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229E     1                                              R                                   M  V WAD SE Q                          ..................... AT K   A  P .........RG Q.............
NL63     1                                              R                                   M  VNWAD                               ..................... AS     DRAA............ K.............
HKU1     1                                              R                                   L   SWAD SE N Q      N                 MSYTPGHYAGSRSSSGNRSGI KKT    Q  R Y TF.... RG KTQPKFTVST..QP
OC43     1                                              R                                     L WAD SD   N      T                MSFTPGKQSSSRASSGNRSGNG.I K   Q  QFR VQ.... RG RAQPKQTATSQQPS
MERS     1                                              R                                      VSFAD ND T T      S                 .......MASP........AAPRA     N  I N N....L RG GR........NPKP
SARS2    1                                              R                                   A  ITF   SD T S      S                 MSD.NGPQ.NQ........RN PR   GGP  S G NQNGER GA SK........QRRP
SARS     1                                              R                                   A  ITF   TD T N      N                 MSD.NGPQSNQ........RS PR   GGP  S D NQNGGR GA PK........QRRP

229E    18         S                     VP           GY     R       G           YSPL         K    N   V         I  W        R     ...GRIPY L    LVDS.EQPW VIPR L   NKKD.KNKL    NIQK ..F TRK K
NL63    15         S                     VP           GY     R       G          FY PL         R    N   I       E I  W        R     ...KFPPP   M  LVSSDKAPY VIPR L   GKGN.KD Q    NVQE ..W MRR Q
HKU1    55         S                     VP           GY     R       G          WFSGITQ  K    KF  GQG  I       E    W R   R  K     QGNTIPHY        FQ GRDF  SD      AFGVPPS AK   Y HS  SF TAD Q
OC43    56 S                     VP           GY     R       G  WFSGITQ  K     F  GQG  I       E    W R   R  K     GGNVVPYY        FQ GKEFE VE      APGVPAT AK   Y HN  SF TAD N
MERS    34 S                     VP           GY     R       G  WYTGLTQ  K     F  GQG  L         A  W R   K        RAAPNNTV        HG .VPLT PP      NANSTPAQN    R QD  .INTGN .
SARS2   43         S                     VP           GY     R       G          WFT LTQ  K    KF  GQG  I       D I  Y R   R  R     QGLPNNTA    A   HG .EDL  PR      NTNSSPD Q    R AT  .I GGD K
SARS    44         S                     VP           GY     R       G          WFT LTQ  K    RF  GQG  I       D I  Y R   R  R     QGLPNNTA    A   HG .EEL  PR      NTNSGPD Q    R AT  .V GGD K

229E    71    L P   FYY GTGP           G  WV    A          R                 K     L       A F    E VV  A  G  T      G    NS   I   RVD S  LH        HKD K RERV       VD  K EPT.GY V RK  EPE PH.
NL63    69    L P   FYY GTGP           G  WV    A          R                 K     L       L F    D VV  A  G  T     LGN   NQ  L    RVD P  VH        HKD K RQRS       KE  K VNT.S    KR  KP EPK.
HKU1   115    L P   FYY GTGP           G  WV    A          R            K    RWY   L     A A Y    E V   A     T     V S  PTT  AI   Q Q L            Y N S GESL   F   NHQ D STPSD S  D   QE  PTR
OC43   116    L P   FYY GTGP           G  WV    A          R            R    RWY   L     A   Y    D V   A           I    PSS  AI   Q Q L H KDQ GTDI   Y   SNQ DVNTPAD VD D   DE  PTR
MERS    91    L P   FYY GTGP           G  WV    A          R            K    RWY         A L F    D IV     G         GT  PNN  AI   I Q A       T    E A P RAVK      HEH  TDAPS.TF   N   DS  VTQ
SARS2  101    L P   FYY GTGP           G  WV    A          R            K    RWY   L     A L Y    D II  A  G  N     IGT  P N  AI   M D S E G P GANK       TE  L TPKDH    N A NA  VLQ
SARS   102    L P   FYY GTGP           G  WV    A          R            K    RWY   L     A L Y    E IV  A  G  N     IGT  PNN  A    M E S            E S P GANK       TE  L TPKDH    N   NA TVLQ

