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Materials and Methods 

Expression and purification 

To identify an optimal candidate for crystallization, we screened MraYs from 19 different 
species. We found that MraY from Aquifex aeolicus (MraYAA) was most suitable for 
structural and functional studies judging from its biochemical stability. The codon-
optimized gene corresponding to MraYAA was synthesized, and protein was expressed in 
C41 (DE3) cells as a fusion with a decahistidine-maltose binding protein (His-MBP) 
followed by a PreScission protease site between the enzyme and His-MBP segments. The 
fusion protein was extracted from membranes by dodecyl-maltoside and purified using a 
Co2+-affinity column. The His-MBP was then removed from the enzyme by PreScission 
protease cleavage, and MraYAA was purified to homogeneity using size exclusion 
chromatography (SEC). SeMet-substituted MraY was obtained using auto-induction as 
reported (20). Methods of purification and crystallization of SeMet-MraYAA were similar 
to those of MraYAA. 

Crystallization, phasing, and model building  
Extensive crystallization attempts were performed using in-house crystallization screen 
solutions. Crystals from most conditions diffracted poorly (>20 Å), but crystals grown in 
the presence of Mg2+ showed promise with anisotropic diffraction (two directions 4.5 Å 
and one direction ~7.5 Å). The optimized crystals grew in the following conditions: 8-10 
mg/mL MraYAA in a buffer containing 150 mM sodium chloride, 20 mM Tris pH 8.0, 5 
mM DM, and 2 mM DTT was mixed with a crystallization solution containing 20-120 
mM magnesium acetate, 9 mM nickel chloride, 50 mM sodium cacodylate pH 5.6, and 
45% PEG400. Crystals appeared within a few days and were fully grown within 7 to 14 
days at 17 oC. SeMet-substituted MraY crystals were grown in similar conditions with 
slightly lower protein concentrations. Initial SAD phasing was obtained from a SeMet-
MraY crystal that diffracted to 3.9 Å using the ID 24-C beam line at the Advanced 
Photon Source. SHELX was used to identify Se sites (21), and Phenix was used to 
calculate phases using the Se substructures (22). There are two MraYAA molecules in the 
asymmetric unit, which allowed us to perform non-crystallographic symmetry averaging 
as well as solvent flattening at 3.9 Å using RESOLVE from the Phenix package (22). At 
this stage, electron density for many transmembrane helices was discernible and allowed 
us to place idealized poly-Ala helical fragments manually. With this partial model, we 
calculated phasing from a combination of molecular replacement and single anomalous 
dispersion (MR-SAD), which improved the phases significantly. The 3.3 Å native data 
was subjected to ellipsoidal truncation and anisotropic scaling before phase extension and 
refinement using the UCLA diffraction anisotropy server (23). All the Se positions were 
identified by an anomalous difference Fourier map, which guided model building. To 
further help model building, a mutant SeMet crystal (L105M) was grown and the 
introduced methionine was identified by an anomalous difference Fourier map. The 
structural model of MraY was built both manually and using the automatic model-
building software AutoBuild from Phenix (22). The final model was refined to Rwork/Rfree 
= 22.3/26.5 % with good geometry and contains amino acids 14 – 48, 70 –357 for one 
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protomer (chain A) and 14 – 48, 70 –121, 126–311, 334–357 for the other protomer 
(chain B), two Mg2+ ions, and two Ni2+ ions (table S1 and S2).  

Synthesis of capuramycin 

Capuramycin was synthesized with modifications to the procedure described by Kurosu 
et al (24).  

