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CNNM1  603 VKISPQLLLATHRFMATEVEPFKSLYLSEKILLRLLKHPNVIQELKFDEKNKKAPEHYLYQRNRPVDYFVLLLQ
CNNM2  618 VKISPQLLLAMHRFLATEVEAFSPSQMSEKILLRLLKHPNVIQELKYDEKNKKAPEYYLYQRNKPVDYFVLILQ
CNNM3  490 VTISPQLLLATQRFLSREVDVFSPLRISEKVLLHLLKHPSVNQEVRFDESNRLATHHYLYQRSQPVDYFILILQ
CNNM4  544 VKISPQLLLAAHRFLATEVSQFSPSLISEKILLRLLKYPDVIQELKFDEHNKYYARHYLYTRNKPADYFILILQ
consensus  V ISPQLLLA  RFL+ EV  F    +SEK+LL LLK P V QE+++DE N+     YLY R+ P+DYF+LILQ

CNNM1  677 GKVEVEVGKEGLRFENGAFTYYGVPAIMTTACSDNDVRKVGSLAGSSVFLNRSP-----SRCSGLNRSESPNRE
CNNM2  692 GKVEVEAGKEGMKFEASAFSYYGVMALTASPVPLSLSRTFVVSRTELLAAGSPGENKSPPRPCGLNHSDSLSRS
CNNM3  564 GRVEVEIGKEGLKFENGAFTYYGVSALT---VPSSVHQSPVSSL-------QPIRHDLQPDPGDGTHSS-----
CNNM4  618 GKVEVEAGKENMKFETGAFSYYGTMALTSVPSDRSPAHPTPLSRSASLSY---------------PDRTDVSTA
consensus  G+VEVE+GKE ++FE  AF+YYG  AL

CNNM1  746 RSDFGGSNTQLYSSSNN------LYMPDYSVHILSDVQFVKITRQQYQNALTACH
CNNM2  766 DRIDAVTPTLGSSNNQLNSSLLQVYIPDYSVRALSDLQFVKISRQQYQNALMASR
CNNM3  623 -----------------------AYCPDYTVRALSDLQLIKVTRLQYLNALLATR
CNNM4  677 ATLAGSSNQFGSS-------VLGQYISDFSVRALVDLQYIKITRQQYQNGLLASR
consensus                          Y+ D++V +L D+Q++K++R QY N L A





SEDYRDTVVKRKPASLMAPLKRKEEFSLFKVSDDEYKVTISPQLLLATQRF
            1                  2
LSREVDVFSPLRISEKVLLHLLKHPSVNQEVRFDESNRLATHHYLYQRSQP
                                    3
VDYFILILQGRVEVEIGKEGLKFENGAFTYYGVSALTVPSSVHQSPVSSLQ
                 4                           5
PIRHDLQPDPGDGTHSSAYCPDYTVRALSDLQLIKVTRLQYLNALLATRAQ
            67
NLPQSPENTDLQVIPGSQTRLLGEKTTTAAGSSHSRPGVPVEGSPGRNPGV
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Sedimentation 
coefficient (S) 

Estimated MW 
(kDa) RMSD 

Theoretical MW 
(kDa) 

Cytosolic 
fragment 

Peak 
1 

Peak 
2 

Peak 
1 

Peak 
2  Monomer Dimer 

CNNM2 3.62 5.94 44.7 87.0 0.0051 40.7 81.4 
CNNM3 - 5.35 - 84.0 0.0053 41.4 82.8 
CNNM4 3.29 5.98 42.2 88.9 0.0049 40.2 80.4 
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CNNM1  412  KEELNIIQGALELRTKVVEEVLTPLGDCFMLRSDAVLDFATVSEILRSGYTRIPVYEGDQ 471
CNNM2  429  KEELNIIQGALELRTKTVEDVMTPLRDCFMITGEAILDFNTMSEIMESGYTRIPVFEGE- 487
CNNM3  299  DPYSDLSK--GVLRCRTVEDVLTPLEDCFMLDASTVLDFGVLASIMQSGHTRIPVYEEE- 355
CNNM4  356  KEELNMIQGALELRTKTVEDIMTQLQDCFMIRSDAILDFNTMSEIMESGYTRIPVFEDE- 414
            .   :: :    ** :.**:::* * ****: ..::*** .::.*:.**:*****:* : 

