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Abstract 18 

Addition of a 50 mM mixture of L-arginine and L-glutamic acid (RE) is extensively 19 

used to improve protein solubility and stability although the origin of the effect is 20 

not well understood. We present Small Angle X-ray Scattering (SAXS) and 21 

Nuclear Magnetic Resonance (NMR) results showing that RE induces protein 22 
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compaction by collapsing of flexible loops on the protein core. This is suggested 23 

to be a general mechanism preventing aggregation and improving stability to 24 

proteases and to originate from the polyelectrolyte nature of RE.  25 

Molecular polyelectrolyte mixtures are expected to display long range correlation 26 

effects according to dressed interaction site theory. We hypothesize that 27 

perturbation of the RE solution by dissolved proteins is proportional to the volume 28 

occupied by the protein. As a consequence, loop collapse, minimizing the 29 

effective protein volume, is favored in the presence of RE. 30 

 31 

Keywords:  Protein compaction, crowding, molecular polyelectrolytes, loop 32 

dynamics, protein stability, co-solutes 33 

 34 

Abbreviations:  35 

FKBP12         FK506 binding protein 36 

lmwPTP         Bovine low molecular weight protein tyrosine phosphatase 37 

MBP              Maltose Binding Protein 38 

PIC                Polyelectrolyte Induced Compaction  39 

RE     An equimolar mixture of L-arginine and L-glutamic acid 40 

Rg  Radius of gyration 41 

SAXS            Small Angle X-ray scattering 42 

 43 

44 
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Introduction 45 

 46 

Weak protein-protein interactions can be modulated by the presence of 47 

co-solutes. Non-specific interactions leading to aggregation of partially unfolded 48 

proteins is a physiological relevant process that is minimized by the action of 49 

chaperones and possibly by increasing the concentration of small molecular 50 

weight co-solutes under stress conditions. Protein aggregation is a common 51 

cause of failure of structural biology projects either using NMR or X-ray. The 52 

addition of an equimolar mixture of arginine and glutamic acid (RE) was reported 53 

by Golovanov et al. (2004) to prevent aggregation and to improve the solubility of 54 

a large number of proteins while preserving biologically relevant macromolecular 55 

interactions. The same publication reported an increased resistance to 56 

degradation by proteases in the presence of 50 mM RE. A large scale study by 57 

Vedadi et al (2006) of the influence of added co-solutes on structural proteomics 58 

projects showed that RE and n-dodecyl-β-D-maltoside were the two most 59 

universal co-solutes in stabilizing a wide variety of different proteins by more than 60 

4°C. Our group have studied the structural effects of RE mixture with bovine low 61 

molecular weight protein tyrosine phosphatase (lmwPTP), a protein that forms 62 

dimers and higher oligomers in solution. Using 129Xe-NMR we showed that RE 63 

strongly suppresses non-specific interactions of Xe atoms with lmwPTP (Blobel 64 

et al 2007). In the same work it was shown that RE increases the population of 65 

lmwPTP dimers. Thus, while RE prevents non-specific aggregation of a very 66 

diverse set of proteins, it preserves and even increases the affinity of specific 67 
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interactions. The origin of these apparently conflicting effects of RE is not well 68 

understood. 69 

Here we have studied the effect of RE on three different proteins by Small 70 

Angle X-ray Scattering (SAXS) and NMR. Bovine lmwPTP, had been previously 71 

studied in our laboratories by a number of different techniques (Åkerud et al. 72 

2002, Bernadó et al. 2003; Blobel et al. 2007; Blobel et al. 2009). Dimerization is 73 

a conserved feature of lmwPTP from bacteria to mammals (Blobel et al. 2009b). 74 

Dimerization involves loops which are highly mobile in the monomer (Åkerud et 75 

al. 2002). Applying the Multivariate Curve Resolution (MCR) approach to SAXS 76 

data, as recently described (Blobel et al. 2009), we show that RE causes a 77 

selective reduction of the radius of gyration of lmwPTP dimers determined by 78 

SAXS. NMR data on the same system map RE induced perturbations to the 79 

dimerization loop and the N- and C- terminal extremes of lmwPTP. FK-506 80 

binding protein (FKBP12) is a monomeric, highly stable protein that has a loop, 81 

comprising residues Ala81-Thr96, with restricted conformational dynamics. This 82 

loop is part of the binding surface for immunosuppressant and peptide substrates 83 

