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Supplementary Information Figures 
Figure S1. Sequence conservation and HDX-MS deuterium uptake at the interface of 
the GT24 and βS1-βS2 domains, related to Figure 2A. 
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CtUGGT   684               S E             V  D     G  L   AL                                                L              V                   A L      D       V     F      V L  V N    S S        L   L S         L         S....K PVIE..A K ...STRDDW A T VA L DIE QE  YY  R RKSNDG R DI H PKDT R P.....SV AQR K R.....EDK  DFTRF...

TdUGGT   684               S E             V  D     G  L   AL                                                L              L                   L M      D       L     F      I V  L T    T T        L   L T         I         S....L ...R..I A ...GPGTNS L A VG F SEA LN  IS  K RLAHPE E VP H SDDE N HVS...SQ YQL R ER..VDASE  EKIQI...

DmUGGT   727               S E             V  D     G  L   AL                                                L              L                   L I      E       L     Y      V V  I N    S S        V   M S         V         ATLMDN KYFGGKK T LIGRASLQF T W FA L TDQ RD  TH  D VQSGES R AF P TESS A SRRNLNRL WAA Q LPPTQATEQ  KWLKKPKE
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CtUGGT   767                                       V  NGR  GP  S       D               V            V          S   L   L   T L       DV   A                  I    V   I            V L             AL D                T   A   . DLE A ETGEFEP  AYD SLANFLASSNMKAGDNF  L    L   T ADDFKKE FE F QAERRTRILP YK  E LGLDDK SGPLSAAKL  VT  ST

TdUGGT   769                                       V  NGR  GP  S       D               V            V          S   L   I   S I       EL   A                  L    A   V            I L             VM D                T   A   . KST D GATATSK  AYW QTKQLAADLGYPSGTRG  L    V   P TSTLAED LE L AYEFSKRLGT AK  K LNLGHK AGSVEFAKL  LV  ST

DmUGGT   832                                       V  NGR  GP  S       D               V            V          S   L   I   T L       EL   M                  I    L   L            L A             VL E                N   L   K EIP Q EDILGST  HLK LRVYSQRVLGLNKSQRL  G    Y   S DESFDSA FA L RFSSLQYSDK RQ  K SAQD.. NEE.....F  DT  KL

                                 TT      TT                                                              DmUGGT
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CtUGGT   871   S  P          R                             A   PAS   Q     L  L           L P       P K FYR V      F      L              L        T                V  I        R   V      L    L VF        EL V       L    S D .I D  QGIFDNAPTV TT FKQWNSTY SF..EVGDASTATIFF  V N   EIG  WVA  KV SE EGVH R   N TVMIE     R   Y  SSSP   E

TdUGGT   873   S  P          R                             A   PAS   Q     L  L           L P       P K FYR V      F      I              A        S                V  I        R   I      L    V IF        EL I       L    S D .T D  EGIFESRSKY QS IKTWNGAH AI..TVSHSDDASINI  T D   ERS  WVP  RT SK NGVN K   T VRILQ     R   H  EPEP   E

DmUGGT   930   S  P          R                             A   PAS   Q     L  L           L P       P K FYR V      F      L              L        S                A  L        K   I      V    L LY        DM V       V    Q E YA L  R.....QTKT FK PTDLKTDH VVKLPPKQENLPHFDV  V D   RAA  LTP  IL RQ LNCQ N   I VPQHS     N   Y  EPEV   A

                                                  TT                                                     DmUGGT
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T                           TT                                                     TT                    CtUGGT

CtUGGT   973  G       A F   P   LL     VP  WLV     V DLDN              V     LE  L EGH         PRG QL L T   P   DTI MA            T V         M                   LRI  I            YE   I I     EI        V  V     N   A   I  S .KVKALS R  G  RET  VVG D  PA   TSKVA D       KD KAKRGTEH EAI    H      SR  PGAHA        E EN  HF       

TdUGGT   975  G       A F   P   LL     VP  WLV     V DLDN              V     LE  L EGH         PRG QL L T   P   DTI MA            S L         M                   IRL  L            YE   I I     DV        V  L     N   A   V  H .ALNRPG S  R  EDA  TLG D  PS   SPKES H       SS R...EGSD DAI    H      ST  TTRSA        G DK  HF       