CNNM1  472  RHNIVDILFVKDLAFVDPDDCTPLLTVTRFYNRPLHCVFNDTRLDTVLEEFKKGKSHLAI 531
CNNM2  488  RSNIVDLLFVKDLAFVDPDDCTPLKTITKFYNHPLHFVFNDTKLDAMLEEFKKGKSHLAI 547
CNNM3  356  RSNIVDMLYLKDLAFVDPEDCTPLSTITRFYNHPLHFVFNDTKLDAVLEEFKRGKSHLAI 415
CNNM4  415  QSNIVDILYVKDLAFVDPDDCTPLKTITRFYNHPVHFVFHDTKLDAMLEEFKKGKSHLAI 474
            : ****:*::********:***** *:*:***:*:* **:**:**::*****:*******

CNNM1  532  VQRVNNEGEGDPFYEVMGIVTLEDIIEEIIKSEILDETDLYTDNRKKQRVP---QRERKR 588
CNNM2  548  VQRVNNEGEGDPFYEVLGIVTLEDVIEEIIKSEILDETDLYTDNRTKKKVA---HRERK- 603
CNNM3  416  VQKVNNEGEGDPFYEVLGLVTLEDVIEEIIRSEILDESEDYRDTVVKRKPASLMAPLKRK 475
CNNM4  475  VQKVNNEGEGDPFYEVLGLVTLEDVIEEIIKSEILDESDMYTDNRSRKRVS---EK-NK- 529
            **:*************:*:*****:*****:******:: * *.  :::        .: 

CNNM1  589  HDFSLFKLSDTEMRVKISPQLLLATHRFMATEVEPFKSLYLSEKILLRLLKHPNVIQELK 648
CNNM2  604  QDFSAFKQTDSEMKVKISPQLLLAMHRFLATEVEAFSPSQMSEKILLRLLKHPNVIQELK 663
CNNM3  476  EEFSLFKVSDDEYKVTISPQLLLATQRFLSREVDVFSPLRISEKVLLHLLKHPSVNQEVR 535
CNNM4  530  RDFSAFKDADNELKVKISPQLLLAAHRFLATEVSQFSPSLISEKILLRLLKYPDVIQELK 589
            .:** ** :* * :*.******** :**:: **. *.   :***:**:***:*.* **::

CNNM1  649  FDEKNKKAPEHYLYQRNRPVDYFVLLLQGKVEVEVGKEGLRFENGAFTYYGVPAIMTTAC 708
CNNM2  664  YDEKNKKAPEYYLYQRNKPVDYFVLILQGKVEVEAGKEGMKFEASAFSYYGVMALTASPV 723
CNNM3  536  FDESNRLATHHYLYQRSQPVDYFILILQGRVEVEIGKEGLKFENGAFTYYGVSALTVPSS 595
CNNM4  590  FDEHNKYYARHYLYTRNKPADYFILILQGKVEVEAGKENMKFETGAFSYYGTMALTSVPS 649
            :** *:   .:*** *.:*.***:*:***:**** ***.::** .**:***. *:     

CNNM1  709  SDND-----VRKVGSLAGSSVFLNRSPSRCSGLNRSESPNR-------ERSDFGGSNTQL 756
CNNM2  724  PLSLSRTFVVSRTELLAAGSPGENKSPPRPCGLNHSDSLSRSDRIDAV-TPTLGSSNNQL 782
CNNM3  596  VHQ----------------------SPVSS---------LQPIRHDLQ--PDPG------ 616
CNNM4  650  D-----------------------RSPAHPTPLSRSASLSYPDRTDVSTAATLAGSSNQF 686
                                     **                          .      

CNNM1  757  YSSSNNLYMPDYSVHILSDVQFVKITRQQYQNALTACHMDSS  798
CNNM2  783  NSSLLQVYIPDYSVRALSDLQFVKISRQQYQNALMASRMDKT  824
CNNM3  617  DGTHSSAYCPDYTVRALSDLQLIKVTRLQYLNALLATRAQNL  658
CNNM4  687  GSSVLGQYISDFSVRALVDLQYIKITRQQYQNGLLASRMENS  728
             .:    *  *::*: * *:* :*::* ** *.* * : :. 
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Protein Kd ( M) 
CNNM4cyto 2.8 ± 0.2* 
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*same as in Table 2 
**no binding detected 