(Brath et al. 2006, Brath & Akke 2009). While SAXS data do not detect RE 84 

induced changes in FKBP12, NMR chemical shift and relaxation time 85 

measurements show that the effect of RE is concentrated in the loop regions of 86 

FKBP12. Chymotrypsinogen A contains large loop regions that are cleaved by 87 

proteases to generate different forms of chymotrypsin. SAXS results show a clear 88 

compaction of chymotrypsinogen and lmwPTP dimer caused by the addition of 89 

RE. NMR results identify in lmwPTP and FKBP12 that RE induces perturbations 90 
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mainly localized in the loops. RE also induces an increase in the denaturation 91 

temperature of chymotrypsinogen but not of maltose binding protein which does 92 

not have exposed loops.  93 

Together, these results are consistent with a model explaining the RE-94 

induced promiscuous solubility and stability enhancement by the compaction of 95 

loops and other poorly structured regions onto the surface of the folded protein 96 

core. This compaction effect would efficiently reduce aggregation involving 97 

unstructured regions and would also explain the RE-enhanced stability to 98 

proteases, which preferentially hydrolyze locally unfolded regions. We propose 99 

that RE, and other polyelectrolytes, induce protein compaction to minimize the 100 

perturbation by the protein of long-range electrostatic interactions between 101 

molecular polyelectrolyte co-solutes.  102 

 103 

MATERIALS AND METHODS 104 

 105 

RE buffer preparation 106 

A stock solution of 1 M RE was prepared by dissolving a mixture of pure L-107 

arginine (Sigma) and L-glutamic acid (Sigma) in water. The solubility of the 108 

mixture is higher than that of L-glutamic acid alone. The stock solution (pH 6.5) 109 

was used to prepare samples in different buffers.  110 

 111 

Sample preparation. 112 
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Chymotrypsinogen A (Mr = 20.4 kDa) was bought from Sigma. Recombinant 113 

human FKBP12 (Mr = 11.8 kDa) and lmwPTP (Mr = 18.1 kDa) were expressed 114 

and purified as explained elsewhere (Standaert et al. 1990; Wo et al. 1992). 115 

From the same batches of chymotrypsinogen A and FKBP12, pairs of samples, 116 

one with the maximum RE concentration and the other without RE, were 117 

prepared in 25 mM phosphate (pH = 6.5) and 1mM TCEP•HCl. Samples with 118 

intermediate RE concentrations were obtained by mixing of the two standard 119 

samples. The lmwPTP buffer consisted of 200 mM potassium phosphate, 3 mM 120 

sodium azide and 10 mM TCEP•HCl at a pH = 6.0. In all cases, total protein 121 

concentrations were determined by UV absorption. 122 

Small Angle X-ray scattering.  123 

Synchrotron radiation X-ray scattering data was collected following standard 124 

procedures on the X33 beamline at the European Molecular Biology Laboratory 125 

(EMBL) on the storage ring DORIS III of the Deutsches Elektronen Synchrotron 126 

(DESY) (Roessle et al. 2007). Scattering curves were recorded on a MAR345 127 

image plate detector. Chymotrypsinogen A was measured at a concentration of 128 

0.36 mM (7.3 mg/ml) and FKBP12 at 0.76 mM (9 mg/ml) at a temperature of 129 

20°C. Both proteins were measured in the presence of 0, 50, 100 and 200 mM 130 

RE. lmwPTP was measured in zero and 50 mM RE at ten different potrein 131 

concentrations (1.00, 0.80, 0.60, 0.55, 0.48, 0.41, 0.34, 0.25, 0.17 and 0.056 132 

mM; 18 to 1.01 mg/ml) at 37°C. lmwPTP samples were prepared in both non-RE 133 

and RE buffer by successive dilution of a 1 mM lmwPTP sample with the 134 

corresponding buffer. Measurements up to 0.60 mM lmwPTP in non-RE buffer 135 
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were already reported in an earlier publication of our group (Blobel et al. 2009). 136 