DmUGGT  1030  G       A F   P   LL     VP  WLV     V DLDN              V     LE  L EGH         PRG QL L T   P   DTI MA            S L         L                   IKL  I            FD   L L     DA        L  V     Q   V   V  N GRSDGPL K  G  ANP  TQQ Q  EN   EAVRA Y       TD G.....GP HSE    Y      CF  ASGAP        G QS  TL       

                            TT                                                                           DmUGGT
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                                        TT          TT           TT    TT                                CtUGGT

CtUGGT  1077 NLGYFQ KA PG     L  G S  I               G     V            R   KPG      L                                            Y I  K       F L  V                VL       L   L R       DV                  V                   F  N  V N R  E R SE  T ES GAKGWGPIP DDNTE   MDFQGTT YP  R    MEEE   EPSTKSGEESGSGARNL SRGIKFAEGLLGR

TdUGGT  1076 NLGYFQ KA PG     L  G S  I               G     V            R   KPG      L                                            W I  K       F L  V                AL       L   L R       DV                  V                   F  R  F K N  P P QR  N DS GGMGYQPKP DETNE   TSFQGRT FP  S    HEED   ETGPKPGSA.....MDY SKGLSYAQSILSG

DmUGGT  1130 NLGYFQ KA PG     L  G S  I               G     V            R   KPG      L                                            W L  R       Y I  I                LI       V   V K       EL                  I                   L  N  A S R  E K AD  A SH EGTNTHHSA SSEVQ   TSLRSHV KL  S    MQQA   SDDNEQAAQSGM..WNS .......ASSFGG

 TT                                                 TT           TT                                      DmUGGT
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                                                                                                         CtUGGT

CtUGGT  1182                   INIFSVASGHLYER L IMM S   HT   VKFWF    LSP F  F PH A EY F YE V YKWP WL  Q EKQR IWGYKILF           S                    M     A VMH          I QF   S    I  M         M T    H  R                GNKAAEATKSV KTEHAE                N          NHT      E       KD      A  G K             Q K    E        

TdUGGT  1176                   INIFSVASGHLYER L IMM S   HT   VKFWF    LSP F  F PH A EY F YE V YKWP WL  Q EKQR IWGYKILF           S                    M     V VMK          I QF   S    L  L         M T    H  R                VGVG..GKSTT QEQHAD                N          KHS      E       KK      K  G S             G R    E        

DmUGGT  1226                   INIFSVASGHLYER L IMM S   HT   VKFWF    LSP F  F PH A EY F YE V YKWP WL  Q EKQR IWGYKILF           T                    L     V LLK          L NY   Q    L  M         L Q    R  H                G....SANQAA DEDTET                R          KSP      K       TD      S  N Q             Q T    T        

                                                                                                         DmUGGT

�

      TT        TT               TT                                                                   TT CtUGGT

CtUGGT  1287 LDVLFPL   K IFVDAD IVRTD   L    L GAPY   P CDSR EMEG RFWK GYW   L G  YHISALYVVDL RFR  AAGDRLR QY  LS DPNS       SL  V            M D            F            Y    T    N    K                 L                            D        Q      Y  VEHP D    G A M    V             A Y K  P           Q   E        Q  HA  A    

TdUGGT  1279 LDVLFPL   K IFVDAD IVRTD   L    L GAPY   P CDSR EMEG RFWK GYW   L G  YHISALYVVDL RFR  AAGDRLR QY  LS DPNS       SL  V            M D            F            F    Q    S    R                 L                            D        Q      Y  VQLD E    G T M    K             K H R  P           N   A        G  HT  A    

DmUGGT  1327 LDVLFPL   K IFVDAD IVRTD   L    L GAPY   P CDSR EMEG RFWK GYW   L G  YHISALYVVDL RFR  AAGDRLR QY  LS DPNS       NV  I            I E            Y            F    Q    S    R                 I                            R        A      K  YDMD G    A T F    K             R H M  R           K   K        G  QA  Q    