CNNM4CBS+linker CNNM4CNBH CNNM4cyto F631K CNNM4CBS+linker

-GST

GST

no binding

no binding

Kd Kd Kd

(1500 M) (300 M) (1500 M)

(500 M)

(300 M)





A

0 2 4 6 8
C(ligand)/C(protein), mol/mol

-4

-3

-2

-1

0

DH
, k

J/m
ol

Experimental titration data

0 2 4 6 8
C(ligand)/C(protein), mol/mol

-4

-3

-2

-1

0

DH
, k

J/m
ol

Simulated titrations
B







+

low intracellular [Mg2+]

Extracellular

open conformation
high intracellular [Mg2+]

closed conformation

Cytosol

DUF21

CBS-pair
domain

CNBH
domain

+
+

+

+

+

+

+
+

+
ATP

+ +

Mg2+

Linker





















TMD

AHB

CBS-pair

out

in

pair

o extracellular

intracellular

N

CBS-pair

123

JM

TM

C

2

13

4

Mg2+-ATP
CorC

a b

c d

0 100 200 300 400
0.4

0.5

0.6

0.7

0.8

0.9

Time (s)

m
ag

-fu
ra

-2
33

0/
36

0 
ra

tio

1:30

1:90

1:270

empty

 cnnm2a (D. rerio)

 CNNM2 (H. sapiens)

 CNNM4 (H. sapiens)

 CNNM4 (X. laevis)

 CNNM1 (H. sapiens)

 CNNM3 (H. sapiens)

 UEX (D. melanogaster)
 cnnm-1 (C. elegans)

 CBSDUF1 (A. thaliana)

 MAM3 (S. cerevisiae)

 MpfA (S. aureus)

 yhdP (B. subtilis)

 MtCNNM (M. thermophilus)

 CBSDUFCH1 (A. thaliana chloroplast)

 CorB (S. typhimurium)

 yfjD (E. coli)100

100

98

43

100

96

98

99

100

99

62

71

100

0.20 Mg2+ added







C

158 kDa

7.50 8.75 10.00 11.25 12.50 13.75 15.00
Time (min)

DDM
LMNG
OGNG
LDAO
C12E9
OG
MW standards

6.0x105

0

5.5x105

5.0x105

4.5x105

4.0x105

3.5x105

3.0x105

2.5x105

2.0x105

1.5x105

1.0x105

0.5x105

-0.5x105

-1.0x105

FL
U

 (c
ou

nt
s) 670 kDa 44 kDa

17 kDa
B

1

1. DDM
2. LMNG
3. OGNG
4. LDAO
5. C12E9
6. OG

2 3MW
(kDa)
250
150
100
75

50

37

25
20

15

10

4 5 6MW
(kDa)
250
150
100
75

50
37

25
20
15

10

MW = 
76.6 kDa

GFP fluorescence

Void

Oligomer

Protomer

SDS-PAGE

50 mL culture

SEC
column

Fluorometer

A

96-well purification

pCGFP-BC
MtCNNM (1-426) GFP His

Brightfield UV

 crystals with Mg2+-ATP
D



Archaea        MVVIDLLIVEVVLFIAALLFSGFFSSSEVALISITRAKVHALQSQGRK----GAKALDTLKRST-DAI  63
Bacteria       --METSTIISLIIFILLIALTTVFVGSEFALVKIRATRIEQLADEGNK----PAKIVKKMIANL-DYY  61
Plant          SQVLKVLREQGLILAVLLGLSAFFSMAETSITTLWPWKVRELAEKEP-----ENGVFRMLRSDV-TRF  208
Yeast          AS-VTTY---YIISIILVLLGGVFAGLTLGLMGQDEVYLKVISTSGSNSEKKLAKRVLDLISRGKHWV  122
Roundworm      KEYFLPLPLQIACIGFLLCLSALFSGLTLGLMSLTPQELELVIKSGAIKEQKCAAKILPVRKKG-NLL  261
Fruit fly      FEPLIPVWLAIIIIVTCLGFSALFSGLNLGLMSMDRTELKILRNTGTEKEKKYASKIAPVRDQG-NYL  246
Zebrafish      KKFLLPFWLQVIFIAMLLCLSGMFSGLNLGLMALDPMELRIVQNCGTEKEKHYAKAIEPVRSQG-NYL  258
Human          KKFLLPFWLQVIFISLLLCLSGMFSGLNLGLMALDPMELRIVQNCGTEKEKNYAKRIEPVRRQG-NYL  315
                                : :  .*     .:       :. :              .  :            