229E   129       LP                        R  SR                       F   Q    G  V              S   S SQ             N            ..N K  N VT AEEPDSR.....AP RSQ      SRGESKSQS.R PSSDRNHNSQD
NL63   127       LP                        R  SR                       F           V       N  SR  S   T NN   SS  T    QS  R         ..SIA  PELS VEFEDRS NS  AS RSS      D  RS SRQ.  RT SDSNQSSS
HKU1   175       LP                        R  SR                       F  GT    GY VEGS    S  SR      S SQ    N  S    NS  R         PP  I  Q  Y    GRSA N.  ..P..G      GP NR LSRS  NF HS......
OC43   176       LP                        R  SR                       F  GT    GY IEGS       SR  S   S TS   SS  S    NS  R         PP  V  Q  Y    GRSAPN.  .. ..T      A  AG RSRA  GN TP......
MERS   150       LP                        R  SR                       F  GT     F IEGT    Q  SR  S   S NS   SS  S    NS            AP  K  KN H    GGNS SS  AS ..V      S  QG RSG.  TRGTS...PGP
SARS2  161       LP                        R  SR                          GT    GF AEGS    Q  SR  S   S NS   ST  S    TS  R        LPQ  T  K  Y    RGGS AS  SS ..R      N  PG SRG.  PA MA......
SARS   162       LP                        R  SR                          GT    GF AEGS    Q  SR  S   S  N   ST  S    NS  R        LPQ  T  K  Y    RGGS AS  SS ..R  G   N  PG SRG.  PA MA......

229E   181          L  L           S K      S  QS AS             S     DIMKAVAAA KS GFDKPQEKDKK A TGTPKP RN  P  SQSAAKILARSQS ETKEQ
NL63   184          L  L       S   S          PN  L              Q     DLVAAVTLA KN GFDNQSK PSS ...GTSTPKK  KP .............S PRADK
HKU1   224          IV  D A  I N     K        PQQ VTK            NA    .......DS  KP M DE A L.VLA LGKD.S.K   .   ...........Q  KEIR
OC43   225           V  D A  I S     K      T PQQ VTK            TA    .......TSG TP M DQ A L.VLA LGKD.A K   .   ...........H  KEVR
MERS   204          LL LD L  L     S K      S P   ITK             A    SGIGAVGGD  Y  L NR QAL.E G V..K.Q Q KV.   ...........KD A...
SARS2  212          LL LD L  L S   S K      Q GQT VTK            SA    GNGGDAALA  L  R NQ E K.M G G..Q.Q Q   .   ...........K  A...
SARS   213          LL LD L  L S   S K      Q GQT VTK            SA    SGGGETALA  L  R NQ E K.V G G..Q.Q Q   .   ...........K  A...

229E   241      K R KR           Q FG R       N G       G      P  A   P      P    Q N     NVT              F    VV        Y Q  ELV KHEMQ   W   P DDVTS    C  P DLDH...   SAG  AN VKAKG   F     
NL63   228      K R KR           Q FG R       N G       G      P  A   P      P      TR    NV                   DLV        F QL ELI PSQLK   W  VP  E..E  I C  P DFNH... M DS   QN VDAKG         
HKU1   262      K R KR           Q FG R       N G       G      P  A   P  I   P    T NK    NVQ      GP      F   EMLK  T    F  L ELA HK LT   Q   P  H..C    C  K   SQ...   NA    L  NDPQ  I      
OC43   264      K R KR           Q FG R       N G       G      P  A   P  I   P    S NK    TVQ      GP      F   EMLK  T    F  L ELA QK LN   Q   P  Q..C    C  K   NQ...   GG    L  SDPQ  I      
MERS   245      K R KR           Q FG R       N G       G      P  A   P  A        T TK    NM       GP      F    L K  T    W QI ELA .A KN M H   S  S..F  V A  L   GDLQG   DLQ N L  EDPR         
SARS2  253      K R KR           Q FG R       N G       G      P  A   P  A   P    T TK    NVT      GP      F   ELIR  T    W QI   A .E SK   Q   A  A..Y    A  R   EQTQG   DQ    Q  DYKH     QF  
SARS   254      K R KR           Q FG R       N G       G      P  A   P  A   P    T TK    NVT      GP      F   DLIR  T    W QI   A .E SK   Q   A  Q..Y    A  R   EQTQG   DQ    Q  DYKH     QF  