Scattering curves of the buffer were collected before and after each acquisition of 137 

a protein sample to avoid systematic error. The scattering curves covered a 138 

momentum transfer range of 0.0956 < s < 5.0455 nm-1. The scattering due to 139 

buffer was subtracted by averaging the buffer measurements enclosing the 140 

actual protein measurement. All data manipulations were performed with the 141 

program PRIMUS (Konarev et al. 2003). 142 

The forward scattering I(0) and the radius of gyration Rg were evaluated 143 

with the Guinier approximation assuming that, at very small angles (s < 1.3/Rg), 144 

the intensity is represented as I(s)=I(0) exp(-(sRg)2/3) (Guinier 1939). The actual 145 

concentration of the lowest lmwPTP concentration sample (0.056 mM) was 146 

determined from its I(0) value by extrapolation of the I(0) obtained at 0.17 mM 147 

lmwPTP. 148 

Multivariate Curve Resolution Alternating Least Squares (MCR-ALS) analysis of 149 

the SAXS curves.  150 

The SAXS curves of 0.17, 0.25, 0.34 and 0.41 mM lmwPTP ranging from s = 151 

0.185 – 1.666 nm-1, consisting of 659 points, were jointly analyzed by MCR-ALS 152 

as described elsewhere (Blobel et al. 2009). The maximum s-value was chosen 153 

to ensure that only positive intensities for all scattering curves were present up to 154 

1.666 nm-1. The large divergences in the intensities up to 0.0185 Å-1 of the lowest 155 

used concentration curve (0.17 mM) restricted the analysis to lower angle 156 

measures. The error due to the concentration matrix, resulting from its deviation 157 
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from the dissociation constant, was scaled in respect to the previous publication 158 

to make up 5% of the total error, giving a scaling factor ε = 500.  159 

NMR measurements.  160 

15N HSQC spectra at different RE concentrations were measured using 500 MHz 161 

Varian or Bruker spectrometers. HSQC spectra of 1.0 mM FKBP12 were 162 

recorded at 20ºC in 25 mM phosphate and 1mM TCEP•HCl at a pH = 6.5 in the 163 

presence of 0, 50, 100, 200, 300 or 400 mM RE. HSQC spectra of 0.1 mM 164 

lmwPTP were measured at 37ºC in 100 mM potassium phosphate, 1 mM sodium 165 

azide and 1 mM TCEP•HCl at a pH = 6.0 with 0, 50, 100, 200, 400 or 600 mM 166 

RE. 15N relaxation measurements of 0.94 and 1.4 mM FKBP12 were 167 

accumulated on a 600 MHz Varian spectrometer. Spectra were processed with 168 

NMRPipe (Delaglio et al. 1995). Further data processing was done using in 169 

house written programs running in Matlab©.  170 

<R2/R1> in the presence of 50 mM RE were scaled using the core residues not 171 

affected by chemical exchange to correct for the different viscosity of the two 172 

solvents. The scaling factor (1.077) would correspond to a ratio of viscosities of 173 

1.038, in good agreement with the measured value of 1.041 (Blobel et al. 2007).  174 

Denaturation measurements.  175 

Denaturation experiments were performed in 96-well plates on a FluoDia T70 176 

fluorimeter by following the increase of fluorescence of SYPRO Orange (Sigma 177 

Aldrich) in the presence of 10 µM protein in 25 mM phosphate buffer containing 178 

150 mM NaCl at pH 6.5 for chymotrypsinogen A and pH 7.5 for maltose binding 179 
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protein. The melting temperature was calculated by fitting a two state model to 180 

the unfolding curve using an in-house program written in Matlab©.  181 

 182 

RESULTS 183 

 184 

lmwPTP dimer compaction and stabilization 185 

 186 

The dimerization and further oligomerization of lmwPTP was studied in the 187 

presence of 50 mM RE and in RE-free buffer by measuring SAXS curves at ten 188 

different lmwPTP concentrations. Figure 1 shows the apparent radius of gyration 189 

