z

ijZcf_jZ� b� l_jfhklZ[bevgZy� >GD�ihebf_jZaZ� �\u^_ey_fZy� ba� l_jfhnbevguo

fbdjhhj]Zgbafh\���<gZqZe_�bkoh^gmx�>GD�gZ]j_\Zxl�^h� ��
0
�^ey� jZa^_e_gby�p_i_c�� aZl_f

kf_kv� hoeZ`^Zxl� ±� ijhbkoh^bl� ijbkh_^bg_gb_� ijZcf_jh\�� ihke_� q_]h� gZ� wlbo� ijZcf_jZo

gZqbgZ_lky� kbgl_a� gh\uo� p_i_c��Fgh]hdjZlgh_� \hkijhba\_^_gb_� ^hklb]Z_lky� ih\lhj_gb_f

wlhc�ijhp_^mju��dZ`^uc�jZa�\�ijhf_`mld_�f_`^m�^\mfy�ijZcf_jZfb�h[jZam_lky�iZjZ�gh\uo

p_i_c��iheghklvx�b^_glbqguo�bkoh^guf�

����<bjmku��<BQ�

H�\bjmkZo�kf�����

<BQ� ±� \bjmk� bffmgh^_nbpblZ

q_eh\_dZ�� \uau\Z_l� aZ[he_\Zgb_

KIB>� �kbg^jhf� ijbh[j_lzggh]h

bffmgh^_nbpblZ� q_eh\_dZ��� <BQ

khklhbl�ba�^\mo�fhe_dme�h^ghgbl_\hc

JGD�� dZ`^Zy� ba� dhlhjuo� kh^_j`bl

hdheh� ����� gmde_hlb^h\�� <BQ

y\ey_lky� j_ljh\bjmkhf� �kf�� ���� b

bgnbpbjm_l� ]eZ\guf� h[jZahf� L�

o_ei_ju� �h^bg� ba� lbih\� de_lhd� L�

ebfnhpblh\�� hl\_qZxsbo� aZ

de_lhqguc� bffmgbl_l��� qlh� ijb\h^bl

d� ihkl_i_gghfm� jZajmr_gbx

bffmgghc� kbkl_fu�� Hkgh\ghc

hkh[_gghklvx� <BQ� y\ey_lky

^ebl_evguc� eZl_glguc� i_jbh^� �^h� ��

e_l��

���� JZd� dZd� gZjmr_gb_

kbkl_fu�i_j_^Zqb�kb]gZeZ�

JZd�±�aZ[he_\Zgb_��\uau\Z_fh_

g_dhgljhebjm_fuf�^_e_gb_f�de_lhd�

Ijbqbghc�jZdZ�y\ey_lky�gZjmr_gb_

kbkl_fu�i_j_^Zqb�kb]gZeZ�ba�aZ

hkh[h]h�[_edZ�5$6��5$6�y\ey_lky�lZd

gZau\Z_fuf�ρ�[_edhf��lh�_klv
jZ[hlZ_l�g_�k�:LJ��Z�k�*73

(]mZgb^beljbnhknhjghc�dbkehlhc���<
h[uqghf��g_Zdlb\ghf�khklhygbb�5$6

k\yaZg�k�*'3��h^gZdh�ih^�^_ckl\b_f

hkh[h]h�nZdlhjZ�h[f_gZ�*()��guanine
nucleotide exchange IDFWRU��fh`_l�ijhbkoh^blv�aZf_gZ�*'3�gZ�*73��Zdlb\bjmxsZy�5$6�

Ijhp_kk� gZqbgZ_lky� k� ijboh^Z� kb]gZeZ� (')� �nZdlhjZ� jhklZ� de_lhd�� gZ� j_p_ilhju

lbjhabgdbgZau�� hgZ� nhknhjbebjm_lky� b� k\yau\Z_lky� k� *()�� dhlhjuc�� \� k\hx� hq_j_^v�

k\yau\Z_lky� k� 5$6�� aZdj_iezgguf� \� g_Zdlb\ghf� khklhygbb� gZ� \gmlj_gg_c� ih\_joghklb

de_lhqghc�f_f[jZgu��<�j_amevlZl_�wlh]h�aZdj_iezggZy�gZ�5$6�*'3�h[f_gb\Z_lky�gZ�*73�

dhlhjZy�nhknhjbebjm_l�0$3�dbgZam�±�dbgZam��hl\_qZxsmx�aZ�i_j_^Zqm�kb]gZeZ�^_e_gby�b

jhklZ�� <� j_amevlZl_� dZkdZ^� 0$3�dbgZa� fgh]hdjZlgh� mkbeb\Z_l� kb]gZe� gZ� jhkl�� de_ldZ

gZqbgZ_l�g_dhgljhebjm_fh�^_eblvky�
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����Kbkl_fu�i_j_^Zqb�kb]gZeh\�\�de_ldm�

<b^u�kb]gZeh\:
���=hjfhgu�

2) G_cjhljZgkfbll_ju�
���K\_l��aZiZo��\dmk�

���:glb]_gu

���AZimkd�jZa\blby�

���AZimkd�^_e_gby�

���NZdlhju�jhklZ�

���F_oZgbdZ�

<b^u�hl\_lh\:
���@bagv��gbq_]h�g_�baf_gy_lky��

��� >_e_gb_� �de_ldZ� ^_eblky�� ijbqzf

jZa\blb_� ^\mo� gh\uo� de_lhd� ijhbkoh^bl

ih�jZaghfm��

���Kf_jlv� �kZfhjZajmr_gb_�de_ldb�±

Zihilha�� qZklh� hdZau\Z_lky� hl\_lhf� gZ

^_ckl\b_� \bjmkZ�� ijb� lZdhf� jZajmr_gbb

de_ldZ� ihkl_i_ggh� jZajmrZ_lky�� Z

nZ]hpblu� e_]dh� i_j_jZ[Zlu\Zxl� _z

hklZldb� ±� g_� \hagbdZ_l� \hkiZebl_evguc

ijhp_kk��

Kbkl_fu�i_j_^Zqb�kb]gZeZ:
���Bhggu_�dZgZeu��kf�����

��� Ijyfhc� ljZgkihjl� �^bnnmaby

q_j_a�f_f[jZgm��kf�����

3) DbgZau�±�ljZgkf_f[jZggu_�[_edb��ih^\_j]Zxsb_ky�baf_g_gbyfb�\gmljb�de_ldb�ijb

ihemq_gbb�kb]gZeZ�ba\g_��h[uqgh�ijb�ijbkh_^bg_gbb�]hjfhgZ��

F_oZgbaf�^_ckl\by�dbgZa�k\yaZg�kh

kihkh[ghklvx� d� nhknhjbebjh\Zgbx

Zfbghdbkehlguo� hklZldh\� Ser/7KU� beb

7\U�� ijb� ihklmie_gbb� kb]gZeZ� gZ

\g_rgb_� j_p_ilhju� dbgZau� \gmljb

de_ldb� ]b^jhebam_lky� h^gZ� fhe_dmeZ

:LJ�� Z� hls_ib\rbcky� nhknZlguc

hklZlhd�nhknhjbebjm_l�dbgZam��Ijb�wlhf

baf_gy_lky�dhgnhjfZpby�[_edZ��b�dbgZaZ

klZgh\blky� n_jf_glhf� ±� nhknhdbgZahc

(ijhl_bgnhknhdbgZahc��� Ih� hdhgqZgbb
^_ckl\by� kb]gZeZ� nhknhdbgZaZ

^_nhknhjbebjm_lky� ih^� ^_ckl\b_f

n_jf_glZ� ba� deZkkZ� nhknZlZa�

ijhbkoh^bl�kgylb_�kb]gZeZ�

<� j_Zevghklb� \� de_lhqgmx

f_f[jZgm�\kljh_gh�fgh`_kl\h�dbgZa��h[jZamxsbo�dZkdZ^��ijb�ihklmie_gbb�gZ�lZdhc�dZkdZ^

kb]gZeZ� ijhbkoh^bl� _]h� fgh]hdjZlgh_� mkbe_gb_� �ZfiebnbdZpby��� Ih^h[gu_� dZkdZ^u

y\eyxlky� h^ghc� ba� hkgh\guo� qZkl_c� g_cjhgguo� kbkl_f��<� ijbgpbi_�� \� ex[hc� g_cjhgghc

kbkl_f_�fh]ml�[ulv�\u^_e_gu�\oh^ghc�kehc��i_j\bqgZy�h[jZ[hldZ�bgnhjfZpbb�±�\u^_e_gb_

gm`gh]h� kb]gZeZ� j_p_ilhjZfb��� kdjuluc� kehc� �ihke_^mxsZy� h[jZ[hldZ� bgnhjfZpbb� ±

i_j_^ZqZ�kb]gZeZ�q_j_a�f_f[jZgm�ijb�ihfhsb�dbgZa��b�\uoh^ghc�kehc��bgl_]jZpby�kb]gZeZ��

K\hckl\Z�kbkl_fu�i_j_^Zqb�kb]gZeZ:
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���Ki_pbnbqghklv��hkms_kl\ey_lky�aZ�kqzl�\ukhdhc�k_e_dlb\ghklb�j_p_ilhjh\��

���:fiebnbdZpby��kihkh[ghklv�d�mkbe_gbx�kb]gZeZ�±�aZ�kqzl�dbgZa��

���:^ZilZpby��kgylb_�kb]gZeZ�ijb�hdhgqZgbb�_]h�^_ckl\by�±�^_nhknhjbebjh\Zgb_��

���Bgl_]jZpby��kihkh[ghklv�d�h[t_^bg_gbx�kb]gZeh\��

����Qlh�lZdh_�]_g�k�lhqdb�aj_gby�obfbdZ��=_gu�Zglbl_e�

=_g�±�g_hij_^_ebfh_��^ey�Dhiueh\Z��ihgylb_��fh`gh�kdZaZlv��qlh�]_g�±�k_]f_gl�>GD�

dhlhjuc� dh^bjm_l� bgnhjfZpbx� ^ey� h[jZah\Zgby� nmgdpbhgZevgh]h� ijh^mdlZ�� =_ghf –
kh\hdmighklv�\k_o�]_gh\�

<u^_eyxl� j_]meylhjgmx� b� kljmdlmjgmx� �dh^bjmxsmx�� qZklb� ]_gZ� ±� kf�� ���� Djhf_

wlh]h�� ]_gu� fh]ml� kh^_j`Zlv� g_dh^bjmxsb_� h[eZklb� ±� bgljhgu� �kf�� ����� dhebq_kl\h

bgljhgh\�hij_^_ey_l�qZklhlm�^_e_gby�de_ldb��<�de_ldZo�ijhdZjbhl�bgljhgh\�g_l��ihwlhfm

hgb� ^_eylky� djZcg_� qZklh� b� [ukljh�� \� de_ldZo� wmdZjbhl� h[uqgh� kh^_j`blky� [hevrh_

dhebq_kl\h�bgljhgh\�±�aZqZklmx�hgb�g_�^_eylky�\hh[s_�

=_gu�Zglbl_e – oj_gv�dZdZy�lh�
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,,��Wgabfheh]by