Archaea        QITTLIGSTIANVAVASLATAIGITLY--------------GNLGIAVGLVVAAVLVLVFGEIGPKMY  117
Bacteria       LSACQLGITVTSLGLGWLGEPTFEKLLHPIFEAINLPTALTTTISFAVSFIIVTYLHVVLGELAPKSI  129
Plant          LTTILIGTTVVNIAATALVTKAATAIF--------------GEAGVSAATGVMTVAILLLTEITPKSV  262
Yeast          LVTLLLSNVITNETLPIVLDRCL--------------------GGGWQAVVSSTILIVIFGEIIPQSV  170
Roundworm      LCSLLLGNVIVNSAISILMGEL---------------------TTGIYALIGSTMGIVIFGEILPQSI  308
Fruit fly      LCSILLGNVLVNSTFTILLDGL---------------------TSGLFAVIFSTLAIVLFGEITPQAV  293
Zebrafish      LCSLLLGNVLVNTTLTILLDDIA--------------------GSGLIAVVVSTIGIVIFGEIVPQAI  306
Human          LCSLLLGNVLVNTTLTILLDDIA--------------------GSGLVAVVVSTIGIVIFGEIVPQAI  363
                 :  :. .:..     :                              .    :   ::: *: *:  

Archaea        ASRYTEELALRVSRPILFFSKLLYPVLWVTDRIEQQF---AFR-PGVTEPVVTEEEIKEWIDV--GEE  179
Bacteria       AIQHTEKLALVYARPLFYFGNIMKPLIWLMNGSARVIIRMFGVNPDAQTDAMSEEEIKIIINN--SYN  195
Plant          AVHNAQEVARIVVRPVAWLSLILYPVGRVVTYLSMGILKILGL-KGRSEPYVTEDELKLMLRG--AEL  327
Yeast          CVKYGLQVGAFFCPFVLVLMYLMYPVAYPIATLLDYM---LGEDH---GTMYKKSGLKTLVTLHRTMG  232
Roundworm      CVKKGLEVGAHTISITQLFIFLTFPIAWPVSKLLDCL---LGDEY---Q-AYDRKRLMELIKM--SIT  367
Fruit fly      CSRHGLAIGAKTILVTKTVMAITAPLSYPVSRILDKL---LGEEI---GNVYNRERLKELVRV--TND  353
Zebrafish      CSRHGLAVGANTIFLTKFFMILTFPASYPVSKLLDHV---LGQEI---GTVYNREKLLEMLRV--TDP  366
Human          CSRHGLAVGANTIFLTKFFMMMTFPASYPVSKLLDCV---LGQEI---GTVYNREKLLEMLRV--TDP  423
               . :    :.         .  :  *           .                .. :   :       

Archaea        EGTIEEEERDMLYSVLRFGDTTAREVMTPRVDVVMIEDTATLES-ALAIFNETGFSRIPVYHE-RIDN  245
Bacteria       GGEINQTELAYMQNIFSFDERHAKDIMVPRTQMITLNEPFNVDE-LLETIKEHQFTRYPITDDGDKDH  262
Plant          SGAIEEEEQDMIENVLEIKDTHVREVMTPLVDVVAIDGSGSLVD-FHNFWVTHQYSRVPVFEQ-RIDN  393
Yeast          VERLTKDEVTIISAVLDLKAKRVEEIMTPIENVFTMSADTILDDKTVEKIFNSGFSRIPIFLPNEPNN  300
Roundworm      DNGQVSNELKIAVGAMEIADKVVKDVMTKIEDVFMLPDTTVLNAKTVMEIVKMGYTRIPVYQYGDKNN  435
Fruit fly      VNDLDKNEVNIISGALELRKKTVADVMTHINDAFMLSLDALLDFETVSEIMNSGYSRIPVYD-GDRKN  420
Zebrafish      YNDLVKEELNIIQGALELRTKTVEDVMTPLRDCFMISGDAILDFATMSEIMESGYTRIPVYE-GERCH  433
Human          YNDLVKEELNIIQGALELRTKTVEDVMTPLRDCFMITGEAILDFNTMSEIMESGYTRIPVFE-GERSN  490
                    . *       : :    . ::*.   : . :     :            ::* *:       :