TLC-based translocase assay 

The translocase assay, typically 15 µL in volume, was performed in vitro at 30 °C in an 
assay buffer consisting of 100 mM Tris-HCl pH 7.5, 500 mM sodium chloride, 0.25% 
w/v decylmaltoside, 10 mM MgCl2, 1.1 mM undecaprenyl phosphate, 250 µM (1000 
cpm/µL) UDP-MurNAc-[14C]-pentapeptide. Both radiolabeled and non-labeled UDP-
MurNAc-pentapeptide were purchased from the synthetic facility at the University of 
Warwick (25, 26). C55-P was purchased from Larodan. The reaction was initiated by the 
addition of enzyme to a final concentration of 100 µg/ml. At the appropriate time point, 
the reaction was quenched by spotting a 3-µl aliquot on a silica gel 60 TLC plate. The 
reaction substrates and products were separated by TLC using a mobile phase with 
isopropanol : ammonium hydroxide : water (6:3:1, v/v), as previously described (13). 
After developing, the plates were dried under a stream of cold air and analyzed via 
PhosphorImager. The observed Rf values for the substrate UDP-MurNAc-pentapeptide 
(~0.19) and product Lipid I (~0.50) are comparable to previously published results (0.25 
and 0.58 respectively)(13). The results for the mutants are based on substrate conversion 
after 20 minutes of reaction at 30 oC. The protein concentrations of the wild type and 
mutant enzymes were determined by UV molar absorptivity. The capuramycin inhibition 
assay was performed with the same procedure, except that varying concentrations of 
capuramycin were pre-incubated with MraYAA for 20 minutes at 30 oC, and the 
capuramycin-MraYAA mixture was added to the reaction buffer to initiate the reaction. 
For metal dependence experiments, apo-MraYAA was formed by incubating purified 
MraYAA with 2 mM EDTA for 30 minutes on ice. Apo-MraYAA was then diluted 5-fold 
into purification buffer containing metals as specified and incubated for an additional 30 
minutes on ice. The reaction was initiated by adding the metal/MraYAA mixture to the 
same reaction buffer with metal at the indicated concentrations. The results for the 
capuramycin and the metal-dependence assays were based on substrate conversion from 
10 to 30 min.  

Cross-linking experiments 

We performed cross-linking studies of MraYAA both in detergent micelles and cell 
membranes as described (27). Purified MraYAA in decylmaltoside was subjected to cross-
linking using the membrane-permeable cross-linking reagent disuccinimidyl suberate 
(DSS) at various concentrations at room temperature. The reaction was quenched after 25 
min with the addition of 100 mM Tris buffer and then subjected to gel electrophoresis. 
The oligomeric status of MraYAA was identified by Coomassie staining. As for the 
structure-based disulfide bridge experiment, E. coli cells membranes were isolated and 
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subjected to cross-linking using the membrane-permeable oxidant copper phenanthroline 
(200 µM) at room temperature. The reaction was quenched after 25 min with the addition 
of 18 mM N-ethylmaleimide (NEM) and 45 mM EDTA. Protein loading buffer 
containing SDS was subsequently added to the membranes to a final SDS concentration 
of 2% (w/w) for solubilization. The oligomeric status of MraYAA was identified by 
Western blot using anti-His antibodies. 

Anomalous scattering experiments  

All the data for anomalous scattering studies were collected at the BM22 beamline at the 
Advanced Photon Source. To identify the position of Mg2+, we prepared two types of 
crystals. The best-diffracting MraYAA crystal form requires both Mg2+ and Ni2+ for 
successful growth. Co-crystallization of MraY crystals with Mn2+ and Ni2+ was not 
successful; therefore we replaced Mg2+ in the crystals with Mn2+ by soaking the native 
crystal in a Mn2+-containing mother liquor. To replace Mg2+ with Mn2+, about half of the 
drop solution was removed and 2 µL of crystallization solution containing 50 mM Mn2+ 
was added and equilibrated for 10 min, after which the process was repeated two more 
times. We also grew crystals with only Mn2+. To grow crystals in the presence of Mn2+ 
only (without Mg2+ and Ni2+), crystals were grown with 70 mM Mn2+. The crystals 
possess very similar unit cell dimensions (a=97.3, b=100.46, c=141.63) and very similar 
crystal packing as the native crystal, but a different space group (C2221) from the native 
crystal (P212121). The change of the space group in the absence of Ni2+ was also observed 
with crystals grown in the presence of only Mg2+. The Mn2+-only crystals diffracted at a 
lower resolution (5.2 Å), but the Mn2+ anomalous signal from this crystal was stronger 
(~6 σ). The Mn2+-soaked crystal and the crystal grown in the presence of Mn2+ diffracted 
X-rays to 5.2 Å and 5.7 Å, respectively. A long wavelength (1.50-1.55 Å) was utilized to 
maximize the anomalous scattering power. Anomalous difference Fourier maps were 
calculated using the model phases without any metals.  

