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Materials & Methods 

Sample preparation. All isotopically labeled compounds were obtained from Cambridge Isotopes 

Laboratories (Andover, MA). Unlabeled chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO). Uniformly 15N,13C- and 15N,2H(99%)-labeled ubiquitin were purified as described previously1 

except that minimal media cultures were supplied with deuterated glucose (d-7) and grown in 99% D2O 

for uniform 2H-labeling. The purification protocol involves refolding of ubiquitin, which was performed 

in H2O solutions to allow complete exchange of amide deuterons for hydrogens. All reverse micelle 

samples were made in 75 mM sodium bis-2-ethylhexyl sulfosuccinate (AOT) using 50 mM sodium 

acetate (d-3), pH 5, with 50 mM NaCl.2,3 All samples had a measured [water]/[surfactant] ratio (W0) of 9 

± 0.3.  15N, 2H ubiquitin reverse micelle samples were prepared using deuterated pentane (98% d-12) as 

the bulk organic solvent. 15N,13C-ubiquitin reverse micelle samples were prepared in liquid propane 

(98% d-8) at 600 psi using specialized apparatus from Daedalus Innovations, LLC (Philadelphia, PA). 

Aqueous 15N,13C-ubiquitin samples were composed of 1 mM protein, 50 mM sodium acetate (d-3), pH 

5, and 50 mM NaCl. 

NMR spectroscopy. All NMR experiments were performed at 20 °C using Bruker Avance III NMR 

spectrometers operating at 500 or 600 MHz as indicated and were equipped with cryoprobes. All 

multidimensional NMR experiments used the States-TPPI4,5 method for quadrature detection in the 

incremented time domain(s) unless otherwise indicated. The spectrometer was locked on the methyl 

deuterium signal of the alkane solvent for reverse micelle samples or on deuterium oxide for aqueous 

samples. Standard implementations of the sensitivity-enhanced6 15N-resolved NOESY-HSQC,7-9 and 

non-sensitivity enhanced 13C-resolved NOESY-HSQC implemented with the WET sequence for 

suppression of AOT resonances in the methyl (1.05 p.p.m. and 0.92 p.p.m.) and methylene (1.35 p.p.m.) 

regions were used. As noted, in some cases these were recorded as 15N or 13C projections, respectively. 

For detection of hydration water, matched three-dimensional 15N-resolved ROESY10-12 and 15N-resolved 

NOESY spectra were obtained on the same sample. The ROESY experiment employed a 8.33 kHz CW 
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spin-lock field with the 90x–SLy–90x scheme to minimize spin-lock offset effects13. ROESY spectra 

were recorded on samples prepared in propane for comparison to earlier measurements14 on samples 

prepared in pentane. 1H-1H projections of the 15N-resolved NOESY-HSQC were recorded for each 

sample at 10, 25, 40, and 75 ms NOE mixing time (τmix) to determine the linear region of the NOE and 

to characterize long-range dipolar interactions between the protein and alkane solvent. 1HN T1ρ values 

were measured using the 15N-1H projection of the three-dimensional ROESY experiment at nine 

different mixing times ranging from 1 ms to 80 ms with three delays recorded in duplicate for error 

analysis. NOE/ROE ratios were calculated for those sites which were well resolved from Hα cross peaks 

as described previously,14 and differences from the previously published values were found to be within 

measurement error (data not shown).  

Experiments to measure hydration near aliphatic hydrogens employed the corresponding 13C-resolved 

NOESY-HSQC and ROESY-HSQC experiments and were recorded on 15N,13C-ubiquitin in reverse 

micelles in perdeuterated liquid propane (d-8) at 600 MHz using 16 transients, 40 complex increments 

with gradient selection for quadrature in the indirect 13C dimension, and 64 complex increments with 

States-TPPI quadrature detection in the indirect 1H dimension. 1HC T1ρ values were measured from the 

13C-1H projection of the three-dimensional 13C-resolved ROESY experiment at nine different mixing 

times ranging from 1 ms to 35 ms with three delays recorded in duplicate for error analysis. 13C -

ROESY experiments employed a 10 kHz CW spin-lock field with the 90x–SLy–90x scheme. The spin-

lock pulse carrier frequency was moved to -1.0 p.p.m. in order to prevent HOHAHA transfers15 from 

contributing to the measured cross peaks. For comparison to the reverse micelle spectra, 13C-resolved 

NOESY-HSQC and ROESY-HSQC experiments were recorded on 15N,13C-ubiquitin in aqueous 

solution at 600 MHz using 32 transients, 32 complex increments with gradient selection in the indirect 

13C dimension and 50 complex increments in the indirect 1H dimension. The ROESY spin lock was 

performed as for the reverse micelle sample.  
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NMR Data Analysis. Spectra were processed with FELIX (Accelerys, San Diego, CA) and analyzed 

with Sparky.16 T1ρ values were determined by fitting intensity decays to single exponential functions 

using NumPy in Python 2.5. NOE/ROE values were calculated using:17 

 (1) 

Where NOE and ROE denote simple maximum peak intensities. In a minority of cases, resolution was 

insufficient for intensities to be used. In these cases, peaks were fit in SPARKY16 to determine peak 

volumes, which were used in place of intensities. The spectral parameter used is indicated in Table 1 

where the σNOE/σROE ratios are reported.  