(Rg) and maximum dimensions (Dmax) of the particles present in solution as a 190 

function of the total protein concentration.  191 

 192 

Insert Figure 1 here 193 

 194 

The measured values are intermediate between those expected on the basis of 195 

the pure monomer and pure dimer X-ray structures (Zhang et al. 1994, 196 

Tabernero et al. 1999), consistent with an oligomerization equilibrium described 197 

with earlier NMR measurements (Åkerud et al. 2002, Bernado et al. 2003, Blobel 198 

et al. 2007). We have previously demonstrated that the presence of RE 199 

increased the stability and therefore the population of lmwPTP dimer in the 200 

equilibrium mixture (Blobel et al. 2007). In apparent contrast with these 201 

observations, samples in RE buffer consistently show smaller apparent Rg 202 
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values. The difference is greater at intermediate concentrations where the 203 

proportion of dimer is the highest.  204 

The apparent Dmax values increases with the total protein concentration up to a 205 

plateau value at 0.17 and 0.34 mM in the presence and in the absence of RE, 206 

respectively. In RE-free buffer the plateau value of Dmax value agrees with the 207 

dimensions of the dimer observed in crystals. In contrast, Dmax is approximately 5 208 

Å smaller in the presence than in the absence of RE. At higher concentrations 209 

Dmax become larger than expected for a dimer indicating the presence of higher 210 

oligomers. 211 

Pure SAXS curves were extracted for eachof the two main components in the 212 

mixture by simultaneous analysis of all curves in the concentration range from 213 

0.17 to 0.41 mM using the MCR-ALS algorithm (Blobel et al. 2009). At higher 214 

concentrations at least one more component contributes significantly to the 215 

experimental curves preventing further analysis. Figure 2 shows the extracted 216 

pure curves for the monomer and dimer of lmwPTP in the presence of RE when 217 

fitted to the crystallographic models of both species with CRYSOL (Svergun et al. 218 

1995).  219 

 220 

Insert Figure 2 here 221 

 222 

The extracted curve for the monomer is in good agreement with the one 223 

expected from the crystal structure (χ2 = 2.4; Rg crystal = 16.45 Å, Rg exp = 15.91 224 

Å) but the curve for the dimer shows a lower agreement (χ2 = 3.4). The Rg value 225 

obtained from the extracted curve is 21.1 Å which is smaller than the one 226 
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predicted from the crystal structure (Rg crystal = 23.3 Å).  As a reference, the Rg 227 

values of the individual species extracted from the data measured in the absence 228 

of RE were 16.4 Å and 23.9 Å for the monomer and dimer respectively (Blobel et 229 

al. 2009). Thus, both Rg values extracted from the pure curves and the evolution 230 

of Dmax values suggest that RE is causing a compaction of the lmwPTP dimer. 231 

The compaction is also manifested in the poor agreement of the crystallographic 232 

structure of the dimer to the MCR-ALS derived SAXS curve (χ2 = 3.4, see above) 233 

that indicates that RE perturbs its structure. The MCR-ALS method provides 234 

estimates of the dimer dissociation constant of 0.79 ±0 .06 mM in the presence of 235 

RE and 1.62 ± 0.12 mM in RE free buffer. These results confirm the stabilization 236 

of lmwPTP dimers by RE observed with different techniques (Blobel et al. 2007). 237 

The MCR-ALS analysis of the concentration dependent SAXS dataset has the 238 

capacity to deconvolute the thermodynamic changes and the compaction effects 239 

exerted by RE. 240 

 241 

lmwPTP NMR studies map the sites perturbed by RE 242 

 243 

In order to further characterize the structural effects caused by the addition of RE 244 

at a residue level, we measured changes in the NMR chemical shifts of 100 µM 245 

lmwPTP as a function of RE concentration in the range of 0-600 mM. At this 246 

protein concentration the population of dimer is negligible. Chemical shift 247 

differences between 0 and 50 mM RE along the protein sequence are shown in 248 

Figure 3. The solvent accessibility of each residue and the location of secondary 249 
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structure elements are also shown. The most perturbed regions correspond to 250 

loops. The large loops ranging from residues 46 to 55 and from residues 120 to 251 

