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Experimental Methods  

The full-length constructs of the gene from Staphylococcus saprophyticus locus SSP0609 

(NESG ID: SyR11) were cloned into pET21 expression vectors (Novagen) containing a C-

terminal Ni affinity tag (LEHHHHH), yielding the plasmids SyR11-21.1  SSP0609 contains a 

type-I signal peptide (1 - 49) , with Ala-X-Ala recognition sequence at position 27; SSP0609 

is evidently not toxic to E. coli.  Excellent expression level was obtained and no traces of 

proteolysis products due to loss of the N-terminal region were observed in the process of 

protein purification indicating that SSP0609 signal peptide is not recognized by the E. coli 

secretion system.2  The plasmid was transformed into codon enhanced BL21 (DE3) pMGK E. 

coli cells, which were cultured at 37 oC in MJ minimal medium3 containing (15NH4)2SO4 and 

U-13C-glucose (or 5%13C-glucose) as the sole nitrogen and carbon sources.  Initial cell growth 

was carried out at 37 oC and protein expression was induced at 17 oC by IPTG.  

Expressed proteins were purified using an AKTAexpress (GE Healthcare) two-step protocol 

consisting of HisTrap HP affinity and HiLoad 26/60 Superdex 75 gel filtration 

chromatography.  Samples of U-13C,15N and U-15N, 5%13C SSP0609 for NMR spectroscopy 

were concentrated by ultracentrifugation to 0.66 to 0.94 mM, respectively, in 95% H2O/5% 

D2O solution containing 20 mM MES, 100 mM NaCl, 10 mM DTT, 5 mM CaCl2 at pH 6.5.  

Sample purity was confirmed using SDS-PAGE, MALDI-TOF mass spectrometry, and NMR 

spectroscopy.  In the NESG, at the protein production stage, determination of the protein 

molecular weight is carried out with two methods: i) at 4 °C a Superdex 75 (26/60) column is 

equilibrated with the NMR buffer pH 6.5 at a flow rate of 2.5 ml/min. The column is 

calibrated with LMW gel filtration calibration kit (17-0442-01) from GE Healthcare.  The 

calibration curve is prepared by measuring the elution volumes of several standards, 
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calculating their corresponding Kav values, and plotting their Kav values versus the logarithm 

of their molecular weight.  The molecular weight of a protein is determined from the 

calibration curve once its Kav value is calculated from its measured elution volume using the 

following equation:  

Kav =(Ve - Vo)/(Vt - Vo)       (1) 

Where Ve = elution volume for the protein, Vo = column void volume = elution volume for 

Blue Dextran 2000, Vt = total bed volume.  ii) Quantitative molecular mass is determined on 

the protein in the NMR solvent conditions, or on the X-ray pipeline SeMet sample, by 

analytical size exclusion chromatography combined with multi-angle light scattering (SEC-

MALS); in this work the latter conditions were used. The measurement was performed at 4 oC 

on an Agilent 1100 HPLC system (Agilent) connected to a tri-angle light scattering detector 

and a differential refractometer (miniDAWN Tristar and Optilab, Wyatt Technology).  A 

Shodex KW-802.5 column was equilibrated in 100 mM TRIS, pH 7.5, 100 mM NaCl, and 

250ppm NaN3 at a flow rate of 0.5 ml/min. A volume of 39 µL SSP0609 at 9.19 mg/mL 

concentration was injected. Data were processed using ASTRA software (Wyatt Technology) 

assuming a specific refractive index increment (∂n/∂c) of 0.185 mL/g.  To determine the 

detector delay volumes and the normalization coefficients for the MALS detector, a BSA 

sample (Sigma) was used as a reference.  The sample was found to be monomeric with 89% 

monodispersity and 19.76 kDa mass [Fig. S3]. 

All NMR data were collected at 25 oC on Bruker AVANCE 600 and 800 MHz NMR 

spectrometers equipped with 5mm TXI CryoProbe for indirect 13C and 15N detection, 

processed with NMRPipe,4 and visualized using SPARKY.5  Backbone data were analyzed 

using AutoAssign 2.1.6 The resulting backbone assignments were manually refined and 



PROTEINS  Supplementary Materials  4 

extended to the remaining side-chain atoms.  The backbone assignment is based on a series of 

3D triple resonance experiments: HNCA, HNCACB, HNcoCACB, HNCO, and HNcaCO.7  In 

addition, the following 3D experiments were conducted for side-chain assignment: 

HBHAcoNH, HcCH-COSY, HcCH-TOCSY, and CCH-TOCSY.8  Inter-proton distances were 

obtained by a total of four 3D 15N and 13C-edited NOESY spectra (tm = 100 ms).9,10  The 13C-

edited dimension was split for aromatic and aliphatic regions and the INEPT delay adjusted 

for the appropriate J(13C-1H), 166 and 140 Hz, respectively.  All 13C-edited experiments in the 

aliphatic region were run with the 13C carrier at 43 ppm and folding the editing dimension to 

24 ppm, a 30 ppm window centered at 125 ppm was used for the corresponding aromatic 

version.  Aromatic TOCSY spectra were acquired removing the selective C´ refocusing pulse.  