229E   298    A    S                                                   S        HI                     L FT  V V    P     L      L  TA MLFD   VSKESG...........NTVV T  TR T PKDH HLGKF EE.... N
NL63   283    A    S                                                   N    F    V                     I YT  M V          I      I  QA L FD E STDEVG...........DNVQ T  YK L AKDNKNLPKF EQ.... S
HKU1   317    A    S                                                   T   FF   KL L                   L YSG IR D   P F   M VL   L  PG   FG   D VKRD...SEADSPVKDVFE H   S  F STL G ETI K  EEN N
OC43   319    A    S                                                   T   FF   RL L                   L YNG IR D     F   M VL   L  AG   FG   E AKVQNLSGNPDEPQKDVYE R   A  F STLSG ETI K  NEN N
MERS   302    A    S                                                   T   F       L                   L YSG IKLD   P Y   L LL   I  AS  MGM QFK THQN.....NDDHGNPVYF R   A    PKN N NKW E  EQN D
SARS2  310    A    S                                                   S   FF   RI M                   L YTG IKLD   P F   V LL   I  AS   GM   G EVTP...........SGTW T   A    DKD N KDQ I  NKH D
SARS   311    A    S                                                   S   FF   RI M                   L Y G IKLD   P F   V LL   I  AS   GM   G EVTP...........SGTW T H A    DKD Q KDN I  NKH D

229E   343 A                                                            F                     N                   Q       AT  PV D   TREMQQQPLLNP....SALEF ...............P..S TSP....  VE  R E
NL63   328 A                                                            F                    AQ                   N           PL D   TKPSSIKEMQSQ....SSHV  ...............NTVL ASI....PESK  A D
HKU1   374 A                                                            Y N                  LS  P                N        T     D   V SNQ.........NTDSDS  SK QRKRGVKQLPEQFDSL LSA....G QHISN F
OC43   379 A                                            Y Q                  MS  P S       VQ     E   Q QDG............MMN  PK QRQRGHKNGQGENDNI VAVPKSR  QNKSR L
MERS   357 A                                            Y T                  MS  P         VQ  PM D   K FPKKEKKQKAPKEESTDQ  EP KEQRVQGSITQRTRTRPS......  PG  I V
SARS2  359 A                                                            Y T                   Q  P                Q       VT  PA D   K FPPTEPKKDKKKKAD..ET AL QRQ..........KKQ T......  LL  A L
SARS   360 A                                                            Y T                  AQ  P                        VT  PA D   K FPPTEPKKDKKKKTD..E  PL QRQ..........KKQPT......  LL  A M

229E   378       I   V           VSIETD IDE N..........
NL63   365       I   V           DSAIIE VNE LH.........
HKU1   421       L   L           TPEDHS LAT DDPYVEDSVA.
OC43   427       L   M           TAEDIS LKK DEPYTEDTSEI
MERS   411 NTD...................
SARS2  401       L   M           DDFSKQ QQS SSADSTQA...
SARS   402       L   M           DDFSRQ QNS SGASADSTQA.
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Supplementary Figure 1, related to Figure 1. Multiple sequence alignment of 

coronavirus nucleocapsids. A. Multiple sequence alignment of coronavirus 

nucleocapsids. Sequences were aligned using Clustal Omega. Accession numbers used 

are 229E (APT69891.1), NL63 (YP_003771.1), HK1 (AAT98585.1), OC43 (AAR01019.1), 

MERS (AKL80590.1), SARS (AAP30037.1), SARS2 (YP_009724397.2). Alignments 

were analyzed using ESPript3. The three serines (176, 188, and 206) are labeled with 

red arrows. B. Sequence identity between SARS-CoV-2 N and that of common cold 

coronaviruses and MERS and SARS. FL, full length. All units are in %. Percent identity 

matrixes for corresponding domains of N are generated using Clustal2.1.  
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Supplementary Figure 2, related to Figure 1. Denaturing mass spectra of N protein 

truncations NNTD, NCTD, NNTD-LKR, and NNTD-LKR-CTD. A. DLS polydispersity table for N 

constructs. Higher values indicate broader size distributions. Numbers are reported as 

average and standard deviation of three experiments. Deconvolution yields experimental 