Molecular modeling and analysis. PyMol (Schrödinger, Portland) was used to create molecular images 

and to overlay molecular structures for analysis of crystallographic waters and for analysis of ubiquitin 

complexes. The reverse micelle model was created using CNS18 and visualized using PyMol. Burial 

depth of each hydration dynamic probe was calculated using the Travel Depth19,20 suite of programs and 

was averaged over the 32 structures in the reverse micelle ubiquitin NMR structural ensemble (PDB ID 

1G6J2). The Cartesian coordinates of the Lee-Richards21 solvent-accessible molecular surface (SAS) 

generated by the Travel Depth suite for conformer 25 of the 1G6J ensemble were used to compute the 

hydration dynamic map of the ubiquitin surface. The distance from each point on the SAS to each 

hydration dynamics probe was calculated. Each point that was within NOE distance of one or more 

hydration dynamic probes was assigned an NOE/ROE value corresponding to the simple average of the 

NOE/ROE values for all of the probes within NOE distance of it. Surface points outside NOE distance 

from any hydration dynamic probe were not assigned a value. For this analysis, the present 13C-resolved 

NOE/ROE values were combined with the previously published 15N-resolved values obtained in liquid 

pentane. The NOE maximum distances used were: 3.25 Å for C-Hs, corresponding to the maximum 13C-

resolved NOE distance at 35 ms τmix as calibrated using intramolecular NOEs; 4.25 Å for sites where the 

position of the carbon atom was used rather than the hydrogen position due to degeneracy of attached 
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hydrogen chemical shifts, corresponding to the calibrated NOE distance plus 1 Å for the C-H bond; and 

4.55 Å for N-Hs, corresponding to the maximum detectable NOE distance calibrated previously.14 

Comparison of sites of NMR-detected restricted hydration dynamics with crystallographic water 

locations was performed by aligning conformer 25 of the reverse micelle ubiquitin structural ensemble 

(PDB ID 1G6J2) with two room temperature crystal structures of ubiquitin (PDB IDs 1UBQ22 and 

1UBI23). Distances between sites were calculated in PyMol. Comparison of crystal structures of 

ubiquitin complexes was performed using PyMOL. Conformer 25 of the reverse micelle NMR structural 

ensemble (PDB ID 1G6J) was aligned with each of the 20 ubiquitin complexes previously analyzed by 

Lange et al.24 Details regarding which structures were used are given Table S2. 

Analysis of ubiquitin complexes. Eighteen crystal structures of heteromolecular ubiquitin binding 

complexes were used to examine if there was a correlation between the nature of ubiquitin hydration 

dynamics and the ubiquitin binding interfaces.  The complexes and their PDB ID codes and references 

are given in Table S2.  One ubiquitin molecule in each complex was aligned with conformer 25 of the 

reverse micelle ubiquitin structural ensemble (PDB ID 1G6J)2 using PyMOL (Schrödinger, Portland).  

All non-ubiquitin heavy atoms within 6 Å of conformer 25 of 1G6J were considered to be interfacial 

atoms of the ubiquitin binding partners.  These atoms are those shown as spheres in Figure 3 of the main 

text.   
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Table S1. Apparent hydration water σNOE/σROE values and T1ρ relaxation time constants for 1H-13C 
probes of hydration in ubiquitin.  

 

σNOE/σROE values were calculated as described in Materials and Methods. *indicates sites for which 
fitted peak volumes were used in lieu of intensities. NQ indicates sites which were not quantitative, 
representing sites where cross relaxation to water was observed but was not quantified due to 
insufficient quality of the data. In most cases, this was the result of overlap with surfactant signals.  
Error for T1ρ was less ≤ 2% for all sites. 

 
Table S2.  Crystal structures used for analysis ubiquitin heteromolecular complexes.  
 