In addition, a 3D-13C-NOESY spectrum in 100% D2O was acquired to resolve the large 

number of Hα-Cα based NOEs crosspeaks obscured by the water resonance.  The sample was 

obtained by lyophylization and re-suspension of the 95%/5% H2O/D2O sample.  The 

tautomeric state of His109 (Fig. 2A) was determined by 1H-15N HMQC.11  Stereospecific 

isopropyl methyl assignments for all Val and Leu residues were deduced from characteristic 

cross-peak fine structures in high resolution 2D 1H-13C HSQC spectra of U-15N-5%13C 

SSP0609.12  1H-15N heteronuclear NOEs were run with a gradient sensitivity-enhanced 2D 

heteronuclear NOE sequence; 15N T1 and T2 (CPMG) relaxation experiments were acquired as 

an independent measurement of the oligomerization state.13  The T1 delay durations were: 20, 

50, 100, 200, 400, 600, 800, 900, 1200 ms. The durations of the T2 delay: 16, 32, 48, 64, 80, 

96, 128, 160, 192, 240 ms.  The data were acquired as pseudo-2D with 100µs 15N CPMG 

pulse and 450µs spacing using relaxation delay of 2 and 1s, respectively.  T1 and T2 were 

extracted by plotting the decay of integrated intensity between 8.6 – 10.0 ppm (1H detected) 
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and fitting the curves with standard exponential equations using the program ‘t1guide’ under 

Bruker Topspin2.0.  The correlation time was obtained using a simplified version of the 

equation from the literature.14  The equation provides an estimate of the molecular tumbling 

rate (τc) in the τc >> 0.5 ns regime: 
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Fig. S2A and S2B show the SSP0609 15N T1 and T2 decay curves.  The data was fit to 

exponential decay to extract the corresponding relaxation rate. 

Histidine pKa values for the active site His109 and surface His153 were determined by 

monitoring Hε1 chemical shifts (CS) as a function of pH (between pH 4 and 8). The pH was 

adjusted by adding 1 - 10 µL aliquots of 0.1N HCl or NaOH.   CS was monitored by 2D 1H-

13C HSQC NMR spectroscopy (Bruker 800 MHz spectrometer; 298 K) using U-13C,15N S. 

saprophyticus SSP0609 (Fig 2B).  As a control, the pH dependence of one resolved cross-

peak from the C-terminal His tag was also monitored.  Extending the measurement beyond 

the tested range was not deemed necessary; the sample shows signs of precipitation at 5.5 < 

pH < 7.5 and the surface exposed His peaks coalesce at the two pH extremes.  Histidine pKa 

values were obtained by non-linear least squares curve fitting (R > 0.99) to a modified 

Henderson-Hasselbalch equation that included an adjustable Hill coefficient parameter ‘n’ 

using KaleidaGraph 4.0 (Synergy Software): 
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where δobs is the observed chemical shift at each pH value, and δAH and δA are the chemical 

shifts of the protonated (charged) and deprotonated (neutral) histidine forms, respectively.  

 



PROTEINS  Supplementary Materials  6 

 For structure determination, initial structure calculations were performed by 

AutoStructure 2.1.1,15 interfaced with DYANA,16 using peak intensities from 3D edited 

NOESY experiments and dihedral angle constraints computed by TALOS (φ ± 30°; ψ ± 

30°).17  The final structure was calculated using CYANA 2.118,19 supplied with peak 

intensities from final manually curated 3D NOESY peaklists.  The 20 structures with lowest 

target function in the final cycle out of 100 calculated were further were refined by restrained 

molecular dynamics in explicit water using CNS 1.1.20,21  CYANA-2.1 upper bound NOE 

constraints only (UPL) are used in the MD protocol.  CYANA-2.1 (UPL) distances were 

translated to X-PLOR/CNS format target distance (TD) adjusting the lower limit (LL) to 

achieve (TD – LL) = 1.80 Å (van der Waals contact) and extending the upper limit by 10% 

[TD + (TD × 0.1)] for increased freedom during the MD step.  PARAM19 was used in place 

of OPLSX for improved sidechain rotamers on the basis of the ProCheck metric.  The final 

refined ensemble of 20 structures (excluding the C-terminal His6) were deposited into the 

Protein Data Bank (PDB_ID, 2K3A). Resonance assignments were validated using the 

Assignment Validation Suite (AVS) software package,22 and deposited together with the 3D 

13C and 15N NOESY peaklists in the BioMagResDB (ID: 15335).  