135 that form the dimerization interface of lmwPTP show large perturbations. The 252 

most perturbed residues include charged, polar uncharged as well as 253 

hydrophobic groups.  Although the perturbed residues in general are solvent 254 

exposed there are other residues with higher solvent accessibility that are 255 

unaffected.  256 

 257 

Insert Figure 3 here 258 

 259 

FKBP12 NMR studies also map RE perturbations to loops 260 

 261 

In order to check if the effect of RE on loop residues is a general feature, we 262 

studied the effect of different RE concentrations on the 1H chemical shift and 15N 263 

relaxation rates of FKBP12.  264 

Figure 4 shows the 1H chemical shift changes of FKBP12 induced by the addition 265 

of 50 mM of RE, the solvent accessibility of the different residues and the location 266 

of secondary structure elements. The mobility of different regions of FKBP12 in 267 

the presence and absence of 50 mM RE was characterized by 15N relaxation. 268 

The residue specific R2/R1 values, corrected for the viscosity differences between 269 

the two buffers, are shown in Figure 5.  270 

 271 

Insert Figure 4 here 272 
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 273 

Insert Figure 5 here 274 

 275 

RE induced chemical shift perturbations of FKBP12 are mainly associated to 276 

loops and do not correlate with solvent accessibility or residue type. Relaxation 277 

data confirm that the residues that are more perturbed by the addition of RE are 278 

located in loops and probably reflect chemical exchange effects. The largest 279 

R2/R1 differences are observed for Gly86 and are clearly outside the 280 

experimental error. Smaller differences are observed for residues Gly83, His87, 281 

Ile91 and Thr96 in the same loop. While the differences are subtle, the result was 282 

confirmed at two different FKBP12 concentrations. At the higher concentration 283 

Arg42, located in a second mobile region, shows a significant decrease of R2/R1 284 

values in the presence of 50 mM RE. The fact that this residue is only affected at 285 

high concentrations suggests that the effect may result from minor aggregation 286 

being suppressed by the addition of RE.  287 

 288 

Chymotrypsinogen A loops are collapsed on the folded core 289 

 290 

SAXS data reveal the compaction of the lmwPTP dimer but do not detect any 291 

changes in the lmwPTP monomer. This suggests that the effect of RE on the 292 

conformational space sampled by small loops is too modest to cause a 293 

detectable change by SAXS. To directly characterize the effect of RE on a 294 

monomeric protein using SAXS we selected chymotrypsinogen A that contains 295 
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large disordered loops not observed in the crystal structure of the protein. As a 296 

control we measured SAXS data of FKBP12 under the same conditions. 297 

SAXS curves of chymotrypsinogen A and FKBP12 were measured under 298 

equivalent conditions in the presence of 0, 50, 100 and 200 mM RE. The Rg 299 

values extracted from the curves are plotted vs. RE concentration in Figure 6. As 300 

a reference, the Rg expected from the published crystal structures (1chg Freer et 301 

al. 1979, 1d7h Burkhard et al. 2000) are indicated.  302 

The Rg of chymotrypsinogen A in the absence of RE is 22.3 Å and 303 

decreases to 17.8 Å in 200 mM RE. Most of the compaction takes place below 50 304 

mM RE. The presence of RE does no affect de Rg value of FKBP12 and this 305 

value is in excellent agreement with the one predicted from its crystal structure 306 

confirming that the RE buffer does not perturb the SAXS measurements.  307 

The Rg value calculated from the crystallographic structure of 308 

chymotrypsinogen A is 17.3 Å.  Since the mobile loops are not present in the 309 

structure, this value reflects the dimensions of the folded core. The compact form 310 

of chymotrypsinogen A in the presence of 200 mM has a Rg value of only 17.8 Å, 311 

just slightly larger than that of the protein core observed in the crystal.  312 

Comparison of the complete SAXS curve with the ordered part of 313 

chymotrypsinogen A using CRYSOL shows a not very good agreement in the 314 

absence of RE that dramatically improves in the presence of 200 mM RE (Figure 315 