���N_jf_glu� dZd� [_edh\u_� dZlZebaZlhju��Hkgh\gu_� hlebqby�n_jf_glZlb\gh]h

dZlZebaZ�hl�ljZ^bpbhggh]h�obfbq_kdh]h��N_jf_glu�\�obfbb�

N_jf_glu�±�\ukhdhZdlb\gu_�[_edh\u_�dZlZebaZlhju�

Hlebqby�n_jf_glZlb\gh]h�dZlZebaZ:
���<ukhdZy�Zdlb\ghklv� �jZagbpZ�\�kdhjhklb�h^ghc�b�lhc�`_�j_Zdpbb��dZlZebabjm_fhc

n_jf_glhf� beb� g_[_edh\hc� qZklbp_c� ±� gZijbf_j�� ijhlhghf� ±� fh`_l� khklZ\eylv� �����

ihjy^dh\��

���<ukhdZy� k_e_dlb\ghklv� �n_jf_glu� h[uqgh� dZlZebabjmxl� lhevdh� h^bg� dhgdj_lguc

obfbq_kdbc�ijhp_kk��

���<ukhdZy� wnn_dlb\ghklv� �hlkmlkl\b_� ih[hqguo� ijh^mdlh\� b� ^bk[ZeZgkZ� ©ijh^mdl�

km[kljZlª��

N_jf_glu�\�obfbb:
���Nbabq_kdZy�obfby�bkke_^m_l�kljmdlmju�[_edh\�b�Zdlb\guo�p_gljh\�f_lh^Zfb�JK:�

YFJ��WIJ��Z�lZd`_�dbg_lbdm�b�f_oZgbafu�^_ckl\by�n_jf_glh\�

��� Hj]Zgbq_kdZy� obfby� ±� lhgdbc� hj]Zgbq_kdbc� kbgl_a�� djmighfZkrlZ[gu_

kbgl_lbq_kdb_�ijhp_kku�

��� :gZeblbq_kdZy� obfby� ±� bffmghn_jf_glguc� ZgZeba�� [bhexfbg_kp_glguc� ZgZeba�

[bhk_gkhju�

���G_hj]Zgbq_kdZy�obfby�bkke_^m_l�ih\_^_gb_�bhgh\�f_lZeeh\�\�Zdlb\guo�p_gljZo�

���Obfbq_kdZy�l_ogheh]by�±�ijhba\h^kl\h�e_dZjkl\��Zfbghdbkehl�b�^j��\_s_kl\�

���We_dljhobfby� ±�[bhwe_dljhdZlZeba�� lh� _klv�n_jf_glZlb\guc� dZlZeba� we_dljh^guo

ijhp_kkh\�

��� Dheehb^gZy� obfby� bamqZ_l� [_edb� dZd� dheehb^gu_� qZklbpu�� Z� lZd`_� ih\_^_gb_

n_jf_glh\�\�h[jZszgguo�fbp_eeZo��fbp_eeyjgZy�wgabfheh]by��

��� Wg_j]by� b� kbeu� \� [bhkbkl_fZo�� <aZbfh^_ckl\by� \� [_edh\hc� fhe_dme_�

dh\Ze_glgu_��\h^hjh^gu_�k\yab��]b^jhnh[gu_�b�we_dljhklZlbq_kdb_�\aZbfh^_ckl\by�

Dh\Ze_glgu_� k\yab – i_ilb^gZy� b� ^bkmevnb^gu_� fhklbdb�� OZjZdl_jgu_� agZq_gby
wg_j]bc�dh\Ze_glguo�k\ya_c��∆G�]b^jhebaZ����±���±��±����d>`�fhev��±&+2–SH + HS–CH2– →
–CH2–S–S–CH2–.

<h^hjh^gu_�k\yab�±�keZ[u_�k\yab��\hagbdZxsb_�aZ�kqzl�ijbly`_gby�g_kms_]h�fZeuc

iheh`bl_evguc� aZjy^� ZlhfZ� \h^hjh^Z� d� ZlhfZf�� aZjy`_gguf� hljbpZl_evgh� �dbkehjh^m�

Zahlm��]Zeh]_gZf���OZjZdl_jgu_�agZq_gby�wg_j]bc������±���ddZe�fhev�

=b^jhnh[gu_� \aZbfh^_ckl\by� \hagbdZxl� aZ� kqzl� i_j_kljhcdb� kbkl_fu� \h^hjh^guo

k\ya_c� \h^u� \[ebab� g_iheyjghc� ]b^jhnh[ghc� ]jmiiu�� <h^Z� \ul_kgy_l� ]b^jhnh[gmx

fhe_dmem� beb� ]jmiim� �:�� \� ]b^jhnh[gmx� h[eZklv� [_edZ�� <_ebqbgZ� ]b^jhnh[gh]h

\aZbfh^_ckl\by� oZjZdl_jbam_lky� \_ebqbgZfb� [_ehd [_ehd

\h^Z \h^Z

[ ] [ ]
ln  beb� OJ

[ ] [ ]

A A
G RT

A A
π∆ = − =  –

dhgklZglZ�]b^jhnh[ghklb�=ZgqZ��<�i_j_kqzl_�gZ�h^gm�&+2�]jmiim�wg_j]_lbq_kdbc�wnn_dl

]b^jhnh[gh]h�\aZbfh^_ckl\by�khklZ\ey_l�∆G� �±�����ddZe�fhev��T∆S� ������ddZe�fhev�
We_dljhklZlbq_kdb_�\aZbfh^_ckl\by�±�h[uqgh�^hklZlhqgh�keZ[u�b�ijhy\eyxlky�ebrv�\

kbevgh� iheyjguo� jZkl\hjZo�� ]^_� ijhlhgbjh\ZggZy� b� ihlhfm� aZjy`_ggZy� iheh`bl_evgh

Zfbgh]jmiiZ� ijbly]b\Z_lky� d� ^_ijhlhgbjh\Zgghc� b� aZjy`_gghc� hljbpZl_evgh

dZj[hdkbevghc� ]jmii_� ±� h[jZam_lky� khe_\hc� fhklbd�� OZjZdl_jgu_� agZq_gby� wg_j]bc� �∆G
jZaju\Z�khe_\h]h�fhklbdZ���±���±��±���ddZe�fhev�

���Mjh\gb�kljmdlmjghc�hj]ZgbaZpbb�[_edh\��i_j\bqgZy��\lhjbqgZy��lj_lbqgZy�b

q_l\_jlbqgZy�kljmdlmju�
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Kf��OIK�� ���G_h[oh^bfh�bf_lv� \� \b^m�� qlh� ih

nhjf_� lj_lbqghc� kljmdlmju� [_edb� jZa^_eyxl� gZ

]eh[meyjgu_� �nhjfbjmxsb_� ]eh[meu� ±� kn_jbq_kdb_

qZklbpu�� b� nb[jbeeyjgu_� �nhjfbjmxsb_� \hehdgZ��

=eh[meyjgu_� [_edb� fh]ml� [ulv� h[jZah\Zgu

bkdexqbl_evgh� α�kibjZeyfb� �α/α – km[t_^bgbpu
]_fh]eh[bgZ��� bkdexqbl_evgh� β�kdeZ^dZfb� �β/β –
bffmgh]eh[mebg��beb�b�l_fb��b�^jm]bf�h^gh\j_f_ggh

(α/β, α + β���<k_�n_jf_glu� y\eyxlky� ]eh[meyjgufb
[_edZfb�

LbibqgZy� kljmdlmjZ� nb[jbeeyjgh]h� [_edZ

ij_^klZ\e_gZ�gZ�jbkmgd_�

Ih� q_l\_jlbqghc� kljmdlmj_� h[uqgh� \u^_eyxl

[_edb� fhghf_ju� �khklhysb_� ba� h^ghc� km[t_^bgbpu� ±� i_jhdkb^ZaZ� oj_gZ��� ^bf_ju

(Zedh]hev^_]b^jh]_gZaZ��b�l_ljZf_ju��djZkguc�nemhj_kp_glguc�[_ehd��

��� F_lh^u� \u^_e_gby� [bhihebf_jh\�� hkgh\gu_� ljm^ghklb�� F_lh^u

njZdpbhgbjh\Zgby� [_edh\�� OjhfZlh]jZnbq_kdb_� f_lh^u�� \b^u� ojhfZlh]jZnbb�

ijbgpbiu� jZa^_e_gby�� khj[_glu� b� ghkbl_eb�� We_dljhnhj_a� b� bahwe_dljbq_kdZy

nhdmkbjh\dZ�

Hkgh\gu_�ljm^ghklb:
���;hevrh_�jZaghh[jZab_�b�g_agZqbl_evgu_�jZaebqby�\�kljmdlmj_�

���FZeu_�dhebq_kl\Z�bkke_^m_fh]h�\_s_kl\Z��fbeeb]jZffu��fbdjh]jZffu��

���G_mklhcqb\hklv��eZ[bevghklv�kljmdlmj�

F_lh^u�njZdpbhgbjh\Zgby:
��� Bkihevah\Zgb_� hj]Zgbq_kdbo� jZkl\hjbl_e_c� �Zp_lhg�� wlZghe�� ±� ihgb`_gb_

jZkl\hjbfhklb�fgh]bo�Zfbghdbkehl�b�[_edh\�

���Bkihevah\Zgb_�fbg_jZevguo�khe_c�±�mf_gvrZ_lky�we_dljhklZlbq_kdh_�hllZedb\Zgb_

h^ghbfzggh� aZjy`_gguo� ihebbhgh\�� qlh� fh`_l� ijb\h^blv� d� hkZ`^_gbx� g_dhlhjuo

dhfihg_glh\�

���>jh[gh_�hkZ`^_gb_�

4) P_gljbnm]bjh\Zgb_�
5) =_evnbevljZpby�k�bkihevah\Zgb_f�©fhe_dmeyjguo�kblª�
��� >bZeba� �hl^_e_gb_� hl� gbadhfhe_dmeyjguo� dhfihg_glh\� ijb� ijhimkdZgbb� q_j_a

ihemijhgbpZ_fu_�f_f[jZgu��

���MevljZnbevljZpby�

<b^u� ojhfZlh]jZnbb: ]Zah`b^dhklgZy� �jZkij_^_e_gb_� \_s_kl\Z� f_`^m� ]Zahf� b

`b^dhklvx��� bhghh[f_ggZy� �jZkij_^_e_gb_� Zgbhgh\� b� dZlbhgh\� gZ� bhghh[f_gghc� kfhe_��

ZnnbggZy� �jZkij_^_e_gb_� \_s_kl\Z� f_`^m�nZaZfb� aZ� kqzl� obfbq_kdh]h� \aZbfh^_ckl\by� k

ghkbl_e_f�� gZijbf_j�� [_edb� ohjhrh� m^_j`b\Zxlky� p_eexehahc�� Zdlb\bjh\Zgghc

[jhfpbZghf��� lhgdhkehcgZy� �jZkij_^_e_gb_� \_s_kl\Z� f_`^m� ih^\b`ghc� b� g_ih^\b`ghc

nZaZfb� ih� iheyjghklb��� _keb� khj[_gl� iheyj_g�� Z� jZkl\hjbl_ev� g_iheyj_g�� lh� j_Zebam_lky

h[uqgZy�LKO��\�h[jZlghf�kemqZ_�ijhbkoh^bl�h[jZszggh�nZah\Zy�LKO�

Hkgh\gu_�khj[_glu�b�ghkbl_eb��p_eexehaZ�b� _z�fh^bnbdZpbb�� k_nZ^_dku�� k_nZjhau�

ihebklbjheu��ihebZdjbZeZfb^u��kbebdZ]_eb�

We_dljhnhj_a� ±� jZa^_e_gb_� aZjy`_gguo� qZklbp� \� we_dljbq_kdhf� ihe_�� Mkeh\b_

we_dljhnhj_aZ�� fv = neV�� ]^_� f� ±� dhwnnbpb_gl� \yadh]h� lj_gby�� Y� ±� kdhjhklv� i_j_f_s_gby

qZklbpu�� V� ±� ihl_gpbZe� \g_rg_]h� we_dljbq_kdh]h� ihey�� GZ� dhwnnbpb_gl� \yadh]h� lj_gby

\ebyxl��\_ebqbgZ�b�nhjfZ�fhe_dme��aZjy^��^ey�gZb[hevr_c�dhfi_gkZpbb�wlbo�wnn_dlh\�^h

we_dljhnhj_aZ�ijh\h^yl�^_gZlmjZpbx��obfbq_kdbfb�f_lh^Zfb�jZa^_eyy�[_ehd�gZ�hl^_evgu_

Zfbghdbkehlgu_�ihke_^h\Zl_evghklb�
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Bahwe_dljbq_kdZy� nhdmkbjh\dZ� ±� jZa^_e_gb_� [_edh\� \� kj_^_� k� ]jZ^b_glhf� jG�

kha^Z\Z_fuf�\g_rgbf�we_dljbq_kdbf�ihe_f� �agZq_gb_�jG�\hajZklZ_l�hl�Zgh^Z�d�dZlh^m���<

lZdhc� kj_^_� [_ehd� ^\b`_lky� \� khhl\_lkl\bb� kh� agZdhf� k\h_]h� aZjy^Z� ^h� ^hklb`_gby

bahwe_dljbq_kdhc� lhqdb��>ey�ih^^_j`Zgby� ]jZ^b_glZ�jG�\�jZkl\hj�\\h^yl� lZd�gZau\Z_fu_

Zfnhebgu� ±�dhjhldb_�ihebf_jgu_�fhe_dmeu�� kh^_j`Zsb_� dZj[hdkbevgu_�b� Zfbgh]jmiiu�

lh� _klv� Zfnheblu�� <� we_dljbq_kdhf� ihe_� wlb� fhe_dmeu� jZkoh^ylky� ih� k\hbf

bahwe_dljbq_kdbf�lhqdZf�b�kha^Zxl�]jZ^b_gl�jG��h^gh\j_f_ggh�jZ[hlZy�\�dZq_kl\_�[mn_jZ�

���Obfbq_kdb_�fh^bnbdZpbb�[_edh\��Ijbf_g_gb_�obfbq_kdhc�fh^bnbdZpbb�^ey

bffh[bebaZpbb�n_jf_glh\�

Obfbq_kdb_�fh^bnbdZpbb�[_edh\��bkihevamxl�^ey�ZgZebaZ�beb�bffh[bebaZpbb��

Obfbq_kdZy�bffh[bebaZpby�n_jf_glh\�±�h[uqgh�n_jf_glu�bffh[bebamxl��ijbrb\Zy

d�bg_jlghc�ih\_joghklb�k�ihfhsvx�Z^khj[pbb�beb�lbheh\�

���DeZkkbnbdZpby�n_jf_glh\�
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1) Hdkb^hj_^mdlZau�±�dZlZebabjmxl�hdbkebl_evgh�\hkklZgh\bl_evgu_�j_Zdpbb
2) LjZgkn_jZau�±�dZlZebabjmxl�i_j_ghk�jZ^bdZeZ��XY + Z → X + YZ, Y = Me, Ac, PO4.
3) =b^jheZau�±�dZlZebabjmxl�j_Zdpbb�]b^jhebaZ��Zdlb\bjmxl�fhe_dmeu�\h^u��wnbjh\

dZj[hgh\uo�dbkehl��]ebdhab^h\��ijhkluo�wnbjh\�b�lbhwnbjh\��i_ilb^h\�b�[_edh\�
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Ih� kljmdlmj_� Zdlb\gh]h� p_gljZ

]b^jheZau� jZa^_eyxl� gZ� k_jbgh\u_,
pbkl_bgh\u_, ZkiZjlZlgu_,
f_lZeekh^_j`Zsb_��GZa\Zgby�^Zxlky�ih

km[kljZlm�� p_eexeZaZ� ±� ]b^jheba

p_eexehau�� >GDZau� ±� ]b^jheba� >GD�

ZfbeZau�±�]b^jheba�djZofZeZ�

4) EbZau� ±� dZlZebabjmxl

g_]b^jheblbq_kdh_�jZks_ie_gb_�k�h[jZah\Zgb_f�djZlghc�k\yab�

5) Bahf_jZau� ±� dZlZebabjmxl� j_Zdpbb

bahf_jbaZpbb�

6) Eb]Zau (kbgl_lZau��±�dZlZebabjmxl�j_Zdpbb
dhg^_gkZpbb�� khijy`zggu_� k� ]b^jhebahf�:LJ� beb

GTP.

��� KlZpbhgZjgZy� dbg_lbdZ� n_jf_glZlb\guo� j_Zdpbc�� F_lh^u� h[jZ[hldb

wdki_jbf_glZevguo�^Zgguo�

<�klZpbhgZjghc�dbg_lbd_�n_jf_glZlb\guo�j_Zdpbc�kms_kl\mxl�^\_�ijhkl_crb_�ko_fu

– ko_fZ�FboZwebkZ� b� ko_fZ� :gjb�� dhlhju_� aZl_f� fh]ml� [ulv� fh^bnbpbjh\Zgu� ^ey� [he__

keh`guo�kemqZ_\��kf�����

Ko_fZ� FboZwebkZ�� ij_^iheZ]Z_l�� qlh� j_Zdpby� b^zl� ih� q_j_a� h[jZlbfmx� klZ^bx

h[jZah\Zgby� ijhf_`mlhqgh]h� ijh^mdlZ��
1 2

1

.
k k

k
E S X E P

−

→+ → +← � Kbkl_fZ� hibku\Z_lky

mjZ\g_gbyfb� ( )1 0 1 2 0 2 0, ,  
dX dP

k ES k k X v k X E E X
dt dt−= − + = = = + � ±� i_j\u_� ^\Z� mjZ\g_gby

y\eyxlky�h[uqgufb�dbg_lbq_kdbfb�mjZ\g_gbyfb�^ey�j_Zdpbc�i_j\h]h�b�\lhjh]h�ihjy^dh\��Z

lj_lv_� \ujZ`Z_l� mkeh\b_� fZl_jbZevgh]h� [ZeZgkZ� ih� n_jf_glm�� AZibku\Zy� mkeh\b_

klZpbhgZjghklb� 0,
dX

dt
= � gZoh^bf� ( ) 1 2

1 0 1 2
1 0

,
k k

k ES k k X E X
k S

−
−

+= + ⇒ =
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2 01 2
0 0

1 21 0

1 0

1 ,  .
1

k Ek k
E X v

k kk S
k S

−

−

 += + =  +  +
� H[hagZqZy� 1 2

1
m

k k
K

k
− +=  – dhgklZglZ� FboZwebkZ,

ijboh^bf�d�mjZ\g_gbx�FboZwebkZ�F_gl_g 2 0 0
0

0

.
m

k E S
v

K S
=

+
�Ijb

1
2 1

1

 m

k
k k K

k
−

− ≈� � ±� dhgklZglZ� ^bkkhpbZpbb� ijhf_`mlhqgh]h

ijh^mdlZ� �h[uqgh� n_jf_gl�km[kljZlgh]h� dhfie_dkZ��� >ey

wdki_jbf_glZevgh]h� hij_^_e_gby� iZjZf_ljh\� ko_fu

FboZwebkZ�bkihevamxl� kihkh[��ij_^klZ\e_gguc�gZ� jbkmgd_�

vm = k2E0 – kdhjhklv�j_Zdpbb�ijb�S0 → ��
Ko_fZ� :gjb� ij_^iheZ]Z_l�� qlh� h[jZah\Zgb_� ijh^mdlZ

j_Zdpbb� dhgdmjbjm_l� k� h[jZah\Zgb_f

g_dh]h� kh_^bg_gby� n_jf_glZ� k

km[kljZlhf�� Wlh� hagZqZ_l�� qlh
1 2

1

,  .
k k

k
E S X E S E P

−

→+ + → +←

Kbkl_fZ� hibku\Z_lky� mjZ\g_gbyfb

1 0 1 0 0,  ,A

dX dP
k ES k X v k ES

dt dt−= − = =

0 .E E X= +  Mkeh\b_� klZpbhgZjghklb

0 0 0 0 01
0 0 0

1 11 0
0 0

1 1

0 ,  ,  
1 1

A A A
A

A

E k E S k K E SkdX
X S E E v k S E

k kdt k K SS S
k k

−

− −

= ⇒ = = = = =
++ +

 – mjZ\g_gb_�:gjb��]^_

KA – dhgklZglZ�jZ\gh\_kby�h[jZah\Zgby�X: 1

1

.A

k
K

k
−=

��� >bkdjbfbgZpby� f_oZgbafh\

FboZwebkZ�b�:gjb�

<�klZpbhgZjghf�j_`bf_�aZ\bkbfhklb�v0 hl
S0 ^ey� ko_f�FboZwebkZ�b�:gjb� h^bgZdh\u� �kf�

]jZnbd� \� ���� >bkdjbfbgZpby� \hafh`gZ� lhevdh

^ey� ij_^klZpbhgZjghc� dbg_lbdb�� \� ko_f_

FboZwebkZ� \j_f_ggu_� aZ\bkbfhklb

dhgp_gljZpbc� aZ^Zxlky� mjZ\g_gbyfb

( )( ) ( )( )
( )( )1 0 1 2 1 0( )0 0 2 0 0 2 0 0

0 0 0 1 0 1 2

( ) 1 ,  ( ) 1 .mk S k k t k S K t

m m m

E S k E S k E S
X t e P t t e

K S K S K S k S k k
−− + + − +

−

= − = + −
+ + + + +

�>ey

ko_fu� :gjb� ( ) ( )
( )( )1 01 0

2
( )0 0 0 0 0 0

0 0 0 1

( ) 1 ,  ( ) 1 .AA k S K tk S K t A A A

A A A

E S k K E S k E S
X t e P t t e

K S K S K S k
− +− += − = − −

+ + +
L_i_jv�ko_fu�e_]dh�^bkdjbfbgbjmxlky�ih�aZ\bkbfhklyf�P(t).

