
��UI�&VSPQFBO�$SZTUBMMPHSBQIJD�.FFUJOH
���SE���UI�"VHVTU�����
�3PWJOK
�$SPBUJB

Acta Cryst.�	����
��" 
�T���``````````````````�``````````````````�``````````````````�``````````````````�```````````�

.4���9�SBZ�GSFF�FMFDUSPO�MBTFST
	9'&-
�JO�NBDSPNPMFDVMBS
DSZTUBMMPHSBQIZ

$IBJST��+BOPT�)BKEV
�"ESJBO�.BODVTP

MS2-O1�)JHI�SFTPMVUJPO�OBUJWF�TUSVDUVSF
BOBMZTFT�PG�TVQSBNBDSPNPMFDVMBS

DPNQMFYFT�TVTDFQUJCMF�UP�SBEJBUJPO�EBNBHF
)JEFP�"HP�
�,VOJP�)JSBUB�
�
�(P�6FOP�
�.BTBLJ�:BNBNPUP�


,ZPLP�4IJO[BXB�*UPI�
�5PNJUBLF�5TVLJIBSB�
�
�
�4IJOZB
:PTIJLBXB�
�.JDIJIJSP�4VHB�
�'VTBNJDIJ�"LJUB�
�+JBO�3FO�4IFO�

���3*,&/�41SJOH���$FOUFS
���+BQBO�4DJFODF�BOE�5FDIOPMPHZ�"HFODZ
�$3&45
���6OJWFSTJUZ�PG�)ZPHP
���0TBLB�6OJWFSTJUZ
���0LBZBNB�6OJWFSTJUZ

FNBJM��BHP!TQSJOH��PS�KQ
*O� QSPUFJO� DSZTUBMMPHSBQIZ
� SBEJBUJPO� EBNBHF� GSFF

TUSVDUVSF�EFUFSNJOBUJPO� JT�OPU�OFDFTTBSJMZ�BDIJFWFE
�FWFO
XIFO�UIF�EBUB�JT�DPMMFDUFE�BU�DSZPHFOJD�UFNQFSBUVSFT��5IF
BDUJWF� TJUFT� PG�NFUBMMPQSPUFJOT� BSF� FTQFDJBMMZ� TVTDFQUJCMF
UP�SBEJBUJPO�EBNBHF�EVF�UP�DIBOHFT�JO�UIF�PYJEBUJPO�TUBUFT
PG� DBUBMZUJDBMMZ� JNQPSUBOU� JPOT�� 5IFSFGPSF
� OBUJWF
TUSVDUVSBM� EFUFSNJOBUJPO� PG� UIF� BDUJWF� TJUF� PG� TVDI
NFUBMMPQSPUFJOT� JT� BO� JNQPSUBOU� DIBMMFOHF� JO� QSPUFJO
DSZTUBMMPHSBQIZ�

3FDFOUMZ� XF� TVDDFTTGVMMZ� EFUFSNJOFE� UIF� SBEJBUJPO
EBNBHF� GSFF� IJHI�SFTPMVUJPO� TUSVDUVSF� PG� CPWJOF� IFBSU
DZUPDISPNF� D� PYJEBTF� 	$D0
� 	�
� BOE� DZBOPCBDUFSJB
QIPUPTZTUFN� **� 	14**
� 	�
�� #PUI� $D0� BOE� 14**� BSF
TVQSBNBDSPNPMFDVMBS�DPNQMFYFT�DPOUBJOJOH�NFUBM�JPOT�BT
DBUBMZTUT�PG� UIFJS� SFEPY� SFBDUJPOT��3BEJBUJPO�EBNBHF� GSFF
EJGGSBDUJPO� EBUB� XBT� DPMMFDUFE� VTJOH� GFNUPTFDPOE
DSZTUBMMPHSBQIZ��5P� JNQSPWF� EJGGSBDUJPO� SFTPMVUJPO
� MBSHF
DSZTUBMT
� BT� PQQPTFE� UP� NJDSP�DSZTUBMT� QPQVMBS� JO� TFSJBM
GFNUPTFDPOE� DSZTUBMMPHSBQIZ
� XFSF� VTFE�� *O� UIJT
QSFTFOUBUJPO� *� UBML� UIF� HPOJPNFUFS� CBTFE� EBUB� DPMMFDUJPO
TZTUFN� EFWFMPQFE� BU� 4"$-"� 	41SJOH��� "OHTUSPN
$PNQBDU� GSFF�FMFDUSPO� -"TFS
� BOE� UIF� EBNBHF� GSFF
DSZTUBM�TUSVDUVSFT�PG�$D0�BOE�14**�
	�
� )JSBUB
� ,�� et al.� 	����
� Nature Methods� 