7). These results suggest that the mobile loops of chymotrypsinogen A collapse 316 

onto the surface of the folded core in the presence of RE.   317 

 318 

Insert Figure 7 here 319 
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 320 

The additional interactions between the loops and the protein core are 321 

expected to increase the proteins thermodynamic stability. Indeed, 322 

chymotrypsinogen A melting temperature increases by nearly  4K in the presence 323 

of 200 mM RE (Table 1). As a comparison, we measured also the stability of 324 

maltose binding protein (MBP), a highly soluble periplasmic protein that does not 325 

have large disordered loops on its surface. RE had no effected on the stability of 326 

MBP, although the stabilization by sodium sulphate and the destabilization by 327 

sodium thiocianate, two classical Hoffmeister type cosolutes (Tadeo et al. 2007), 328 

and also the stabilization by its ligand, maltose, could be clearly observed.  329 

 330 

Insert Table 1 here 331 

 332 
DISCUSSION 333 

Reported effects of 50 mM RE on the solution properties of proteins include: a) 334 

Increase in protein solubility (Golovanov et al. 2004); b) Increase in the second 335 

virial coefficient (Valente et al. 2005); c) Decrease of non-specific interactions of 336 

Xe atoms with proteins (Blobel et al. 2007); d) Preservation of specific 337 

intermolecular interactions (Golovanov et al. 2004); e) Increase of the stability of 338 

oligomers (Blobel et al. 2007); f) Increase in protein thermal stability (Vedadi et 339 

al. 2006); g) Increase in the resistance to proteolytic degradation (Golovanov et 340 

al. 2004).  341 

Some of the observed effects are clearly related and suggest that RE causes a 342 

reduction in the exposure of hydrophobic regions of the protein that are 343 
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responsible for non-specific protein-protein interactions measured by the second 344 

virial coefficient and favouring aggregation, and also for the reduced interaction 345 

with a non-specific hydrophobic probe like Xe atoms. On the other hand, the 346 

preservation of specific interactions with other macromolecules suggests that RE 347 

is not affecting equally all exposed regions of the protein. The observed 348 

enhancement of the stability of the dimers in the case of lmwPTP indicates an 349 

effect of RE in oligomerization processes. Moreover, the increase in thermal 350 

stability observed with many, but not all, of the proteins whose solubility is 351 

enhanced by the addition of RE indicates also suggests an effect on the 352 

unfolding equilibria. The entropic cost of rigidifying loops upon compaction could 353 

reduce or compensate the energetically positive intramolecular interactions 354 

explaining the negligible thermal stabilization of some proteins in RE containing 355 

buffers. 356 

Finally, the surprising observation of the increased stability to proteases of 357 

proteins that are not significantly thermally stabilized by RE remains unexplained. 358 

It has been speculated that it has a completely different origin from other RE 359 

effects, and is related to competitive inhibition of contaminating proteases by the 360 

added amino acids (Golovanov et al. 2004).  361 

The effects of RE on three unrelated proteins, all of which display disordered 362 

loops on their surface (Figure 8), have been measured by NMR and SAXS. While 363 

NMR provides information at an atomic scale, SAXS provides a low resolution 364 

view of large amplitude changes induced by the co-solutes.  NMR chemical shifts 365 

and relaxation data on FKBP12 and lmwPTP presented in the results section and 366 
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elsewhere (Blobel et al 2007) show that the residues most perturbed by RE are 367 

located in loop regions. Conversely, exposed residues in structured regions are 368 

typically not perturbed by RE suggesting that the effect of RE is associated with 369 

changes in the conformation of flexible regions, rather than accessible to co-370 

solutes per se. 371 

SAXS measurements provide complementary information with respect to NMR. 372 

In the published crystallographic structure of chymotripsinogen A 23 of the 245 373 

residues have atoms that could not be located in the electron density. The portion 374 

of the protein that is observed in the crystal structure roughly corresponds to the 375 

folded protein core. The Rg calculated from this structure is much smaller than 376 