Structural statistics and global structure quality factors, were computed using the PSVS 1.3 

software package23 which runs a comprehensive set of validation software packages including 

Verify3D,24 Prosa,25 PROCHECK,26 MolProbity,27 and PdbStat 5.0.28  The global goodness-

of-fit of the final structure ensembles with the NOESY peak list data were determined using 

the RPF analysis program.29  The programs MOLMOL 2k230 and PyMOL 1.131 were used for 

molecular visualization during the structure refinement and for manuscript illustrations, 

respectively. The electrostatic surface potential was calculated using DelPhi 4.0,32,33 using 4-
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steps focusing method (see Table S2 Fig. S5).  The Mark-us server34 provided the initial set of 

structural annotation information and ConSurf server provided the color coded conservation 

map.35,36  ClustalX 2.0 was used for the alignment using sequences obtained from the Pfam 

22.0 server.37  The structure similarity search was conducted using the DALI server,38 

pairwise structure alignment was obtained using the CE server (Fig. S4).39  

The N-terminal segment of the protein, not part of the CHAP domain, is a low complexity 

secretion signal-peptide sequence.  Combined analysis of 1H-15N heteronuclear NOE data and 

3D 15N(13C) NOESY data (Fig. S3) reveal dynamic flexibility and lack of long-range NOE 

contacts, revealing that this N-terminal segment is largely disordered.   
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Table S1.  Summary of NMR and structural statistics for S. saprophyticus 
SSP0609 CHAP domaina  

           SSP0609 
          

Completeness of resonance assignmentsb     
Backbone/Side chain/Aromatic/Stereospecific methyl/NH2 (%) 98.1/92.03/92.5/88.2/100 
Overall non-exchangable protons (%)                            97.2  

Conformationally-restricting constraintsc 
 Distance constraints 
 Total                              1687 
 intra-residue (i = j)                                337  

sequential (|i- j| = 1)                                           444  
medium range (1 < |i – j|  ≤ 5)                                225 
long range (|i – j| < 5)                                           681 

  constraints per residue (total/long range)                                      16.1 / 6.5 

Residual constraint violations c 
 Average number of distance violations per structure 
 0.1 – 0.2 / 0.2 – 0.5 / > 0.5 (Å)                 2.05 / 0 / 0  
  average RMS distance violation / constraint (Å)                             0.01   
  maximum distance violation (Å)                               0.17   

RMSD from average coordinates (Å) c,d 
 backbone atoms/all heavy atoms                     0.5 / 0.8  

Ramachandran Statistics c,d 
 most favored/additional all./generously all./disallowed (%)          92.9 / 7.1 / 0.0 / 0.0 

Close Contacts and geometry deviation e 
 Total contacts for 20 models                                               2 
 RMSD for bond angles (degrees)                           0.6 
 RMSD for bond length (Å)                        0.008           

Global quality scores (raw / Z-score) c 
           Verify3D          0.54 / 1.28   
 ProsaII          0.61 / -0.17 

 Procheck(phi-psi) d       -0.29  / -0.83  
 Procheck(all) d       -0.19  / -1.12  

 Molprobity clash          13.3 /  -0.77 
RPF Scoresf 
 Recall/Precision/F-measure/DP-score                                 0.925 / 0.884 / 0.904 / 0.763 
 
a  Structural statistics were computed for the ensemble of 20 deposited structures. 
b   Computed using AVS software22 and CYANA-2.1 (total non exchangeable protons) from 

the expected number of peaks, excluding: highly exchangeable protons (N-terminal, Lys, 
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and Arg amino groups, hydroxyls of Ser, Thr, Tyr), carboxyls of Asp and Glu, non-
protonated aromatic carbons, and the purification tag.  

c  Calculated using PSVS 1.3 program.23  Average distance violations were calculated using 
the sum over r-6.  For SSP0609 (2K3A) residues 1-155 are considered. Z-scores are 
normalized to a set of high-resolution X-ray crystal structures (Z=0) as described in 
reference 23. 

d   Ordered residue ranges [S(φ) + S(ψ) > 1.8] :  SSP0609:  51-53, 56-68, 72-93, 95-101, 108-
127, 136-153.  

e   PDB validation software.  
f   RPF scores.29 
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Table S2 

Percentage fill  85 
Grid size  145 
Initial boundary condition  Debye-Huckel Total 
Salt concentration                     [M] 0.145 
Probe radius                              [Å] 1.4 
Nonlinear iterations  1000 
Linear iterations  1000 
Scale  2.90591 
Absolute Temperature              [K] 297.33 
External dielectric constant  80 
Internal dielectric constant  2 
Final relaxation factor  5.5875944×10-04 
Final mean change  4.2296105×10-07 
Final max change  1.2207031×10-04 
Grid energy                               [kT] 78396.20 
Total reaction field energy        [kT] -25589.74 
Self reaction field energy          [kT] -24603.29 
Corrected reaction field energy [kT] -986.4459 
Coulombic energy                    [kT] -21373.88 
Net charge  -5.99997 

 

 

Table S2.  DelPhi input parameters and output results calculated for SSP0609 (50 – 155).  
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Table S3. 