9. LjzoklZ^bcgZy� ko_fZ� n_jf_glZlb\gh]h� dZlZebaZ. AZ\bkbfhklv� kdhjhklb

j_Zdpbb� hl� dhgp_gljZpbb� km[kljZlZ� ^ey� j_Zdpbb� k� mqZklb_f� N ijhf_`mlhqguo

kh_^bg_gbc�

LjzoklZ^bcgZy� ko_fZ� oZjZdl_jgZ� ^ey� k_jbgh\uo� ijhl_Za�� DhgklZglu� mjZ\g_gby
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FboZwebkZ� fh]ml� [ulv� \uqbke_gu� dZd� 2 3 3

2 3 2 3

,  ;S
kat m

k k K k
k K

k k k k
= =

+ +
� ijb� 2 3 3 katk k k k≈�

ebfblbjmxs_c�klZ^b_c�y\ey_lky�^_Zpbebjh\Zgb_��ijb� 3 2 2 katk k k k=�  – Zpbebjh\Zgb_��EA –
Zpbebjh\Zgguc�n_jf_gl��

F_oZgbaf� k� mqZklb_f� N ijhf_`mlhqguo� kh_^bg_gbc�

3 1 12
1 2 ... ... ;S i n

K k k kk
i nE S X X X X E P+ +→+ → → → → +← �ko_fZ�hibku\Z_lky�mjZ\g_gbyfb

0 1 2 1 1 1 1 1,  0 .i
n n i i i i i i i i

dXdP
v k X k X k X k X k X k X

dt dt+ − + − += = = = − = ⇒ = � Mqblu\Zy� mjZ\g_gb_

fZl_jbZevgh]h� [ZeZgkZ� 0 ,i
i

E E X= + ∑ � gZc^zf� 0 0
0 1 1

0 2

2 2

1 1
,  ,  .

1 1
kat S

kat mn n
m

j ij i

k E S K
v k K

K S k
k k

+ +

= =

= = =
+ ∑ ∑

?keb�j-Zy�klZ^by�y\ey_lky�ebfblbjmxs_c��lh�
2

,  .S j
kat j m

K k
k k K

k
= =

���� L_fi_jZlmjgu_� aZ\bkbfhklb� kdhjhkl_c� n_jf_glZlb\guo� j_Zdpbc�

L_jfhbgZdlb\Zpby�n_jf_glh\��Hkh[_gghklb�n_jf_glh\��\u^_e_gguo�ba�l_jfhnbevguo

fbdjhhj]Zgbafh\�

L_fi_jZlmjgu_� aZ\bkbfhklb� kdhjhkl_c� n_jf_glZlb\guo� j_Zdpbc� ih^qbgyxlky

h[uqguf�aZdhghf_jghklyf�obfbq_kdhc�dbg_lbdb�±�mjZ\g_gbx�:jj_gbmkZ ( )
S H

R RT
kT

k T e e
h

≠ ≠∆ ∆−
=

b�ijZ\bem�<Zgl�=hnnZ� �ijb�ih\ur_gbb�l_fi_jZlmju�gZ���
0
�kdhjhklv�obfbq_kdhc�j_Zdpbb

m\_ebqb\Z_lky�\�kj_^g_f�\�����jZa��

L_jfhbgZdlb\Zpby� n_jf_glh\� ±� ihl_jy� dZlZeblbq_kdhc� Zdlb\ghklb� ijb� ih\ur_gbb

l_fi_jZlmju��l_jfhbgZdlb\Zpby�\ua\ZgZ�ihkl_i_gghc�^_gZlmjZpb_c�[_edZ�b�\�ijhkl_cr_f

kemqZ_�ih^qbgy_lky�aZ\bkbfhklb�
( )

0( ) ,ink T tA t A e−= �]^_�kin ih^qbgy_lky�mjZ\g_gbx�:jj_gbmkZ�

LZdbf�h[jZahf��aZ\bkbfhklv�Zdlb\ghklb�n_jf_glZ�hl�l_fi_jZlmju� ©dhehdhehh[jZagZª��ijb

gbadbo�l_fi_jZlmjZo�wg_j]by�hl^_evguo�qZklbp�kebrdhf�fZeZ�^ey�lh]h��qlh[u�ij_h^he_lv

wg_j]_lbq_kdbc� [Zjv_j�� ±� gbadZy� Zdlb\ghklv�� ijb� \ukhdbo� l_fi_jZlmjZo� n_jf_gl

bgZdlb\bjm_lky�±�lZd`_�gbadZy�Zdlb\ghklv��>ey�mf_gvr_gby�kdhjhklb�bgZdlb\Zpby�n_jf_gl

gm`gh� klZ[bebabjh\Zlv� kha^Zgb_f� ^hihegbl_evguo� k\ya_c� �\h^hjh^guo�� ^bkmevnb^guo�

h[jZah\Zgb_f�khe_\uo�fhklbdh\��

Hkh[_gghklb�n_jf_glh\��\u^_e_gguo�ba�l_jfhnbevguo�hj]Zgbafh\:
���<ukhdZy�klZ[bevghklv�

���<ukhdZy�wg_j]by�Zdlb\Zpbb�

���GbadZy�Zdlb\ghklv�ijb�dhfgZlghc�l_fi_jZlmj_�

H^gbf� ba� lZdbo� n_jf_glh\� y\ey_lky� ]b^jh]_gZaZ� ±� [_ehd�� Zdlb\bjmxsbc� fhe_dmem

\h^hjh^Z��Hg�hq_gv�mklhcqb\�^Z`_�\�dbiys_c�\h^_�b�fh`_l�[ulv�bkihevah\Zg�\�lhieb\guo

we_f_glZo�� kbkl_fZo� [bhnhlhebaZ� \h^u�� dhg\_jkbb� lhieb\�� [bhdZlZeblbq_kdh]h

\hkklZgh\e_gby�KH2.

11. Bg]b[bjh\Zgb_�n_jf_glh\�

G_h[jZlbfh_� bg]b[bjh\Zgb_� ±� h[jZah\Zgb_� ijhqghc� �g_� jZajmrZ_fhc� \� mkeh\byo

ijh\_^_gby� dZlZebaZ�� obfbq_kdhc� k\yab� bg]b[blhjZ� k� nmgdpbhgZevgh� \Z`gufb� ]jmiiZfb

Zdlb\gh]h�p_gljZ�n_jf_glZ��G_h[jZlbfh_�bg]b[bjh\Zgb_�hibku\Z_lky�ko_fhc� .kE I EI+ →
KqblZy� 0 0,I E� � aZibr_f� dbg_lbq_kdh_� mjZ\g_gb_� ^ey� j_Zdpbb� \lhjh]h� ihjy^dZ� �Ijbf_j

g_h[jZlbfh]h�bg]b[bjh\Zgby�±�Zkibjbg�b�ijhklZ]eZg^bg�G�kbgl_lZaZ�
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H[jZlbfh_�bg]b[bjh\Zgb_� �h[jZah\Zgb_�dhfie_dkh\�n_jf_gl±bg]b[blhj��fh`_l�[ulv

dhgdmj_glguf�b�g_dhgdmj_glguf.

<� ijhp_kk_� dhgdmj_glgh]h� bg]b[bjh\Zgby� ijhl_dZxl� j_Zdpbb� ,iK
E I EI→+ ←

0 0 0 0;  ,  .m kat
K kE S ES E P E S E I→+ → +← � � � <_ebqbgu� EI b� ES fh`gh� aZibkZlv� q_j_a

dhgklZglu� jZ\gh\_kby� khhl\_lkl\mxsbo� j_Zdpbc� 0 0,  ;
i m

E I E S
EI ES

K K

⋅ ⋅= = � lh]^Z� mkeh\b_

fZl_jbZevgh]h�[ZeZgkZ�ih�n_jf_glm�ijbf_l� \b^� 0 0
0 1 .

m i

S I
E E ES EI E

K K

 
+ + = + + 

 
�Kdhjhklv

hij_^_eyxs_c� y\ey_lky� klZ^by� h[jZah\Zgby� J�� ihwlhfm

gZ[ex^Z_fZy� kdhjhklv� j_Zdpbb� hij_^_ey_lky� mjZ\g_gb_f

i_j\h]h� ihjy^dZ� 0 0 0
0

0

.

1

kat kat
kat

m
m

i

k E S k E SdP
v k ES

dt K I
K S

K

⋅= = = =
 

+ 
 

LZdbf�h[jZahf��bg]b[blhj�g_�\eby_l�gZ�ij_^_evgh_�mjZ\g_gb_

(S0 → ��� ko_fu� FboZwebkZ�F_gl_g� �kf�� ��� vm = kkatE0,
mf_gvrZ_l� gZ[ex^Z_fmx� kdhjhklv� j_Zdpbb�� gh� m\_ebqb\Z_l

gZ[ex^Z_fh_� agZq_gb_�Km. AZ\bkbfhklv� v hl�S0 ij_^klZ\e_gZ
gZ�jbkmgd_�

G_dhgdmj_glgh_� bg]b[bjh\Zgb_� ijhl_dZ_l� ih� ij_^klZ\e_gghc� ko_f_�� Bkihevamy

\_ebqbgu� EI, ES, ihemq_ggu_� ^ey� kemqZy� dhgdmj_glgh]h� bg]b[bjh\Zgby�� gZc^zf

0 0 .
m i

E I S
ESI

K K

⋅ ⋅= 0 0 0 0
0 1 .

m i m i

S I I S
E E ES EI ESI E

K K K K

 
= + + + = + + + 

 

0
0

0 0 0
0

0 0 0 0 0

1 /
.

1

kat

kat i

m m

m i m i

k E
S

k S E I K
v

S I I SK K S
K K K K

+= =
++ + +

�Bg]b[blhj� \eby_l� gZ� kdhjhklv� j_Zdpbb�� gh� g_

baf_gy_l� gZ[ex^Z_fh_

agZq_gb_�Km. AZ\bkbfhklv�v(S0)
ij_^klZ\e_gZ�gZ�jbkmgd_�

>bkdjbfbgZpby

dhgdjmj_glgh]h� b

g_dhgdmj_glgh]h

bg]b[bjh\Zgby� hkms_kl\ey_lky

ih� aZ\bkbfhklyf� �/v0 hl� 1/S0

dZd� ihdZaZgh� gZ� jbkmgd_

�kijZ\Z� ±� dhgdmj_glgh_

bg]b[bjh\Zgb_�� ke_\Z� ±
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g_dhgdmj_glgh_��

����<ebygb_�pH gZ�kdhjhklv�n_jf_glZlb\guo�j_Zdpbc�

N_jf_glZlb\gu_�ijhp_kku��ijhl_dZxsb_�k�mqZklb_f�ijhlhgZ��ij_^klZ\e_gu�gZ�ko_f_�

AZibku\Zy� dhgklZglu� jZ\gh\_kbc�� 1 2,  ,
E H E H

K K
EH E

+ − +

+

⋅ ⋅= = � \ujZabf� q_j_a� E b� ES

dhgp_gljZpbb�� g_h[oh^bfu_� ^ey� aZibkb� mjZ\g_gby� fZl_jbZevgh]h� [ZeZgkZ� ih� n_jf_glm�

2 2

1 1

1 1
K KH H

E E EH E ES EH S ES E ES
K H K H

+ +
+ − + −

+ +

   
= + + + + + = + + + + + =   

   

0 02

1 0 2

1

1 1 .