the experimentally observed one in the absence of RE in which the larger volume 377 

occupied by the disordered loops is also detected. However, the SAXS curve of 378 

chymotrypsinogen A in 200 mM RE is in good agreement with the one calculated 379 

using only the folded core. The solution Rg value is only slightly larger than the 380 

one calculated for the ordered core strongly suggesting that the disordered loops 381 

have collapsed onto the protein core in 200 mM RE.  382 

Despite the effects of RE on the chemical shifts of FKBP12 and monomeric 383 

lmwPTP, RE does not have any significant effect on the measured Rg values for 384 

these two proteins, suggesting that the volume sampled by the loops of these two 385 

proteins in the absence of RE is smaller than in the case of chymotrypsinogen A. 386 

However, a significant compaction was observed for the lmwPTP dimer. It is 387 

likely that compaction of the dimer interface, which is formed by the interaction of 388 

symmetry-related loops from both protomers, causes changes in the dimer 389 
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dimensions that are large enough to be observed by SAXS. Thus, the 390 

compaction of lmwPTP dimer and that of chymotrypsinogen A can be seen as 391 

two examples of minimization of the effective protein volume in the presence of 392 

RE. 393 

The thermodynamic stability of chymotrypsinogen A is increased in the presence 394 

of RE. In principle this could be caused by stabilization of the folded form or 395 

destabilization of the unfolded state. To check if RE can destabilize unfolded 396 

states we measured the melting temperature of MBP in different conditions. MBP 397 

is larger than chymotrypsinogen A, but it does not have any large disordered 398 

loops. If RE had a general destabilizing effect on unfolded proteins, denaturation 399 

temperature of MBP would be expected to increase in the presence of RE. The 400 

results in Table 1 show that RE has no effect on the stability of MBP in contrast 401 

to classical osmolites like Na2SO4 or NaSCN which show a clear stabilization and 402 

destabilization, respectively. The stabilization resulting from maltose binding 403 

could also be clearly observed for MBP. These results are consistent with the 404 

hypothesis that chymotrypsinogen A stabilization occurs in the folded state and is 405 

a consequence of the additional interactions between the core and the collapsed 406 

loops.  407 

 408 

A unified explanation for RE effects on proteins 409 

 410 

The results presented in this work show a common theme in the three systems 411 

studied: the addition of RE selectively affects disordered loops on the protein 412 
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surface leading to compaction, probably by forcing their collapse onto the stably 413 

folded protein core. This observation suggests a unified and general explanation 414 

for all the effects caused by RE on many different proteins. Disordered regions 415 

protruding from the protein surface of an otherwise well folded protein are often 416 

mediating non-specific interactions and protein aggregation and are also 417 

especially susceptible to proteolytic degradation. By collapsing these regions 418 

onto the protein core, non-specific interactions and proteolytic degradation are 419 

reduced.  420 

The additional intramolecular interactions between the collapsed loops and the 421 

core may stabilize the folded state and contribute to the increased thermal 422 

stability in some cases. The enhanced stability would be a consequence of the 423 

collapse of the loops and not the other way around (i.e. the lower exposure of 424 

disordered regions may be the primary effect and not a consequence of a higher 425 

thermal stability of the protein core). Thus, in some cases it may be possible that 426 

the collapse of small loops contributes to reduce aggregation and increase 427 

protein solubility but has no measurable influence in the thermal stability of the 428 

protein core, as has been observed by Golovanov et al. (2004). 429 

Protein compaction, as observed in the presence of RE has been previously 430 

observed with much larger concentration of sugars (Kim et al. 2003), polyols 431 

(Kaushik and Bhat 1998) and trimethylamine N-oxide (TMAO, Stanley et al. 432 

2008). Reduction of protein aggregation by these co-solutes has been associated 433 

to intramolecular burying of hydrophobic patches.   434 

 435 
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The origin of the RE effect: the Polyelectrolyte Induced Compaction model 436 

 437 

Which is the mechanism by which RE causes the collapse of disordered loops on 438 

the protein surface? Arginine is one of the most common additives used to 439 

prevent aggregation during refolding of denatured proteins (De Bernardez Clark, 440 