Archaea        IVGLLNVKDVFSAVFRQQ--TSATIRDL-MYEPYFIPESKKIDELLKELQVKK-QHMAVVLDE-----  304
Bacteria       IKGFINVKEFLTEYASGKTIKIAN---YIH-ELPMISETTRISDALIRMQREH-VHMSLIIDE-----  320
Plant          IVGIAYAMDLLDYVPKGKLLESTTVVDMAHKPAFFVPDSMSVWNLLREFRIRK-VHMAVVLNE-----  455
Yeast          FIGMLLVRVLISYDPDDCL-PISHFP---LATLPETSPNTSCLNILNYFQEGK-AHMCVVSKE-----  358
Roundworm      VTDMLFVKDLALLDPDDNF-TVKTVCGYHKHPVKFVMNDTPLPNLLEAFKKGE-GHLAMVKRLINTDD  501
Fruit fly      IVTLLYIKDLAFVDTDDNT-PLKTLCEFYQNPVHFVFEDYTLDIMFNQFKEGTIGHIAFVHRV-NNEG  486
Zebrafish      IVDLLFVKDLAFVDPDDCT-PLKTITKFYSHPLHFVFNDTKLDAMLEEFKKGK-SHLAIVQRV-NNEG  498
Human          IVDLLFVKDLAFVDPDDCT-PLKTITKFYNHPLHFVFNDTKLDAMLEEFKKGK-SHLAIVQRV-NNEG  555
               .  :     .                                   :  ::     *:..:        

Archaea        ----YGSFAGIVTVEDMLEELV  322 
Bacteria       ----YGGTAGILTMEDILEEIV  338 
Plant          ----YGGTIGIVTLEDVVEEIV  473 
Yeast          -PGSSHGAIGVLTLEDVIEELI  379 
Roundworm      KHDPSYVLVGVVTLEDIVEEIL  523 
Fruit fly      DGDPFYETVGLVTLEDVIEELI  508 
Zebrafish      EGDPFYEVLGIVTLEDVIEEII  520 
Human          EGDPFYEVLGIVTLEDVIEEII  577 
                        *::*:**::**::              
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   Archaea    LGIAVGLVVAAVLVLVFGEIGPKMYASR
   Bacteria   ISFAVSFIIVTYLHVVLGELAPKSIAIQ
   Plant      AGVSAATGVMTVAILLLTEITPKSVAVH
   Yeast      GGGWQAVVSSTILIVIFGEIIPQSVCVK
   Roundworm  TTGIYALIGSTMGIVIFGEILPQSICVK
   Fruit fly  TSGLFAVIFSTLAIVLFGEITPQAVCSR
   Zebrafish  GSGLIAVVVSTIGIVIFGEIVPQAICSR
   Human      GSGLVAVVVSTIGIVIFGEIVPQAICSR
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no Mg  with Mg  
ATP 1.47 ± 0.15 0.59 ± 0.06 
ADP 7.6 ± 0.8 10.3 ± 1 
AMP 60 ± 6 83 ± 17 

a b

d

f

ve
cto

r
ve

cto
r

WT

WT R25
1L

T32
9I

10-4

10-5

10-6

MtCNNM
residue R235 T313

c e g

No coverage

%
 D

eu
te

riu
m

 c
ha

ng
e 

>20%
10-20%
5-10%
0-5%

CBS1

CBS2

N N

C C



ATP ADP AMP

Mg -ATP Mg -ADP Mg -AMP



A B
*MW

(kDa)
250150
100
75

50
37

25

20

15

10

MSP1D1

*
No coverage

%
 D

eu
te

riu
m

 ch
an

ge
 

>20%
10-20%
5-10%
0-5%

0

5

10

15

20

25

30

35

40

0 5 10 15 20

A2
80

 (m
AU

)

Elution volume (mL)



no addition 10 mM Mg2+ 1 mM ATP

1 mM ADP 1 mM AMP

 
Sedimentation 
coefficient (S) 

Estimated MW 
(kDa) RMSD Theoretical MW (kDa) 

Condition Peak 1 Peak 2 Peak 1 Peak 2  Monomer Dimer 
no addition 1.84 - 16.2  0.0049   
10 mM Mg2+ 1.78 - 16.0 - 0.0042   
1 mM ATP - 2.49 - 32.0 0.0045 14.5 29.0 
1 mM ADP - 2.40 - 30.4 0.0044   
1 mM AMP - 2.44 - 30.9 0.0050   
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