1 1m

m

S EKH
E E

K K H S KH

K K H

+

+ +

+

  
= + + + ⇒ =        + + +  

  

( )
0 0 0

0

2
0

1

.

1

kat kat
kat

m
m

k E S k E SdP
v k ES

dt K KH
K S

K H

+

+

⋅= = = =
 

+ + + 
 

AZ\bkbfhklv� lg v(pH) ij_^klZ\e_gZ� gZ� jbkmgd_� H[hagZqZy
vm = kkatE0S0, gZc^zf� aZ\bkbfhklb� lg v(pH) ^ey� g_dhlhjuo
h[eZkl_c� ]jZnbdZ�� <� dbkehc� h[eZklb

1
1 2, ,  lg const pH.mv K

H K K v v
H

+
+⇒ = = +� � <� g_cljZevghc

h[eZklb� 1 2,  .mH K H K v v+ + ⇒ ≈� � �<�s_ehqghc� h[eZklb

1 2
2

, ,  lg const pH.mv H
H K K v v

K

+
+ ⇒ = = −�

���� :dlb\gu_� p_glju� n_jf_glh\�� DZlZeblbq_kdb_� b� khj[pbhggu_� ih^p_glju�

Hkgh\gu_�kljmdlmjgu_�we_f_glu��Ki_pbnbqghklv�b�wnn_dlb\ghklv�n_jf_glZlb\gh]h

dZlZebaZ�

Kf�����

DZlZeblbq_kdbc�pbde�±�ihke_^h\Zl_evghklv�[hevrh]h�qbkeZ�hl^_evguo�we_f_glZjguo

klZ^bc�� dhlhju_� y\eyxlky� [ukljufb�� g_ebfblbjmxsbfb� �aZ� kqzl� j_Zebamxsboky

]b^jhnh[guo�� we_dljhklZlbq_kdbo� \aZbfh^_ckl\bc�� \h^hjh^guo� k\ya_c��� Z� ihlhfm

ijb[eb`_gu�d�i_j_oh^ghfm�khklhygbx�k�fbgbfZevghc�wg_j]b_c�

Ij_^eh`_gh�g_kdhevdh�h[tykg_gbc�\ukhdhc�ki_pbnbqghklb�n_jf_glh\�

��� Dhgp_ipby� ©dexq±aZfhdª� ±� oZjZdl_jgh_� kljh_gb_� Zdlb\gh]h� p_gljZ� n_jf_glZ�

^himkdZxs__�lhevdh�khhl\_lkl\mxsbc�_fm�ih�kljh_gbx�km[kljZl�

��� Dhgp_ipby� ©^u[uª� ±� n_jf_gl� Zdlb\bjm_l� km[kljZl�� jZkly]b\Zy� b� ^_klZ[bebabjmy

k\yab�

��� Dhgp_ipby� bg^mpbjh\Zggh]h� khhl\_lkl\by� ±� lhevdh� ©hl^_evgu_ª� km[kljZlu

kihkh[gu�\ua\Zlv�g_h[oh^bfu_�dhgnhjfZpbhggu_�baf_g_gby�\�[_ed_�

Djhf_� ©h[uqghcª� ki_pbnbqghklb� ih� km[kljZlm� n_jf_glu� aZqZklmx� h[eZ^Zxl

kl_j_hki_pbnbqghklvx� ±� ^_ckl\mxl� lhevdh� gZ� h^bg� ba� wgZglbhf_jh\�� ijbqbgZ� lZdh]h

wnn_dlZ� khklhbl� \� hjb_glZpbb� ]b^jhnh[gh]h� njZ]f_glZ�� dhlhjuc� hl\_qZ_l� aZ� k\yau\Zgb_

km[kljZlZ�imlzf�]b^jhnh[gh]h�\aZbfh^_ckl\by�

P_ib�i_j_ghkZ�aZjy^Z�±�d�q_fm�wlh""�

��� <� k\h[h^ghf� Zdlb\ghf� p_glj_� gmde_hnbe� h[eZ^Z_l� gbadhc� j_Zdpbhgghc

kihkh[ghklvx��kms_kl\_ggh�gb`_�q_f�HG
–
�beb�Zedhdkbevguc�bhg�

��� <� dhfie_dk_� k� \ukhdhki_pbnbqguf� km[kljZlhf� n_jf_glZ� gmde_hnbe� [ebahd� d
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Zedhdkbevghfm�bhgm�

���GZ�klZ^bb�^_Zpbebjh\Zgby�\�Zpben_jf_gl_�j_ZdpbhggZy�kihkh[ghklv�\h^u�[ebadZ�d

j_Zdpbhgghc�kihkh[ghklb�]b^jhdkbevgh]h�bhgZ�

���� F_lh^u� [bhbgnhjfZlbdb�� <ujZ\gb\Zgb_� ihke_^h\Zl_evghklb� Zfbghdbkehl�

wgljhiby� R_gghgZ� dZd� djbl_jbc� dhgk_j\Zlb\ghklb� Zfbghdbkehl� \� k_f_ckl\Zo

n_jf_glh\�

;bhbgnhjfZlbdZ� ±� gZmdZ� h� dhfivxl_jghf� ZgZeba_� ]_g_lbq_kdbo� l_dklh\�

Zfbghdbkehlguo�ihke_^h\Zl_evghkl_c��ijhkljZgkl\_gghc�kljmdlmju�b�nmgdpbb�[_edh\�

>ey� kjZ\g_gby� Zfbghdbkehlguo� ihke_^h\Zl_evghkl_c� bkihevamxl� lZd� gZau\Z_fh_

\ujZ\gb\Zgb_� ±� kjZ\g_gb_� iheh`_gbc� kh\iZ^Zxsbo� mqZkldh\�� <ujZ\gb\Zgb_� bkihevamxl

^ey� fh^_ebjh\Zgby� ijhkljZgkl\_gghc� kljmdlmju� ih� ]hfheh]bb�� Z� lZd`_� ihbkdZ� koh^guo

h[t_dlh\�ih�[ZaZf�^Zgguo�

<b^u�\ujZ\gb\Zgby:
���Ih�dhebq_kl\m�\h\e_qzgguo�ihke_^h\Zl_evghkl_c�±�iZjgh_�b�fgh`_kl\_ggh_�

���Ih�oZjZdl_jm�koh^kl\Z�±�ehdZevgh_�b�h[s__�

���Ih�kljmdlmj_�hklZldh\�±�k�ijhimkdZfb��\�g_dhlhjuo�p_iyo�\hafh`gu�jZaju\u�f_`^m

kh\iZ^Zxsbfb�mqZkldZfb��b�g_ij_ju\gh_�

KlZlbklbq_kdZy� \_jhylghklv

ihiZ^Zgby� i�hc� Zfbghdbkehlu� \� j-h_

iheh`_gb_� ;
j

j i
i j

i
i

n
p

n
=

∑
� wlZ� \_ebqbgZ

iha\hey_l� hij_^_eblv� wgljhibx

R_gghgZ� ^ey� iheh`_gby� j

2log .j j
j i i

i

H p p= −∑ �?keb�Hj = 0, lh� ^ey

\k_o�i eb[h� 0,j
ip = �eb[h� 1,j

ip = �lh�_klv�\

^Zgghc� ihabpbb� h^ghagZqgh� gZoh^blky

lhevdh� h^gZ� ZfbghdbkehlZ�� dhlhjZy

y\ey_lky� Z[khexlgh� dhgk_j\Zlb\ghc�

?keb� agZq_gb_� wgljhibb�R_gghgZ� hlebqgh� hl� ��� lh� _]h� fh`gh� jZkkfZljb\Zlv� dZd� f_jm

dhgk_j\Zlb\ghklb�±�f_jm�mihjy^hq_gghklb�Zfbghdbkehlghc�ihke_^h\Zl_evghklb�

Hkgh\gu_�ijbgpbiu:
���DZlZeblbq_kdb�\Z`gu_�]jmiiu�\uy\eyxlky�dZd�dhgk_j\Zlb\gu_�Zfbghdbkehlu�ijb

fgh`_kl\_gghf�\ujZ\gb\Zgbb�ihke_^h\Zl_evghkl_c�Zfbghdbkehl�\�k_f_ckl\Zo�n_jf_glh\�

��� GZb[he__� \Z`ghc� Zfbghdbkehlhc� ijb� nhjfbjh\Zgbb� Zdlb\gu� p_gljh\� y\ey_lky

]ebpbg�

3) :kiZjZ]bgh\Zy�dbkehlZ��]bklb^bg��Zj]bgbg��gZb[he__�qZklh�\klj_qZxlky�\�Zdlb\guo
p_gljZo�n_jf_glh\�b�©jZ[hlZxlª�dZd�gmde_hnbevgh�we_dljhnbevgu_�Z]_glu�

4) Pbkl_bg� b� ijhebg� ±� kljmdlmjhh[jZamsb_� Zfbghdbkehlu�� g_h[oh^bfu_� ijb

nhjfbjh\Zgbb�Zjobl_dlmju�Zdlb\guo�p_gljh\�
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���� DhgklZglu� kdhjhklb� \� we_f_glZjguo� klZ^byo� n_jf_glZlb\gh]h� dZlZebaZ�

F_oZgbafu�ebfblbjh\Zgby�

>ey� hij_^_e_gby� oZjZdl_jguo� agZq_gbc� kkat b� Km [ueh� bkke_^h\Zgh� jZkij_^_e_gb_
agZq_gbc�wlbo�\_ebqbg�gZ�\u[hjd_�ba�����n_jf_glh\��J_amevlZlu�ZgZebaZ�ij_^klZ\e_gu�gZ

jbkmgdZo�

Ebfblbjmxsb_�klZ^bb:
���>bnnmaby��aZ\bkbfhklv�dhgklZglu�kdhjhklb�hl�^bnnmabb�hij_^_ey_lky�mjZ\g_gb_f

1 2 1 22 ( )( ) ,  
1000 6

N kT
k R R D D D

R
= π + + =

πη
±�dhwnnbpb_gl�^bnnmabb�

���Baf_g_gb_�dhgnhjfZpbb�

��� I_j_ghk� ijhlhgZ� �gZ[ex^Z_lky

kbevguc� dbg_lbq_kdbc� bahlhiguc

wnn_dl��

����H[sbc�dbkehlgh�hkgh\guc�dZlZeba�\�f_oZgbaf_�^_ckl\by�n_jf_glh\�

H[sbf� dbkehlguf� dZlZebahf� gZau\Zxlky� ijhp_kku

mkdhj_gby�j_Zdpbc�ih^�^_ckl\b_f�dbkehl��we_dljhnbevguo

Z]_glh\��� Z� h[sbf� hkgh\guf� dZlZebahf� ±� ijhp_kku

mkdhj_gby� ih^� ^_ckl\b_f� hkgh\Zgbc� �gmde_hnbevguo

Z]_glh\��� Ki_pbnbq_kdbf� dbkehlguf (hkgh\guf)
dZlZebahf� gZau\Zxlky� ijhp_kku� mkdhj_gby� j_Zdpbc� ih^