      TT        TT                                                                                    TT DmUGGT

                                           2�
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CtUGGT  1392 L NLDQDLPN M     I  LP  WLWC TWC D   K A  IDLCNNP TKE KL  A R VPEW  YD E   L  R                                         I   T   E                R                               I   A  V                          A        H QFT P A   Q     E   S ETL D  T       M   P  DR R Q    TK  E  AE  R  REE                      

TdUGGT  1384 L NLDQDLPN M     I  LP  WLWC TWC D   K A  IDLCNNP TKE KL  A R VPEW  YD E   L  R                                         I   S   E                R                               I   A  V                          A        N QAM P K   Q     E   A EDL T  T       L   P  DR R Q    TE  N  AE  V  RAA                      

DmUGGT  1432 L NLDQDLPN M     I  LP  WLWC TWC D   K A  IDLCNNP TKE KL  A R VPEW  YD E   L  R                                         V   S   D                K                               L   M  I                          S        N IHQ A K   D     Q   S SNF T  V       Q   A  TA Q I    KD  A  KT  S  EDH                      

                            TTT                                                                          DmUGGT
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Figure S2. Fitting of full-length TdUGGT and Fab models in the negative-stain EM map 
for the complex of TdUGGT and an anti-TdUGGT Fab, related to Figure 2A. 
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Figure S3. Projections of individual MD trajectories for CtUGGT double Cysteine 
mutants onto the full conformational landscape of the wild type enzyme, coloured as 
a function of time, related to Figure 3. 
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Figure S4. Mass spectrometry of tryptic peptides confirms the disulfides in the 
CtUGGT double Cys mutants CtUGGTG177C/A786C, CtUGGTG179C/T742C and 
CtUGGTS180C/T742C, related to Figure 6. 
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SI Appendix Tables.  
 
Table S1. In vitro UGGT substrates, related to Figure 4. 
List of various UGGT misfolded glycoprotein substrates described in the literature as UGGT 

substrates in in vitro experiments. No glycoproteins inferred to be UGGT substrates by in 

cellula experiments are included (see for example (Gardner and Kearse, 1999; Jin et al., 

2007; Li et al., 2009; Pankow et al., 2015; Pearse et al., 2008)) nor glycoproteins that are 

bona fide UGGT substrates but whose structure has not been determined (Molinari et al., 

2005; Trombetta et al., 1989)). (*): structures are available only for the pro-glycoprotein 

(previous to protease cleavage)  

Substrate PDB ID 
Number of 
residues 

Radius of 
Gyration (Å) 

Reference 

Crambe hispanica 
crambin 

1CRN 46 9.7 
(Dedola et al., 

2014) 

Hordeum vulgare 
chymotrypsin 
inhibitor 2 

2CI2 64 11.4 
(Caramelo et 

al., 2003) 

Human interleukin 8 
(IL-8) 

1ICW 72 12.5 
(Izumi et al., 

2012) 

Human prosaposin A 5NXB 87 N/A(*) 
(Pearse et al., 

2010) 

Bovine RNase BS-
prot 

2E33 104 14.7 

(Ritter and 

Helenius, 

2000; Ritter et 

al., 2005) 

Bovine RNase B 2E33 124 14.3 

(Ritter et al., 

2005; Ritter 

and Helenius, 

2000; Sousa 

and Parodi, 

1995) 

Staphylococcus 
aureus nuclease 

1NUC 149 14.4 
(Ritter et al., 

2005; Ritter 

and Helenius, 
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2000; Sousa 

and Parodi, 

1995) 

Trypanosoma cruzi 
cruzipain 

3I06 215 N/A(*) 
(Labriola et al., 

1999) 

Soybean agglutinin 4D69 234 16.9 
(Keith et al., 

2005) 

Human alpha-
galactosidase 

3HG5 390 21.5 
(Taylor et al., 

2003) 

Human exo-(1,3)-β-
glucanase 

1H4P 407 20.3 
(Taylor et al., 

2004) 

Human transferrin 6D04 678 29.7 
(Wada et al., 

1997) 

 
  



UGGT inter-domain motions 

 

Table S2. CtUGGT X-ray diffraction data collection statistics, related to STAR 
Methods section. 