To identify the ions in loop E, we calculated an anomalous difference Fourier map using 
the 3.3-Å native data that was collected at a short wave length (0.975 Å) from the crystal 
grown in the presence of Mg2+ and Ni2+.  
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Fig. S1 
Experimental phases. (A) Anomalous difference Fourier density peaks for selenium and 
Ni2+ ions (green spheres) are shown in salmon mesh (2.5σ). The map was calculated 
using the SAD phasing from the SeMet data using 40 Å to 3.9 Å. The final model is 
shown in Cα representation with all 14 methionines shown in stick representation. The 
anomalous difference Fourier density peaks for the introduced mutation (L105M) are 
shown in pink mesh, contoured at 3σ. (B) The phase-extended and non-crystallographic 
two-fold averaged electron density map calculated from the 3.9 Å Se-SAD phases and the 
amplitudes of the 3.3-Å native data. The amplitudes of the native data were subjected to 
anisotropic scaling prior to phase extension. The final model is shown in Cα 
representation with each protomer colored separately. (C) Zoomed-in view of the phase-
extended map from experimental phases. The final model, not included in the map 
calculation, is shown. 
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Fig. S2 
Endogenous E.coli MraY does not contribute to the observed MraYAA activity. Two 
control reactions were run in parallel to those of purified MraYAA: reactions with no 
enzyme added (No enzyme) and reactions containing control membrane transporter 
molecules (vcCNT) that were expressed and purified using the same methods as MraYAA 
(27). The control transporter molecules and MraYAA were prepared in parallel. 
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Fig. S3 
Electron density at the dimer interface. (A) A 2FO-FC OMIT map (green) calculated with 
the final model phases is shown in cyan mesh contoured at 1.2σ. The protein model is 
shown as Cα representation and colored gray.    
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Fig. S4  
Stoichiometry of MraYAA. (A) Coomassie-stained SDS-PAGE analysis of cross-linking. 
Purified MraYAA in detergent micelles was treated with increasing concentrations of 
disuccinimidyl suberate (DSS) as indicated above the lanes. (B) Dimer interface with the 
amino acid residues chosen for cysteine mutations indicated with red circles. (C) Western 
blot analysis of cross-linking. Cell membranes containing maltose-binding protein 
(MBP)-fused MraYAA, MBP-MraYAA (23C/354C), MBP-MraYAA (253C/340C), and the 
control MBP-MraYAA(23C/130C) were treated with and without 200 µM copper 
phenanthroline (CuPhe). Note that MBP does not contain any endogenous cysteines. 
Molecular weight markers are indicated on the left in (A) and (C). All the cross-linking 
studies were performed at RT and at least three times independently. 
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Fig. S5 
Sequence alignment. Highly conserved positions across the MraY family are highlighted 
purple (100% identity) and blue (>70% identity) based on 28 MraY orthologues. 
Secondary structures are shown above the sequence with the same color-coding as Fig. 2. 
The residues with red exclamation points are essential amino acids for MraY function 
since mutations at these positions kill bacteria while mutations of the residues with green 
asterisks lower enzyme activity significantly (16). The species that were used for the 
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sequence alignment are: Aquifex Aeolicus (GI:15605650), Rickettsia prowazekii 
(386082453), Pseudomonas aeruginosa (10719754), Yersinia pestis (115346359), 
Bacillus anthracis (227813177), Escherichia coli (332341419), Bordetella pertussis 
(33564031), Shigella dysenteriae (82775494), Bacillus subtilis (40163), Aggregatibacter 
actinomycetemcomitans (261867477),	
  Haemophilus influenzae (68249684), 
Streptococcus pneumoniae (379070587), Clostridium acetobutylicum (15025117), 
Staphylococcus aureus (384861776), Neisseria meningitidis (254805550), Acinetobacter 
baumannii (407189484), Neisseria gonorrhoeae (59718768), Streptococcus pyogenes 
(383494372), Enterococcus hirae (3122385), Borrelia burgdorferi (1165287), 
Helicobacter pylori (385220721), Chlamydia trachomatis (237803187), Porphyromonas 
gingivalis (334147487), Enterococcus faecalis (2149904), Campylobacter jejuni 
(112359797),	
  Mycobacterium tuberculosis (494700591), Synechocystis sp - PCC 
6803(1006612), Mycobacterium leprae (130092981).
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Fig. S6   
Mg2+ coordination. An FO-FC OMIT map shows that there are two density peaks (marked 
with blue asterisks) that can participate in coordinating the Mg2+ ion in the active site of 
MraYAA. The map was calculated using the model phases and contoured at 3σ.  
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Fig. S7 
Zoomed-in view of the TM9b/loop E region of the electron density map from 
experimental phases. The phase-extended and non-crystallographic two-fold averaged 
electron density map calculated from the 3.9 Å Se-SAD phases and the amplitudes of the 
3.3-Å native data (the same map as fig. S1B). The amplitudes of the native data were 
subjected to anisotropic scaling prior to phase extension. The final model, not included in 
the map calculation, is shown with the following color scheme: TM9b (yellow), loop E 
(magenta), and the rest of the protein (gray).  
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Fig. S8 
Zoomed-in view of TM9b, loop E (the HHH motif). The structure is rotated 90O toward 
the reader relative to Fig. 3B. The HHH motif is colored orange and the side-chains of the 
conserved amino acid residues within the motif are shown as sticks. It appears that the 
loop E structure is maintained by interactions of this HHH motif with TM5 and loop D, 
particularly the conserved Phe262 of loop D. The green spheres are Ni2+, and their 
interactions with conserved residues are shown as dotted lines. An anomalous difference 
Fourier map was calculated from 30 Å - 3.3 Å from data collected at a wavelength of 
0.975 Å on a native crystal grown in the presence of Mg2+ and Ni2+ using the model 
phases. Since Mg2+ is silent (~0.06e) and Ni2+ is strong (~1.9e) in terms of anomalous 
scattering power at 0.975 Å, the ions on HHH motif must be Ni2+. The anomalous 
difference peaks, contoured at 5σ, are shown in magenta mesh. 
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Fig. S9 
Divalent metal dependence of MraYAA (n = 3, SD). The TLC-based translocase assay 
was performed as described in Materials and Methods. 
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Fig. S10 
Zoomed-in view of TM9b/loop E. TM9b/loop E is shown in sausage representation with 
the thicker region more conserved (magenta) and the thinner region less conserved 
(cyan). Mg2+ and Ni2+ are shown as yellow and green spheres, respectively. Fo-Fc OMIT 
electron density is shown in brown mesh and contoured at 2.1σ. The figure is identical to 
Fig. 4A except for the electron density.  
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Fig. S11 
The location of D117 within the active site. Mg2+ is shown as a yellow sphere.  
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Data collection Native SeMet Mn2+-co-crystal Mn2+-soak 
Space group P212121 P212121 C2221 P212121 
Wavelength (Å) 0.9753 0.9792 1.50 1.55 
Cell dimensions     