^_ckl\b_f�H+ (OH–).
H[sZy� aZ\bkbfhklv� dhgklZglu� kdhjhklb� hl

dhgp_gljZpbb� dbkehl� b� hkgh\Zgbc� ^Zzlky� mjZ\g_gb_f

gZ[e jZkl [ ] [ ] [ ] [ ],BH OH BH
k k k H k OH k BH k B+ − +

+ − += + + + +  kjZkl
oZjZdl_jbam_l� kdhjhklv� ijhp_kkZ� k� mqZklb_f� jZkl\hjZ�

AZ\bkbfhklv�dhgklZgl�hl�kbeu�dbkehlu� �hkgh\Zgby��^Zzlky

mjZ\g_gb_f�;j_gkl_^Z lg lg ,oB aB
k k pK− = + β  lg lg ,HA oA ak k pK= + α �]^_�α�b�β – dhwnnbpb_glu

;j_gkl_^Z��oZjZdl_jbamxsb_�kl_i_gv�i_j_ghkZ�ijhlhgZ�\

i_j_oh^ghf�khklhygbb�j_Zdpbb�

Ijbf_ju�ijb\_^_gu�gZ�jbkmgdZo�

Ijbf_g_gb_:
��� M\_ebq_gb_� j_Zdpbhgghc� kihkh[ghklb

ZlZdmxs_]h�p_gljZ�

���M\_ebq_gb_�j_Zdpbhgghc�kihkh[ghklb�ZlZdmxsbo

]jmii��p_ib�i_j_ghkZ�aZjy^Z��±�kf�����

��� Bkihevah\Zgb_� [ukljuo� j_Zdpbc� ^ey

hilbfbaZpbb�kljmdlmju�i_j_oh^gh]h�khklhygby�

����:dlb\gu_�p_glju�n_jf_glh\�b�f_oZgbafu

dZlZebabjm_fuo� j_Zdpbc�� �� ]jmiiu� ]b^jheZa�

Fhe_dmeyjgu_� f_oZgbafu� ^_ckl\by� α-
obfhljbikbgZ�� i_ikbgZ�� iZiZbgZ�

dZj[hdkbi_ilb^Zau�� hj]ZghnhknZl]b^jheZau�

ibjhnhknZlZau��wdahgmde_Zau�
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:dlb\guc� p_glj�n_jf_glZ� ±� ]jmiiZ� Zlhfh\�� hkms_kl\eyxsbo� khj[pbx�� obfbq_kdmx

Zdlb\Zpbx�b�ljZgknhjfZpbx�j_Z]bjmxs_]h�\_s_kl\Z��H[uqgh� wlb�ijhp_kku�ijhbkoh^yl�\

jZaguo� qZklyo� Zdlb\gh]h� p_gljZ�� qlh� iha\hey_l� \u^_eblv� \� gzf� khj[pbhgguc� b

dZlZeblbq_kdbc�ih^p_glju��F_oZgbaf�obfbq_kdhc�Zdlb\Zpbb�\�Zdlb\ghf�p_glj_�n_jf_glZ

k\yaZg�� \_jhylgh�� k� l_f�� qlh� \� kbem� hkh[_gghkl_c� kljh_gby� [_edZ� hl^_evgu_� mqZkldb

n_jf_glZ� ih�jZaghfm� \aZbfh^_ckl\mxl� k� jZagufb� ZlhfZfb� j_Z]bjmxs_c� fhe_dmeu�

jZkly]b\Zy� _z� k\yab� b� kha^Z\Zy� gZijy`_gby� ±� obfbq_kdZy� Zdlb\ghklv� ih\urZ_lky�

<aZbfh^_ckl\b_� n_jf_glZ� k� j_Z]bjmxs_c� fhe_dmehc� h[uqgh� y\ey_lky� ]b^jhnh[guf�

we_dljhklZlbq_kdbf� beb� h[jZah\Zgh� \h^hjh^gufb� k\yayfb� b� hq_gv� kbevgh� aZ\bkbl� hl

kljh_gby�n_jf_glZ��qlh�h[mkeh\eb\Z_l�\ukhdmx�ki_pbnbqghklv��>ey�i_j_oh^gh]h�khklhygby

ij_^eZ]Z_lky� ^\mop_gljh\Zy� fh^_ev� �oh^� j_Zdpbb� hibku\Z_lky

gb`g_c�djb\hc�gZ�jbkmgd_��

<u^_eyxl���]jmiiu�]b^jheZa:
��� :dlb\Zpby� \h^u� dZj[hdkbevgufb� ]jmiiZfb� �i_ikbg�

ebahpbf��

��� :dlb\Zpby� \h^u� bfb^Zahevgufb� ]jmiiZfb� ]bklb^bgZ

(iZiZbg��jb[hgmde_ZaZ��
3) Zn, Co, Ni-aZ\bkbfu_� ]b^jheZau� �dZj[hdkbi_ilb^ZaZ� :�

hj]ZghnhknZl]b^jheZaZ��Ni�aZ\bkbfZy�mj_ZaZ��s_ehqgZy�nhknZlZaZ��

4) Mg, Mn-aZ\bkbfu_� ]b^jheZau� �ibjhnhknZlZaZ�

wdahgmde_ZaZ��>GD�ihebf_jZau��
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����Hkgh\gu_�fbr_gb�^_ckl\by�e_dZjkl\_gguo�ij_iZjZlh\�

Hkgh\gu_�fbr_gb:
��� ;Zdl_jbb� �Zglb[Zdl_jbZevgu_� obfbhl_jZi_\lbq_kdb_� kj_^kl\Z� gZau\Zxlky

Zglb[bhlbdZfb��±�i_gbpbeebgu�

���N_jf_glu��e_dZjkl\Z�y\eyxlky�bg]b[blhjZfb�hij_^_ezgguo�n_jf_glh\��±�kf�����

���J_p_ilhj��bhggu_�dZgZeu�±�bg]b[blhju�Zp_lbeohebgwkl_jZau�

Ijbf_ju�±�kf���������

���� E_dZjkl\_ggu_� ij_iZjZlu�� j_]mebjmxsb_� Zdlb\ghklv� n_jf_glh\�

E_dZjkl\_ggu_�ij_iZjZlu�gZ�hkgh\_�n_jf_glh\�

Ijbqbgu� aZ[he_\Zgbc�� gZjmr_gb_� kbgl_aZ� de_lhqghc� kl_gdb� �i_gbpbeebgu�

p_nZehkihjbgu�� pbdehk_jbg��� gZjmr_gb_� ijhgbpZ_fhklb� pblhieZafZlbq_kdhc� f_f[jZgu

(ihebfbdkbgu���gZjmr_gb_�kbgl_aZ�JGD��jbnZfibpbg���gZjmr_gb_�kbgl_aZ�[_edZ�gZ�mjh\g_

jb[hkhf��l_ljZpbdebgu��e_\hfbp_lbg��fZdjheb^u��Zfbgh]ebdhab^u��

E_dZjkl\_ggu_�ij_iZjZlu�gZ�hkgh\_�n_jf_glh\:
1) KmevnZfb^gu_�ij_iZjZlu

2) E_\hfbp_lbg
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3) Bg]b[blhju� ijhklZ]eZg^bg�G�kbgl_lZau (ijhklZ]eZg^bg�G�
kbgl_lZaZ�±�PGH – dZlZebabjm_l�kbgl_a�wcdhaZghb^h\��klbfmebjmxsbo

khdjZs_gb_� ]eZ^hfur_qghc� ldZgb�� [bhkbgl_a� kl_jhb^guo� ]hjfhgh\�

k_dj_pbx�`_em^hqgh]h�khdZ��Z]j_]Zpbx�ljhf[hpblh\��[he_\u_�j_Zdpbb

b�\hkiZebl_evgu_�ijhp_kku�

:kibjbg�±�f_^e_gguc�g_h[jZlbfuc�bg]b[blhj

4) Bg]b[blhju� Zp_lbeohebgwkl_jZau –
n_jf_glZ�� mqZkl\mxs_]h� \� i_j_^Zq_� g_j\guo

bfimevkh\��kf������

E_dZjkl\_ggu_� ij_iZjZlu� gZ� hkgh\_

n_jf_glh\� ±� gZijbf_j�� bgkmebg�� j_]meylhj� mjh\gy

]exdhau�\�djh\b�

Bg^hf_lZpbg�b�\hevlZj_g

±�f_^e_ggu_�h[jZlbfu_

bg]b[blhju

;jmn_g�b�ZgZev]bg –
[uklju_�h[jZlbfu_

bg]b[blhju
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20. G_kl_jhb^gu_� ijhlb\h\hkiZebl_evgu_

ij_iZjZlu�

:glb[bhlbdb�

���I_gbpbeebgu

2) E_\hfbp_lbg�±�kf�����

����J_p_ilhju�b�kbkl_fu�i_j_^Zqb�kb]gZeZ�

G_j\gu_� bfimevku� \� hj]Zgbaf_� i_j_^Zxlky� hkh[ufb� g_j\gufb� de_ldZfb�

gZau\Z_fufb�g_cjhgZfb��Hkh[_gghklvx�g_cjhgh\�y\ey_lky�gZebqb_�hljhkldh\�±�^_g^jblh\

�ihemq_gb_� kb]gZeZ�� b� Zdkhgh\� �i_j_^ZqZ� kb]gZeZ���F_`^m� hljhkldZfb� g_cjhgh\� bf_xlky

s_eb��gZau\Z_fu_�kbgZilbq_kdbfb �ijhp_kk�i_j_^Zqb�kb]gZeZ�hl�h^gh]h�g_cjhgZ�d�^jm]hfm
±� kbgZik���<� kihdhcghf� khklhygbb� ij_^kbgZilbq_kdZy� f_f[jZgZ� �f_f[jZgZ� i_j_^Zxs_]h

ZdkhgZ��iheyjbah\ZgZ�aZ�kqzl�^_ckl\by�1D±.�gZkhkZ��kf��OIK������Ijb�ihklmie_gbb�kb]gZeZ

f_f[jZgZ� ^_iheyjbam_lky�� qlh� ijb\h^bl� d� hldjulbx� &D
2+
±dZgZeh\�� jZkiheZ]Zxsboky� gZ
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hdhgqZgbb� ZdkhgZ� bhgu� dZevpby� ihklmiZxl