CtUGGT 
Structure 

CtUGGTKif ΔTRXL2 G177C/A786C S180C/T742C 

PDB ID 6TRF 6TS2 6TS8 6TRT 

Beamline, 
date 

I03@DLS, 

01.05.2016 

I04@DLS, 

13.01.2018 
I04@DLS, 

08.10.2018 

I24@DLS, 

08.08.2018  
Space group 

(Z) 
P212121 (4) P21 (8) P43 (8) P3212 (6) 

Wavelength 
(Å) 

0.97630 0.97950 0.97949 0.96861 

Cell 
dimensions 

a=78.65, 

b=148.93, 

c=190.30 

a=151.14  

b=191.01  

c=158.81    

a=b=139.05 

c=176.09 

a=b=148.80 

c=235.55 
a, b, c (Å) 

α, β, γ (°) 
α=90.0, 

β=90.0, γ=90.0 

α=90.0, 

β=117.,   

γ=90.0 

α=90.0, 

β=90.0, γ=90.0 

α=90.0, 

β=90.0, γ=120.0 

Resolution 
range (Å) 

95.15-4.11 (4.49-

4.11) 

140.61-5.74 

(6.15-5.74) 

139.05-4.59 

(5.32-4.59) 

128.86-4.58 

(5.13-4.58) 

Rmerge 0.149 (3.268) 0.150 (1.432) 0.275 (1.347) 0.118 (1.563) 

Rmeas 0.157 (3.376) 0.189 (2.146) 0.299 (1.453) 0.125 (1.650) 

CC1/2 0.997 (0.566) 0.994 (0.382) 0.991 (0.436) 0.995 (0.411) 

I /	s(I) 9.9 (1.3) 3.6 (1.3) 5.5 (1.5) 10.6 (1.6) 

Completenes
s (%) 

90.2 (74.2) 91.5 (52.6) 87.8 (77.8) 90.1 (83.0) 

Redundancy 10.9 (15.9) 5.6 (6.0) 6.7 (7.1) 8.9 (9.8) 
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Table S3. CtUGGT crystal structures, refinement statistics, related to STAR Methods 
section. 

Crystal form CtUGGTKif ΔTRXL2 G177C/A786C S180C/T742C 
PDB ID 6TRF 6TS2 6TS8 6TRT 

Space group (Z) P212121 (4) P21 (8) P43 (8) P3212 (6) 

Resolution (Å) 
95.1-4.1 

(4.6-4.1) 

140.6-5.7 

(6.0-5.7) 

139.0-4.6 

(4.7-4.6) 

128.9-4.6 

(5.1-4.6) 

No. reflections 7,503 (442) 17,358 (424) 5,723 (23) 9,528 (477) 

Rwork / Rfree 
0.25/0.31 

(0.26/0.22) 

0.17/0.24 

(0.22/0.33) 

0.20/0.23 

(0.18/0.23) 

0.29/0.30 

(0.25/0.26) 

Atoms 10,717 35,718 20,112 11,210 

<B-factor> (Å2) 270 134 173 143 

Rmsdbonds(Å) 0.006 0.009 0.01 0.006 

Rmsdangles (°) 0.95 1.07 1.59 0.99 

Ramachandran 
outliers 

17/1309 

(1.3%) 

87/4431 

(2.0%) 

15/1285 

(1.2%) 

14/1363 

(1.0%) 

Ramachandran 
allowed 

1292/1309 

(98.7%) 

4344/4431 

(98.0%) 

 2392/2492 

(96.0%) 

1349/1363 

(99.0%) 

Ramachandran 
favoured 

1235/1309 

(94.3%) 

3934/4431 

(88.8%) 

 1977/2492 

(79.3%)  

 1284/1363 

(94.2%) 

All structures were refined against X-ray data from one crystal only. Values in parentheses 

are for highest-resolution shell. 
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Table S4. Oligonucleotides , related to STAR Methods section. 
Label Sequence Reference Notes 

CtUGGT_pHLsec_F 

primer 
5'-GGTTGCGTAGCTGAAA 

CCGGTCAAGTCGCAGCCTCTCCA-3' 

(Roversi et al., 

2017) 
Primer for Gibson Assembly 

CtUGGT_pHLsec_R 

primer 
5'-GATGGTGGTGCTTGGTACCC 

TCCCGAACCGTCTTGAC-3' 