M values of 16,881 Da, 16,078 Da, 24,155 Da, and 37,829 Da for (B) NNTD, (C) NCTD, (D) 

NNTD-LKR, and (E) NNTD-LKR-CTD respectively, matching theoretical values within 1 Da, based 

on protein sequence. Deconvoluted mass spectra (right) and adduct series corresponding 

to pervasive trifluoroacetic adducts (delta mass 114 Da, circle) and a-N-gluconoylation 

(delta mass 178 Da, star). TFA adducts are introduced by the ion pairing reagent in 

solvent, while α-N-gluconoylation is a common modification occurring on His-tagged 

proteins. Native spray of NTD (not pictured) yielded no peaks with delta mass 114 Da, 

but retained a single delta mass 178 Da, confirming transient TFA adducts are an artifact 

of the denaturing experiment, but the α-N-gluconoylation of the His-tag is covalent.  
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Supplementary Figure 3, related to Figure 2. Nucleocapsid binds stem-loop RNA 

with reduced affinity. A. Fluorescence anisotropy binding curves of N constructs to a 

20-nt ssRNA. Anisotropy values were converted from polarization according to previous

research (Kozlov et al., 2012). The fitted KD values are 0.007 ± 0.001 µM (NWT, black 

square), 0.006 ± 0.002 µM (NNTD-LKR-CTD, magenta circle), 14 ± 5 µM (NCTD, blue up 

triangle) and 18 ± 14 µM (NNTD, red down triangle). These values are very close to those 

of polarization. In this system, binding monitored by anisotropy is similar to that of 

polarization. B. Fitted KD values for N constructs binding to ssRNA (black) and slRNA 

(grey). C. Ratio of KD of slRNA over that of ssRNA for N constructs. The reduced binding 

to slRNA is around 5-fold for most N constructs. The reduction is higher for those of NNTD-

LKR-CTD-Carm and NNTD-LKR-CTD, suggesting Narm and Carm are more involved in slRNA 

binding. 
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Supplementary Figure 4, related to Figure 3. Sequence coverage of NNTD-LKR 

S176D/S188D/S206D in HDX-MS and HDX of the unbound state. Protein coverage map of 

unbound state NNTD-LKR S176D/S188D/S206D HDX yielding 152 peptides with 93.3% sequence 

coverage. Peptide bars are colored according to their average %HDX relative to the color 

bar, where cooler colors depict low average %HDX and warmer colors depict high 

average %HDX. The secondary structure reported by PDB 6M3M is shown above the 

sequence. Overall, the HDX of the unbound state is largely consistent with the reported 

secondary structure and a well-ordered tertiary structure; regions outside of the reported 

structure undergo relatively rapid HDX, consistent with a lack of backbone hydrogen 

bonding. Interestingly, despite a lack of reported secondary structure in the region of 155-

160, relatively low HDX was observed, consistent with either hydrogen bonding of 

secondary/tertiary structure or a hydrophobic pocket. SR-motif in LKR are boxed in red. 
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Supplementary Figure 5, related to Figure 4. Phosphomimics of N reduce RNA 

binding. A. Fluorescence polarization binding curves of N constructs to a 20-nt ssRNA. 

The fitted KD values are 0.007 ± 0.001 μM for NWT, 0.015 ± 0.002 μM for NS188D/S206D, and 

0.023 ± 0.006 μM for NS176D/S188D/S188D. B. Fluorescence polarization binding curves of N 

constructs to a 19-nt slRNA. The fitted KD values are 1.3 ± 0.3 µM (NLKR-CTD, black square), 

3.0 ± 0.5 µM (NNTD-LKR, red circle), and 2.9 ± 1.4 µM (NNTD-LKR S176D/S188D/S206D, blue up 

triangle). 
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