\gmljv� ZdkhgZ��bgbpbbjmy�ijhp_kk� wdahpblhaZ

±� \u[jhkZ� g_cljhljZgkfbll_jh\� \

kbgZilbq_kdmx� s_ev�� <� dZq_kl\_

g_cjhljZgkfbll_jh\� fh]ml� \uklmiZlv

Zp_lbeohebg�� Zfbghdbkehlu� b� g_dhlhju_

ijhba\h^gu_� Z^_gbgZ�� g_cjhljZgkfbll_ju

ijhoh^yl� q_j_a� kbgZilbq_kdmx� s_ev� b

ihiZ^Zxl� \� khhl\_lkl\mxsb_� j_p_ilhju��>ey

Zp_lbeohebgZ�ba\_klgh�^\Z� lbiZ�j_p_ilhjh\� ±

fmkdZjbgh\uc� b� gbdhlbgh\uc�� h[Z� ijb� ihemq_gbb� kb]gZeZ

hldju\Zxl� gZ� dhjhldh_� \j_fy� bhggu_� dZgZeu� ^ey� gZljby� b

dZeby�� kha^Z\Zy� gZ� ihklkbgZilbq_kdhc� f_f[jZg_� jZaghklv

ihl_gpbZeh\�� i_j_^Z\Z_fmx� ^Ze__�� Ba[ulhd� Zp_lbeohebgZ

jZks_iey_lky� ^h� ohebgZ� b� mdkmkghc� dbkehlhc� n_jf_glhf

Zp_lbeohebg�wkl_jZahc�� g_dhjj_dlgZy� jZ[hlZ� wlh]h�n_jf_glZ

y\ey_lky� ijbqbghc� fgh]bo� aZ[he_\Zgbc� b� fh`_l� [ulv

bae_q_gZ�_]h�bg]b[bjh\Zgb_f��kf������

>jm]bf� imlzf� i_j_^Zqb� kb]gZeh\� y\eyxlky� ]hjfhgu –
kb]gZevgu_� \_s_kl\Z�� h[jZamxsb_ky� \� de_ldZo� wg^hdjbgguo

`_eza� b� i_j_ghkbfu_� djh\vx�� J_p_ilhjZfb� ]hjfhgh\

y\eyxlky�ljZgkf_f[jZggu_�[_edb��Zdlb\bjmxsb_� aZf_s_gb_

GDP gZ�GTP \�hkh[hf�Gs [_ed_��gZoh^blky�\gmljb�de_ldb��ijb
ihiZ^Zgbb� ]hjfhgZ� gZ� j_p_ilhj��:dlb\bjh\Zgguc� Gs [_ehd
Zdlb\bjm_l� Z^_gbeZlpbdeZam�� dZlZebabjmxsmx� h[jZah\Zgb_

3’-5’-pbdeh:FN�� Ihke_^gyy� Zdlb\bjm_l� ijhl_bgdbgZam� :�

nhknhjbebmxsmx� Ser/Thr beb� Tys �kf�� OIK�� ����� Ih�

\b^bfhfm�� a^_kv� ijhklh� baeh`_g� ih^jh[g__� f_oZgbaf�

ijb\_^zgguc�\�OIK�����

����Ki_pbnbq_kdbc�b�g_ki_pbnbq_kdbc�bffmgbl_l��:glbl_eZ�

Bffmgguc� hl\_l� hj]ZgbafZ�fh`_l� [ulv� dZd� g_ki_pbnbqguf� �h^gb� b� l_�`_� qZklbpu

h^bgZdh\uf�h[jZahf� ZlZdmx� \k_� qm`_jh^gu_� h[t_dlu��� lZd�b� ki_pbnbqguf� �ijhba\h^blky

ZlZdZ� lhevdh� gZ� h^bg� dhgdj_lguc� \bjmk��� QZklbpZfb�� hl\_qZxsbfb� aZ� jZajmr_gb_

qm`_jh^guo� h[t_dlh\�� y\eyxlky� nZ]hpblu�� Z� kZf� ijhp_kk� mgbqlh`_gby� gZau\Z_lky

nZ]hpblhahf.
G_ki_pbnbq_kdbc� bffmgbl_l� h[_ki_qb\Z_lky� kZfbfb� nZ]hpblZfb� ±� fZdjhnZ]Zfb
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�i_j\bqgh_� jZajmr_gb_� \bjmkZ� \� de_ld_�� b� g_cljhnbeZfb�� NZ]hpblha� khklhbl� ba� \hkvfb

klZ^bc�� dhlhju_� ij_^klZ\e_gu� gZ� jbkmgd_� ±� o_fZlZdkbk�� Z^]_aby�� Zdlb\Zpby� f_f[jZgu�

gZqZeh�nZ]hpblhaZ��h[jZah\Zgb_�nZ]hkhfu� �kebygb_��mgbqlh`_gb_�b�i_j_\Zjb\Zgb_��\u[jhk

ijh^mdlh\� ^_]jZ^Zpbb�� Ba\_klgu� dZd� dbkehjh^aZ\bkbfu_�� lZd� b� dbkehjh^g_aZ\bkbfu_

f_oZgbafu� nZ]hpblhaZ�� I_j\u_� ij_^klZ\e_gu� gZ� ko_f_�� \lhju_� k\yaZgu� k� ^_ckl\b_f

dZlbhgguo�[_edh\��ebahpbfh\��eZdlhn_jjbgh\��ijhl_heblbq_kdbo�b�^jm]bo�]b^jheblbq_kdbo

n_jf_glh\�� Z� lZd`_� ih\j_`^_gb_f� f_f[jZg� fbdjhhj]Zgbafh\�� jZks_ie_gb_f

fmdhi_ilb^Zfb�de_lhqghc�kl_gdb�[Zdl_jbc��ebr_gb_f�ijhebn_jbjmxsbo�[Zdl_jbc�`_e_aZ

b�ijhkluf�i_j_\Zjb\Zgb_f�m[bluo�fbdjhhj]Zgbafh\�

Ki_pbnbq_kdbc� bffmgbl_l� k\yaZg� k� ^_ckl\b_f� Zglbl_e� �bffmgh]eh[mebgh\�� ±

keh`guo� h[jZah\Zgbc�� bf_xsbo� nhjfm� [md\u� Y. Kljh_gb_� Zglbl_eZ� ij_^klZ\e_gh� gZ
jbkmgd_�� hgh� kh^_j`bl� dZd� dhgklZglgu_�� lZd� b� \ZjbZ[_evgu_� h[eZklb�� ijbqzf� bf_ggh

\ZjbZ[_evgu_� h[eZklb� hl\_lkl\_ggu� aZ� magZ\Zgb_� Zglb]_gZ�� lh� _klv� ki_pbnbq_kdhc

gmde_hlb^ghc� ihke_^h\Zl_evghklb� \bjmkZ��Hlf_lbf�� qlh� [hevrb_� p_ib� Zglbl_eZ� y\eyxlky

ly`zeufb�� Z� fZeu_� \g_rgb_� p_ib� ±� ez]dbfb�� JZks_ie_gb_� Zglbl_eZ� ih� lhqd_� ba]b[Z

Zglbl_eZ� ijhbkoh^bl� ih^� ^_ckl\b_f� iZiZbgZ�� ih� k_j_^bg_� ly`zeuo� p_i_c� ±� i_ikbgZ�

gZdhg_p��\hkklZgh\e_gb_�S–S�k\ya_c�ijb\h^bl�d�iheghfm�jZajmr_gbx�Zglbl_eZ�

GZ� i_j\hf� wlZi_� ki_pbnbq_kdh]h� bffmggh]h� hl\_lZ� hkh[u_� de_ldb� <�ebfnhpblu

magZxl� Zglb]_g� b� Zdlb\bjmxl� ieZafZlbq_kdb_� de_ldb�� gZqbgZxsb_� kbgl_a� Zglbl_e�

ki_pbnbqguo� ih� hlghr_gbx� d� wlhfm� Zglb]_gm�� :glbl_eZ� e_]dh� k\yau\Zxlky� dZd� k

Zglb]_ghf�� lZd� b� k� ih\_joghklvx� nZ]hpblZ�� ijbly]b\Zy� \bjmk� d� nZ]hpblm� b� bgbpbbjmy

nZ]hpblha�

���� Hkgh\u� dmevlb\bjh\Zgby� de_lhd�� NZau

jZa\blby�de_lhqguo�ihimeypbc��AZ\bkbfhklv�kdhjhklb

jhklZ�hl�dhgp_gljZpbb�ebfblbjmxs_]h�km[kljZlZ�

NZau�jZa\blby�de_lhqguo�ihimeypbc:
���Bg^mdpbhgguc�i_jbh^��eZ]�nZaZ��

���Wdkihg_gpbZevguc�jhkl�

���Ebg_cguc�jhkl�

���AZf_^e_gb_�jhklZ�

���KlZpbhgZjgZy�nZaZ�

���NZaZ�hlfbjZgby�dmevlmju��ebabk��

JZa\blb_�ihimeypbb�hibku\Z_lky�mjZ\g_gb_f

( , ) ( ),
dN

S t N t
dt

µ= � ]^_� N� ±� qbkeh� de_lhd� \

ihimeypbb��µ�±�kdhjhklv�jhklZ��Z�S – dhgp_gljZpby
km[kljZlZ�

GZ� i_j\hc�� wdkihg_gpbZevghc�nZa_� jZa\blby

fh`gh� kqblZlv� µ = const, ihwlhfm

0 0,  ln ln .tdN
dt N N e N N t

N
µµ µ= ⇒ = = + � Kdhjhklv

jhklZ� hij_^_ey_lky� dZd� lZg]_gk� m]eZ� gZdehgZ

]jZnbdZ� ln N(t) – gZijbf_j��baf_j_gb_f� agZq_gbc
N \� ^\Z� nbdkbjh\Zgguo� fhf_glZ� \j_f_gb�

AZ\bkbfhklv� kdhjhklv� jhklZ� hl� dhgp_gljZpbb

ebfblbjmxs_]h� km[kljZlZ� S0 ^Zzlky� mjZ\g_gb_f

Fhgh 0

0 0

1 1 1
( ) ,  m S

S m m

S K
S

K S S

µµ
µ µ µ

= = +
+

 –

aZ\bkbfhklv� ebg_Zjbam_lky� \� dhhj^bgZlZo� �/µ –
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1/S0. <_ebqbgZ� kdhjhklb� lZd`_� hij_^_ey_lky� pH b

dhebq_kl\hf�bg]b[blhjh\� dZ` .
1

m
m

i

I

K

µµ =
+

H]jZgbq_gby�jhklZ:
���©DhglZdlgh_�lhjfh`_gb_ª�

���JZkoh^�ebfblbjmxs_]h�km[kljZlZ�

3) Bg]b[bjh\Zgb_�ijh^mdlhf�
���Ihy\e_gb_�km[ihimeypbb��ihl_jy\r_c�kihkh[ghklv

d�^_e_gbx�

©DhglZdlgh_� lhjfh`_gb_ª� \� ijhkl_cr_f� kemqZ_� hibku\Z_lky� aZ\bkbfhklvx

2
0

0

0 0

1
,  ,  .