(Roversi et al., 

2017) 
Primer for Gibson Assembly 

Δ1_F primer 5'-GAGTCTCTGTCCGTCAATGG-3' This manuscript Primer for mutagenesis to 
obtain CtUGGT_ΔTRXL1 

Δ1_R primer 5'-AGAGGGGAAAGCGGCTTT-3' This manuscript Primer for mutagenesis to 
obtain CtUGGT_ΔTRXL1 

Δ2_F primer 5’-GCCCTATCAAGACGGAAC-3’ This manuscript Primer for mutagenesis to 
obtain CtUGGT_ΔTRXL2 

Δ2_R primer 5’-AAATCTCCGGGGCTCGTC-3’ This manuscript Primer for mutagenesis to 
obtain CtUGGT_ΔTRXL2 

Δ3_F primer 5'-ATTTCGGATCTCCCACAG-3' This manuscript Primer for mutagenesis to 
obtain CtUGGT_ΔTRXL3 

Δ3_R primer 5'-GTTCTTGTCTTCGGGGAAAATG-3' This manuscript Primer for mutagenesis to 
obtain CtUGGT_ΔTRXL3 

G177C_F primer 5'-TCGGAAGTTTtgcGTTGGTTCCC-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTG177C mutation 

G177C_R primer 5'-TCAAATGGCAGTGTCCGC-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTG177C mutation 

V178C_F primer 5'-GAAGTTTGGCtgtGGTTCCCGTG-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTV178C mutation 

V178C_R primer 5'-CGATCAAATGGCAGTGTC-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTV178C mutation 

S180C_F primer 5'-TGGCGTTGGTtgcCGTGATGTGA-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTS180C mutation 

S180C_R primer 5'-AACTTCCGATCAAATGGCAGTGTC-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTS180C mutation 

T742C_F primer 5'-TCCCAAGGATtgcTCACGTTCCC-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTT742C mutation 

T742C_R primer 5'-TTGTGGACAATGTCCAAC-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTT742C mutation 

A786C_F primer 5'-CGCTTACGACtgtTCTCTAGCCAAC-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTA786C mutation 

A786C_R primer 5'-ACATCTGGTTCGAACTCG-3' This manuscript Primer for mutagenesis to 
obtain CtUGGTA786C mutation 
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Supplementary Information Figures Titles and Legends 
 

Figure S1. Sequence conservation and HDX-MS deuterium uptake at the interface of 
the GT24 and βS1-βS2 domains, related to Figure 2A.  
(A) The C-terminal parts of the sequences of CtUGGT, TdUGGT and DmUGGT (centred 

around the residues in the GT24:βS1-βS2 interface) are aligned and the conserved residues 

shown in white text over red squares. Similar residues are in red text over white squares 

with blue edges. Disulphide bonds are labelled in green under the Cys residues. The 

CtUGGT (DmUGGT) secondary structure is indicated above (below) its sequence. Blue 

dots: residues whose side chains are forming hydrogen bonds across the GT24:βS1-βS2 

domains interface. Red stars: residues whose side chains are forming salt bridges across 

the GT24:βS1-βS2 domains interface. Orange squares: residues whose side chains are 

forming hydrophobic interactions across the GT24:βS1-βS2 domains interface. The 

sequences were aligned using Clustal Omega (Sievers and Higgins, 2018). The figure has 

been made using ESPript (Robert and Gouet, 2014);. (B) homology model of the Drosophila 

melanogaster UGGT (DmUGGT), in cartoon representation; the GT24 domain has been 

split from the rest of the structure in order to expose the GT24:βS1-βS2 domains interface. 

The main residues in the same interface are in spheres and surface representation. The 

structure is coloured according to deuterium uptake at the 1 hour timepoint (Hydrogen 

Deuterium eXchange Mass Spectrometry (HDX-MS) data from (Calles-Garcia et al., 2017)), 

see legend in the inset. 

Figure S2. Fitting of full-length TdUGGT and Fab models in the negative-stain EM map 
for the complex of TdUGGT and an anti-TdUGGT Fab, related to Figure 2A. 