�������
`	�
�4VHB
�.��et al.�	����
�Nature� 
��������
� GFNUPTFDPOE� DSZTUBMMPHSBQIZ
� SBEJBUJPO� EBNBHF


NFUBMMPQSPUFJO

MS2-O2�%BUB�QSPDFTTJOH�GPS�TFSJBM
DSZTUBMMPHSBQIZ��SFDFOU�EFWFMPQNFOUT�JO

$SZTU'&-
5IPNBT�"��8IJUF�

��� $FOUFS� GPS� 'SFF�&MFDUSPO� -BTFS� 4DJFODF
� %FVUTDIFT
&MFLUSPOFO�4ZODISPUSPO�%&4:
�)BNCVSH

FNBJM��UIPNBT�XIJUF!EFTZ�EF
5IF� UFDIOJRVF� PG� TFSJBM� GFNUPTFDPOE� DSZTUBMMPHSBQIZ

IBT� FNFSHFE� PWFS� UIF� MBTU� GFX� ZFBST� BT� B� QBSUJDVMBSMZ
TVDDFTTGVM� BQQMJDBUJPO� PG� 9�SBZ� GSFF�FMFDUSPO� MBTFS
	9'&-
� TPVSDFT�� %BUB� QSPDFTTJOH� GPS� UIJT� UFDIOJRVF

XIJDI� TUBSUT�XJUI� UIF�EJGGSBDUJPO�QBUUFSOT� BOE� GSPN� UIFN
EFSJWFT�FTUJNBUFT�PG� UIF�TUSVDUVSF� GBDUPS�NPEVMJ
� SFRVJSFT
TPNF�NPEJGJDBUJPOT�UP�UIF�DPOWFOUJPOBM�NFUIPET�BOE�JT�BO
BSFB� PG� BDUJWF� BOE� POHPJOH� SFTFBSDI�� 7FSZ� SFDFOUMZ

FYDJUJOH� QSPHSFTT� IBT� CFFO�NBEF� UPXBSET� JODSFBTJOH� UIF
RVBMJUZ� PG� EBUB� XIJDI� DBO� CF� PCUBJOFE� GSPN� B� HJWFO
OVNCFS�PG�EJGGSBDUJPO�QBUUFSOT� JO�B�TFSJBM�DSZTUBMMPHSBQIZ
FYQFSJNFOU�<�
�>
�XIJDI�NBZ�FWFOUVBMMZ�BMMPX�OFX�UZQFT
PG� FYQFSJNFOU� UP� CF� QFSGPSNFE�� 5IF� $SZTU'&-� TPGUXBSF
TVJUF�<�>�IBT�CFFO�NBEF�BWBJMBCMF�BT�GSFF�BOE�PQFO�TPVSDF
TPGUXBSF�UP�BEESFTT�UIF�OFFET�PG�UIJT�UFDIOJRVF
�JODMVEJOH
UIFTF� SFDFOU� JNQSPWFNFOUT
� JO� B� VTFS�PSJFOUFE� NBOOFS
BMPOH� XJUI� TVJUBCMF� EPDVNFOUBUJPO
� UVUPSJBMT� BOE� VTBHF
HVJEFMJOFT�� 5IJT� UBML�XJMM� EJTDVTT� SFDFOU� QSPHSFTT� JO� UIJT
BSFB
�JODMVEJOH�B�MPPL�BU�OFX�GFBUVSFT�BOE�JNQSPWFNFOUT
JO� SFDFOU� WFSTJPOT� PG� $SZTU'&-�� <�>� .�
6FSWJSPKOBOHLPPSO
� 0�� #� ;FMEJO
� "�� :�� -ZVCJNPW
� +�
)BUUOF
�"��4��#SFXTUFS
�/��,�4BVUFS
�"��5��#SVOHFS
�8��*�
8FJT�� F-JGF� �������������F-JGF������� <�>� 5�� "��8IJUF�
�1PTU�SFGJOFNFOU� NFUIPE� GPS� TOBQTIPU� TFSJBM
DSZTUBMMPHSBQIZ��� 1IJM�� 5SBOT�� 3PZ�� 4PD�� #� ���� 	����

����������<�>�5��"��8IJUF
�3��"��,JSJBO
�"��7��.BSUJO
�"�
"RVJMB
� ,�� /BTT
� "�� #BSUZ� BOE� )�� /�� $IBQNBO�
�$SZTU'&-�� B� TPGUXBSF� TVJUF� GPS� TOBQTIPU� TFSJBM
DSZTUBMMPHSBQIZ���+��"QQM��$SZTU�����	����

�Q���v����

� 'VMMZ� BVUPNBUFE� JOEFYJOH� BOE� JOUFHSBUJPO� QJQFMJOF
JNQMFNFOUFE� JO� $SZTU'&-� GPS� FBDI� GSBNF� PG� EJGGSBDUJPO� EBUB

DPSSFTQPOEJOH�UP�POF�9�SBZ�QVMTF�

� 9'&-
� TFSJBM� GFNUPTFDPOE� DSZTUBMMPHSBQIZ
� EBUB
QSPDFTTJOH