PDB ID Ubiquitin Binding Partner Reference 
2G45 Zinc-finger ubiquitin-binding domain of isopeptidase T (USP5) 25 
1CMX Yeast ubiquitin C-terminal hydrolase, Yuhl 26 
1NBF UBP-family deubiquitinating enzyme 27 
1OTR Yeast Cue 2 protein 28 
1P3Q Vacuolar protein sorting-associated protein VPS9P, Cue domain 29 
1S1Q Vacuolar protein sorting-associated protein TSG101, UEV domain 30 
1UZX Vacuolar protein sorting-associated protein VPS23 31 
1WR1 Ubiquitin-associated domain of Dsk2p 32 
1WR6 Human GGA3 C-GAT 33 
1WRD GAT domain of Tom-1 34 
1XD3 Human ubiquitin C-terminal hydrolase, L3 35 
1YD8 GAT domain of human GGA3 36 
2AYO Ubiquitin-specific processing protease, USP14 37 
2C7M Guanine nucleotide-exchange factor, Rabex-5 38 
2C7N Guanine nucleotide-exchange factor, Rabex-5 38 
2D3G Ubiquitin-interacting motif of Hrs 39 
2FID Guanine nucleotide-exchange factor, Rabex-5 40 
2FIF Guanine nucleotide-exchange factor, Rabex-5 40 

 

 

Assignment 
σNOE/σROE  

(± 0.05) 
T1ρ (s) Assignment 

σNOE/σROE 

(± 0.05) 
T1ρ (s) Assignment 

σNOE/σROE 

(± 0.05) 
T1ρ (s) 

K33 Hγ2/3 -0.53 0.0400 T14 Hγ2* -0.37 0.0292 R74 Hβ2* -0.16 0.0188 
T7 Hβ -0.49 0.0187 L69 Hβ2 -0.33 0.0248 D32 Hβ3* -0.15 0.0210 
T22 Hα -0.47 0.0184 I13 Hγ2 -0.29 0.0289 K11 Hβ3* -0.14 0.0203 
T7 Hα -0.47 0.0239 P19 Hβ3 -0.28 0.0182 P37 Hβ3 -0.12 0.0187 
K6 Hδ2/3* -0.47 0.0299 K33 Hβ2 -0.27 0.0184 K33 Hβ3* -0.10 0.0237 
T9 Hβ -0.45 0.0273 K63 Hβ3* -0.27 0.0207 Q62 Hβ3 -0.09 0.0192 
K33 Hδ2/3* -0.45 0.0448 M1 Hβ3 -0.26 0.0194 Q31 Hγ3 -0.09 0.0184 
R72 Hγ2/3* -0.43 0.0172 F4 Hβ2/3* -0.25 0.0198 F45 Hδ -0.05 0.0261 
K29 Hη3* -0.42 0.0438 Q49 Hγ2 -0.24 0.0229 Q2 Hγ3* -0.04 0.0255 
L8 Hδ2 -0.42 0.0442 M1 Hβ2 -0.21 0.0168 Q2 Hβ3 NQ 0.0210 
M1 Hγ2* -0.39 0.0221 K29 Hβ3 -0.21 0.0155 E18 Hβ3 NQ 

 

0.0203 
K11 Hδ2/3 -0.38 0.0359 K29 Hβ2 -0.20 0.0168 K33 Hη NQ 0.0400 
T9 Hγ2* -0.38 0.0293 K63 Hη2/3* -0.18 0.0373 R42 Hγ2/3 NQ 0.0176 
Q41 Hβ2* -0.38 0.0178 Q62 Hβ2* -0.17 0.0194 I44 Hγ2 NQ 0.0254 
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Figure S1. Intramolecular cross peaks to side chain hydroxyl hydrogens. Cross peaks are shown in 1H-

1H strip plots from 13C- and 15N-resolved NOESY spectra with the directly-detected dimension on the 

abscissa and the indirect 1H dimension on the ordinate axis. These cross peaks are to the hydroxyl 

hydrogen of Thr-9 demonstrating that the hydroxyl hydrogen is resolved from the water resonance and 

therefore in slow exchange. The slight variation in chemical shift of the cross peak is within the digital 

resolution of the spectra. This and similar interactions involving other side chain hydroxyl hydrogens 

demonstrate that hydrogen exchange in reverse micelles is effectively quenched by more than two 

orders of magnitude relative to free aqueous solution. 
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Figure S2. Demonstration of the absence of long-range protein-alkane solvent dipolar coupling. 1H-1H 

NOESY projections of 15N-resolved NOESY experiments are shown for uniformly 15N,2H-labeled 

ubiquitin encapsulated in AOT reverse micelles in (A) 98% perdeuterated pentane or in (B) 10% 

perdeuterated, 90% 1H-pentane. One-dimensional 1H spectra of each sample are shown vertically on the 

left of each spectrum. The contribution of the 1H-pentane in (B) is evident in the one-dimensional 

spectrum yet no increase in cross peak intensity is seen in the NOESY projection. This confirms the 

absence of long-range coupling between the protein and alkane solvent hydrogens. 
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