The homology model for TdUGGT (residues 29-1466) was coloured as follows: TRXL1 

(residues 40-219): magenta; TRXL2 (residues 413-657): blue; TRXL3 (residues 658-898): 

cyan; TRXL4 (residues 239-412; 899-958): green; βS1 (residues 29-39; 220-238; 959-

1037): yellow; βS2 (residues 1038-1151): orange; GT24 (residues 1190-1466): red. A 

generic Fab structure was chosen for the fitting of the anti-TdUGGT Fab antibody fragment 

(PDB ID 1FGN, 214+214 residues, MW=46927 Dalton), painted black (heavy chain) and 

white (light chain). The 25 Å negative-stain EM map is contoured at a contour level 

appropriate for enclosing the mass of the TdUGGT plus a Fab fragment (i.e. about 356,800 

Å3 corresponding to a mass of 295,000 Dalton, based on a specific volume of 1.21 Å per 

Dalton (Harpaz et al., 1994)). (A), (B) and (C): three views of the TdUGGT and Fab models 

fitted in the original hand of the negative stain EM map (with B and C rotated by 90˚ with 
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respect to view A around the centre of mass of the model, along the vertical and horizontal 

direction, respectively); (D), (E) and (F): three views of the same TdUGGT and Fab models 

fitted to the inverse hand of the negative stain EM map (with E and F rotated by 90˚ with 

respect to view D around the centre of mass of the model, along the vertical and horizontal 

direction, respectively). 

 
Figure S3. Projections of individual MD trajectories for CtUGGT double Cysteine 
mutants onto the full conformational landscape of the wild type enzyme, coloured as 
a function of time, related to Figure 3.  
Upper panels show the projections of individual MD trajectories onto the full conformational 

landscape as described by the first and second PCs, coloured as a function of time. Domains 

coloured as in Figure S1. Lower panels show the structure of each mutant, with the mutated 

cysteine residues drawn in sphere representation and domains containing the mutation 

shown in colour, with the rest of the protein is in grey. (A) MD trajectory projection starting 

from the crystal structure of the CtUGGTD611C/G1050C mutant (PDB ID: 5NV4); (B) MD 

trajectory projection starting from the homology model of the CtUGGTN796C-G1118C mutant, 

generated using the closed X-ray structure as template and Modeller.; (C) MD trajectory 

projection starting from the crystal structure of the CtUGGTS180C/T742C mutant (PDB ID: 

6TRT). 

 
Figure S4. Mass spectrometry of tryptic peptides confirms the disulfides in the 
CtUGGT double Cys mutants CtUGGTG177C/A786C, CtUGGTG179C/T742C and 
CtUGGTS180C/T742C, related to Figure 6.  
In peptide mass spectrometry, fragment ions that appear to extend from the amino- or 

carboxy-terminus of a peptide are termed “b” or “y” ions, respectively. (A,B) mass 

spectrometry detection of ions derived from fragmentation of the disulphide-bridged tryptic 

peptides 766FLDLETALETGEFEPDVAYDCSLANFLASSNMK798 and 176FCVGSR181 in the 

double mutant CtUGGTG177C/A786C. The ions confirm the establishment of the engineered 

disulphide bridge at positions 177-786 between the TRXL1 and TRXL3 domains. No 

peptides containing free Cys at either position 177 or 786 were detected; (C) mass 

spectrometry detection of ions derived from fragmentation of the disulphide-bridged tryptic 

peptides 741DCSR744 and 176FGVCSR181 in the double mutant CtUGGTG179C/T742C. The ions 

confirm the establishment of the engineered disulphide bridge at positions 179-742 between 

the TRXL1 and TRXL3 domains. No peptides containing free Cys at either position 179 or 

742 were detected; (D) mass spectrometry detection of ions derived from fragmentation of 

the disulphide-bridged tryptic peptides 741DCSR744 and 176FGVGCRDVILYADITS191 in the 

double mutant CtUGGTS180C/T742C. The ions confirm the establishment of the engineered 
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disulphide bridge at positions 180-742 between the TRXL1 and TRXL3 domains. No 

peptides containing free Cys at either position 180 or 742 were detected. 
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