 

PDB 

ID 

Z-Scorea RMSDb Align. 

Res.c 

No. 

Res.d 

Seq. 

Id. 

(%)e 

Descriptionf 

2io9 8.4 2.6 98 603 17 E. coli Bifunctional Glutathionyl 

Spermidine  

2iob 8.2 2.7 97 583 18 E. coli Bifunctional Glutathionyl 

Spermidine 

2klg 5.6 3.3 86 129 9 E. coli Lipoprotein SPR 

2hbw 5.6 3.4 84 220 7 A. variabilis NlpC/P60 Protein 

2evr 5.5 3.4 84 222 8 N. punctiforme COG0791: Cell 

Wall-Assoc. Hydrolases 

 

Table S3. Complete report of structure similarity hits from DALI server.  Lowest energy 

SSP0609 model (2K3A) from the 20 models ensemble was submitted (155 residues).  Item 

description quoted from DALI server output: a) Z: normalized Z-score that depends on the 

size of the structures. The program optimizes a weighted sum of similarities of intramolecular 

distances; b) root-mean-square deviation of Cα atoms in the least-squares superimposition of 

the structurally equivalent Cα atoms. Non Optimized; c) number of structurally equivalent 

residues; d) number of amino acids in the protein; e) percentage of identical amino acids over 

all structurally equivalent residues; f) see numbered references in main text. 
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 Figure S1. 
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Figure S1.  Determination of the oligomerization state of S. saprophyticus SSP0609 by 

correlation time (τc) measurement conducted at 298 K on a 600 MHz spectrometer. A) 15N T2 

CPMG decay fit to exponential equation.  In the graph inset, the m3 term corresponds to the 

relaxation rate in s-1.  B) 15N T1 decay fit to exponential equation.  In the graph inset, the m3 

term corresponds to the relaxation rate in s-1.  C) Plot of τc vs. MW for a series of monomeric 

NESG targets. Monomeric SSP0609 is indicated on the plot.  
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Figure S2. 

 

 

 

 

 

Figure S2.  Molecular mass determination by gel filtration and static light scattering 

measurement. Blue and red (inset) traces are the refractive index peak detection; the 

horizontal dotted line in the inset is the mass calculated from static light scattering detectors at 

45, 90 and 135 degrees.    
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Figure S3. 
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Figure S3.  NMR connectivity map for full-length S. saprophyticus SSP0609. (i) Chemical 

shift assignment is indicated by red lines.  Backbone assignment was conducted by matching 

intra-residue and sequential C′ [HNCO and HN(CA)CO], Cα, and Cβ [HNCACB, 

HNcoCACB].  Entry to the side-chain assignment was via sequential residue by the 

HBHAcoNH experiment (HB not displayed).  (ii) The secondary structure elements in the 

final SSP0609 structure (2K3A) (iii) inter-residue NOE connectivities are shown as thin, 

medium, and thick black lines, corresponding to weak, medium, and strong NOE interactions.  

(iv) Bar graphs of the consensus CSI40 and 1H-15N heteronuclear NOE data are shown in blue.  



PROTEINS  Supplementary Materials  23 

Figure S4. 
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Figure S4. (A) Structure based sequence alignment of the two known CHAP protein domain 

structures: Q49ZM2_STAS1 (SSP0609, NESG_ID: SyR11, PDB_ID: 2K3A) and P0AES0  

(GSP_ECOLI, PDB_ID: 2IO9).  Alignment was obtained using the DALI server.  See 

Supplementary Table S3 for complete alignment statistics.  Identical residues are labeled in 

blue, conserved catalytic residues Cys57, His109 and Glu126 are labeled in red. The residue 

numbering for SSP0609 is used for reference.  The experimentally determined secondary 

structure elements are shown, their length reflects the actual residue-to-residue placement. (B) 

Structure alignment of 2K3A (cyan) and 2IO9 (purple) the active site residues are shown in 

sticks representation and labeled.  The loops surrounding the active site are labeled (BB2, 

BB4 and BB5). (*) Only present in GSP_ECOLI. 
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Figure S5. 
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Figure S5.   

Electrostatic map for SSP0609 (50 – 155) calculated with DelPhi 4.0 using the focusing 

method. Four calculations were run starting at 25 percentage fill and incrementing each step 

by 20%.  The parameters and the final 85% fill results are listed in the inset table on the side.  

A(A’) active site front view. B(B’) rear view. Red, blue and white are the negative, positive 

and neutral surface regions, respectively.    

  

 