      a, b, c (Å) 95.80, 101.49, 
138.31 

96.20, 101.55, 
138.86 

97.34,100.50, 
141.68 

97.28, 100.19, 
141.12 

      α, β, γ (°) 90, 90, 90 90, 90, 90 90,90,90 90,90,90 

Resolution (Å) 49.08 – 3.3 (3.36 
– 3.3) 

80.00 – 3.86 
(3.93 – 3.86) 

50.00 – 5.20 
(5.29 – 5.20) 

50.00 – 5.70 
(5.80 – 6.70) 

Rsym (%) 7.1 (46.7) 9.0 (58.0) 4.5 (64.5) 6.7 (67.3) 
I/σI 35.98 (1.97) 31.10 (2.11) 59.2 (3.8) 56.12 (3.16) 
Completeness (%) 99.5 (97.3) 96.0 (90.0) 99.7 (100) 99.6 (100) 
Redundancy  6.5 (3.6) 10.8 (7.6) 13.6 (13.2) 10.9 (10.4) 
SAD Phasing     

Figure of Merit  0.32 (80 – 3.9 
Å)   

Refinement     

Resolution (Å) 26.7 – 3.3 (3.42 
–3.30)    

Completeness (%)* 93.76 (60.0)    
No. of reflections 19537    
Rwork/Rfree 22.3/26.5    
Ramachandran 
(%)     

    Favored 97.7    
    Outliers 0.0    
R.m.s.d     
    Bond lengths (Å) 0.009    
    Bond angles (°) 1.2    

 
Table S1.  Data collection, phasing and refinement statistics.  
Rsym = Σ | Ii  -  <  Ii > | / Σ Ii, where < Ii > is the average intensity of symmetry-equivalent 
reflections. Rwork = Σ | Fo – Fc | / Σ | Fo |, where Fo and Fc are the observed and calculated 
structure factors, respectively.  Rfree = R-factor calculated using a subset (~5%) of reflection 
data chosen randomly and omitted throughout refinement. The figure of merit = 
|F(hkl)best|/|F(hkl)| and was calculated using Phaser before density modification. *The data 
treated with ellipsoidal truncation were used for refinement (23). 
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Resolution (Å) Completeness CC1/2 
49.25 - 7.11 0.985 0.988 
7.11 - 5.65 1 0.997 
5.65 - 4.94 1 0.997 
4.94 - 4.47 1 0.998 
4.47 - 4.15 1 0.996 
4.15 - 3.91 1 0.992 
3.91 - 3.71 0.996 0.98 
3.71 - 3.55 0.969 0.955 
3.55 - 3.42 0.811 0.876 
3.42 - 3.30 0.603 0.728 

 
Table S2. Completeness and CC1/2 of the native data 
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