1 1 11

m
t

t
m mm

m

N

NdN N dN N be
N dt a b

N Ndt N N aN
N N NN

µ

µµ µ µ= − ⇒ = ⇒ = = =
+  − −− 

 

� Ijb� t → ∞

0 1,  ( ) constt
m

m

N
e N t N

N
µ = =� �±�hklZgh\dZ�jhklZ�

����De_lhqguc�jhkl�\�hldjuluo�kbkl_fZo�

GZb[he__� ijhklZ� b� m^h[gZ� ^ey� jZkkfhlj_gby� kbkl_fZ� o_fhklZlZ – n_jf_gl_jZ� k
i_j_f_rb\Zgb_f�� \� dhlhjhf� dhgp_gljZpbb� \k_o� dhfihg_glh\� ih^^_j`b\Zxlky

klZpbhgZjgufb�� Jhkl� ihimeypbb� \� o_fhklZl_� hibku\Z_lky� mjZ\g_gb_f

,
dN U

N N N DN
dt V

µ µ= − = − �]^_�D = U/V – kdhjhklv�jZa[Z\e_gby��y\eyxsZyky�dhgklZglhc�b

oZjZdl_jbklbdhc� dhgdj_lgh]h� o_fhklZlZ�� Djhf_� wlh]h�

0

1 1
( ) ,  ( ) ,

S p

dS dP
DS DS S N S DP

dt Y dt Y
µ µ= − − = − � ]^_� S – dhgp_gljZpby� km[kljZlZ�� J� ±

dhgp_gljZpby�ijh^mdlZ��Z�iZjZf_lj�YS ihdZau\Z_l�wdhghfbq_kdmx�wnn_dlb\ghklv�kbkl_fu�
lh� _klv� ^hex� km[kljZlZ�� i_j_r_^r_]h� \� [bhfZkkm� �ijh^mdl��� AZibku\Zy� mkeh\by

klZpbhgZjghklb� 0
dN dS dP

dt dt dt
= = = � b� j_rZy� ihemq_ggmx� kbkl_fm� ^bnn_j_gpbZevguo

mjZ\g_gbc�� gZoh^bf� ( )0 0
S

S S
m

DK
N Y S S Y S

Dµ
 

= − = − − 
� ±� dhgp_gljZpby� [bhfZkku� ebg_cgh

aZ\bkbl� hl� dhgp_gljZpbb� \\h^bfh]h� \� n_jf_gl_j� km[kljZlZ�

DhglZdlgh_�lhjfh`_gb_
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0
0

0

0 0,  c S m
c

m c S

D K S
N S D

D K S

µ
µ

= ⇒ − = =
− +

� ±� kms_kl\m_l� ij_^_evgh_� agZq_gb_� kdhjhklb

jZa[Z\e_gby�� \ur_� dhlhjhc� jhkl� ihimeypbb� g_� gZ[ex^Z_lky� �a^_kv� [md\Zfb� S b� N
h[hagZq_gu�klZpbhgZjgu_�dhgp_gljZpbb�km[kljZlZ�b�[bhfZkku��

>ey� dmevlb\bjh\Zgby� fbdjhhj]Zgbafh\� \� j_`bf_� o_fhklZlZ

0
dN

N DN D
dt

µ µ= − = ⇒ = � ±� kdhjhklv� jhklZ� jZ\gZ� kdhjhklb� jZa[Z\e_gby�� ?keb�� kh]eZkgh

mjZ\g_gbx�Fhgh� �kf�� �����
0

( ) ,  lh�m S

S m

S DK
S D S

K S D

µµ
µ

= = =
+ −

� ±� klZpbhgZjgZy� dhgp_gljZpby

km[kljZlZ�g_�aZ\bkbl�hl�_]h�gZqZevghc�dhgp_gljZpbb��Z�hij_^_ey_lky�kdhjhklvx�jZa[Z\e_gby

b�iZjZf_ljZfb�jhklZ�

����Hkgh\gu_�gZijZ\e_gby�bg`_g_jghc�wgabfheh]bb�

���Ijhfure_ggu_�dZlZebaZlhju�gZ�hkgh\_�n_jf_glh\��kf�����

���;_edh\uc�^baZcg�n_jf_glh\��kf�����

���Lhgdbc�hj]Zgbq_kdbc�kbgl_a��kf�����

���Bffh[bebah\Zggu_�n_jf_glu�b�de_ldb��kf�����

���FbdjhZgZeba��kf�����

6) ;bhwe_dljhdZlZeba�b�[bhwe_dljhgbdZ�
���N_jf_glu�dZd�e_dZjkl\_ggu_�kj_^kl\Z��kf�����

8) ;bhdZlZeba�\�hojZg_�hdjm`Zxs_c�kj_^u�

���� N_jf_glu� \� ZgZeblbq_kdhc� obfbb�� N_jf_glZlb\gu_� f_lh^Z� ZgZebaZ

f_lZ[heblh\��Bffmghn_jf_glguc�b�[bhexfbg_kp_glguc�ZgZebau��;bhk_gkhju�

Hkgh\gu_�gZijZ\e_gby:
���N_jf_glu�dZd�ZgZeblbq_kdb_�j_Z]_glu�

���Bffmghn_jf_glguc�ZgZeba�

3) ;bhexfbg_kp_glguc�ZgZeba�
4) ;bhk_gkhju�
N_jf_glu� \� debgbq_kdhf� ZgZeba_�� ]exdhaZ�� fhq_\bgZ�� fhehqgZy� dbkehlZ�� ki_dlj

Zfbghdbkehl�� wlZghe�� Zp_lZev^_]b^�� :LN�� :>N�� ihebg_gZkus_ggu_� `bjgu_� dbkehlu�

i_gbpbeebg��dj_ZlbgnhknZl��Ijbf_j�bkihevah\Zgby�ij_^klZ\e_g�ko_fhc�

F_lh^u� ^_l_dlbjh\Zgby

ijh^mdlh\� �\� kdh[dZo� ij_^_e

h[gZjm`_gby��� we_dljhobfbq_kdb_

(10–5
�F���Zfi_jhf_ljbq_kdb_����

–6
�F��

nemhjbf_ljbq_kdb_� ���
–9
� F��

[bhexfbg_kp_glgu_����
–12
�F��

;bhexfbg_kp_glguc� ZgZeba:
h[jZah\Zgb_� Zdlb\gh

exfbg_kpbjmxsbo� \_s_kl\�

gZijbf_j��hij_^_e_gb_�:LN�

Bffmghn_jf_glguc� ZgZeba� ±� hq_gv

qm\kl\bl_evguc� kihkh[� ZgZebaZ�

hkgh\Zgguc� gZ� n_jf_glghf� mkbe_gbb

kb]gZeZ��\u[bjZxl�ih^oh^ys__�Zglbl_eh�b

h[jZamxl� _]h� dhgtx]Zl� k� hij_^_ey_fuf

n_jf_glhf��AZl_f�wlhl�dhgtx]Zl�\\h^yl�\h

\aZbfh^_ckl\b_� k� Zglb]_ghf� b� \u^_eyxl

dhfie_dk�� gZdhg_p�� ^h[Z\eyy� km[kljZl�
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ihemqZxl�ijh^mdl�b�ih�g_fm�hij_^_eyxl�dhebq_kl\h�n_jf_glZ�

;bhk_gkhju�� h[sZy� ko_fZ� jZ[hlu� ij_^klZ\e_gZ� gZ� jbkmgd_�� Ijbf_jhf� [bhk_gkhjZ

fh`_l� [ulv�n_jf_glguc� bhg�k_e_dlb\guc� we_dljh^�� bkihevam_fuc� ^ey� bhghf_ljbq_kdh]h

hij_^_e_gby�]exdhau�

<� jZ[hl_� [bhk_gkhjh\� fh]ml� j_Zebah\u\Zlvky� dZd� i_j_ghk� we_dljhgZ� ijb� ihfhsb

f_^bZlhjh\� ljZgkihjlZ� hl� we_dljh^Z� d� Zdlb\ghfm� p_gljm� n_jf_glZ�� lZd� b� ijyfhc

we_dljbq_kdbc�dhglZdl�f_`^m� we_dljh^hf�b� Zdlb\guf�p_gljhf�n_jf_glZ� �lmgg_ebjh\Zgb_

we_dljhgZ��

����Ijhfure_ggh_�ihemq_gb_�b�bkihevah\Zgb_�n_jf_glh\�

<� ijhfure_gghklb� n_jf_glu� ihemqZxl� \� g_kdhevdh� klZ^bc�� \gZqZe_� ijh\h^yl

khihebf_jbaZpbx�\�h^ghjh^ghf�jZkl\hj_�� aZl_f� ±�\�fbdjhwfmevkbb��ihemq_gguc�ihebf_j

klZ[bebabjmxl�Z^khj[pb_c�gZ�bg_jlgmx�fZljbpm��Ihke_�klZ[bebaZpbb�fZljbpm� m[bjZxl�b

\\h^yl�\�fhe_dmem�©obfbq_kdb_ª�kdh[db�±�]jmiiu��kdj_ieyxsb_�hl^_evgu_�mqZkldb�p_i_c�

]eh[meu��>ey�g_ihkj_^kl\_ggh]h�bkihevah\Zgby�n_jf_glu�bffh[bebamxl��kf�����

H[eZklv� ijhfure_ggh]h� ijbf_g_gby� n_jf_glh\� ihdZ� ^hklZlhqgh� madZ� b

h]jZgbqb\Z_lky� jZaebqgufb� ijhp_kkZfb�� k\yaZggufb� k� kbgl_ahf� m]e_\h^h\� b

ihebkZoZjb^h\�� lZd�� gZ� n_jf_glguo� dZlZebaZlhjZo� \� ijhfure_gghklb� hkms_kl\eyxl

bahf_jbaZpbx�]exdhau�\h�njmdlham�b�ba]hlh\e_gb_�]exdhah�njmdlhaguo�kbjhih\�

����N_jf_glu�\�lhgdhf�hj]Zgbq_kdhf�kbgl_a_�

���N_jf_glu�\�hj]Zgbq_kdbo�jZkl\hjbl_eyo�

���N_jf_glZlb\gZy�fh^bnbdZpby�β-eZdlZfguo�Zglb[bhlbdh\�
���N_jf_glZlb\gh_�jZa^_e_gb_�jZp_fZlh\�

���Kbgl_a�k�bkihevah\Zgb_f�]b^jheZa�

���J_]_g_jZpby�dhnZdlhjh\�

���Kbgl_a�Zfbghdbkehl�

���Kbgl_a�bahlhihf_q_gguo

kh_^bg_gbc�

���Kbgl_a�ijhklZghb^h\�

���Fh^bnbdZpby�kZoZjh\�

����Kbgl_a�i_ilb^guo�k\ya_c�

gZijZ\e_ggZy�fh^bnbdZpby�[_edh\�

Kha^Zgu� [bhdZlZebaZlhju

ke_^mxsbo� ijhp_kkh\�� ZgZwjh[gh]h

ihemq_gby�wlZgheZ��ihemq_gby�ebabgZ�

ihemq_gby� mdkmkghc� dbkehlu�

j_]_g_jZpbb�NAD b� 1$'3��ihemq_gby�[_aeZdlhagh]h�fhehdZ� (]b^jhebaZ� eZdlhau��� kbgl_aZ
ijhklZ]eZg^bgh\� b� e_cdhljb_gh\�� kbgl_aZ� ebihdkbgh\�� kbgl_aZ� wgZglbhf_jh\

ZedbeZfbgnhknhgh\uo� b� ZedbeZfbgnhknhgbkluo� dbkehl�� kbgl_aZ� β-eZdlZfguo
Zglb[bhlbdh\�� ihemq_gby� f_q_guo� gmde_hab^nhknZlh\�� kbgl_aZ� pbdeh^_dkljbgh\�� kbgl_aZ

jy^Z� ZglbZ]j_]Zpbhgguo� Z]_glh\�� Z^`h_gh\�� ibjb^hdkZaheh\�� kbgl_aZ�f_q_gguo�nhknhjhf
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