2001) and has been shown to prevent heat-induced aggregation (Shiraki et al, 441 

2002). Either arginine or glutamic acid separately reduce aggregation induced by 442 

partial thermal unfolding at 50 mM concentration although higher concentrations 443 

of arginine have larger effects (Shiraki et al. 2002). Arginine prevents aggregation 444 

during refolding of lysozyme by dilution from 8M urea but glutamic acid induces 445 

aggregation under these conditions. Protection from heat-induced aggregation by 446 

arginine and glutamic acid shows no correlation with the isoelectric point of the 447 

protein (Shiraki et al. 2002). Very high concentrations of arginine (0.5-2 M) 448 

decrease the thermal stability of proteins (Arakawa and Tsumoto, 2003). The 449 

aggregation suppressing effect of arginine has been related to its capacity to bind 450 

to both hydrophobic and hydrophilic amino acid side chains offsetting its 451 

preferential exclusion from protein surfaces suggested by surface tension 452 

measurements (Arakawa et al. 2007). An alternative explanation based on the 453 

formation of arginine clusters has been suggested by Das et al. (2007).  454 

The use of glutamic acid as co-solute is limited by its low solubility. Sodium 455 

glutamate at high concentration stabilizes both lysozyme and BSA (Arakawa and 456 

Timasheff 1984). The solubility of glutamic acid can be increased to much higher 457 

concentrations in the presence of equimolar amounts of arginine. The increase in 458 
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protein solubility in 50 mM RE equimolar mixture is not observed in the presence 459 

of the same concentration of the individual amino acids (Golovanov et al 2004). 460 

RE also has a larger effect than arginine on the second virial coefficient of 461 

lysozyme (Valente et al 2005). 462 

In contrast to other co-solutes, the RE mixture increases protein solubility at low 463 

concentrations. The non-additive effects of the components of the RE mixture 464 

and the differences from classical co-solutes like Na2SO4 and NaSCN on the 465 

melting temperature of MBP suggests that RE acts, at least in some cases, by a 466 

different mechanism. It has been speculated that charged amino acids interact 467 

and mask oppositely charged groups on the protein surface while the 468 

hydrophobic parts of the side chains of arginine and glutamic acid cover adjacent 469 

hydrophobic groups preventing aggregation (Golovanov et al 2004). However, 470 

preferential interaction would result in protein destabilization as the denatured 471 

state usually has more accessible interaction sites. In the presence of 50 mM RE 472 

a significant number of proteins are stabilized by more than 4ºC (Vedadi et al 473 

2006) or not affected.  474 

We would like to suggest an alternative model, the Polyelectrolyte Induced 475 

Compaction (PIC), that could explain the loop compaction effect caused by RE.  476 

The model is based on the following premises: 477 

a) Arginine and glutamic acid are both molecular polyelectrolytes. Each of them 478 

has at neutral pH three charged interaction sites, even though the global charge 479 

is +1 for Arg and -1 for Glu.  The molecular polyelectrolyte nature of arginine 480 
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could be further enhanced by the formation of clusters as suggested by mass 481 

spectrometry (Das et al 2007, Julian et al 2001).  482 

b) The interaction between sites of different molecules will introduce a spatial 483 

correlation between them. The asymptotic behaviour of the correlation function 484 

will be either monotonic or oscillatory depending on the concentration of the 485 

electrolyte. Dressed interaction site theory (DIST) predicts a shifting to lower ionic 486 

concentrations, of the point at which the leading asymptotic term turns from a 487 

strictly monotonic decay to a damped oscillatory behaviour in the case of 488 

molecular electrolytes (Gonzalez-Moruelos et al 2005). Model calculations for a 489 

20 Å rigid rod with four equally charged sites and spherical, single site, counter 490 

ions predict that the onset of the transition would take place at a concentration of 491 

25 µM. At this point the effective decay length would be 262 Å. This distance is 492 

the effective decay length of the effective potential between oppositely charged 493 

species and it has the same order of magnitude as the dimensions of a large 494 

macromolecule. While equivalent calculations for a real arginine-glutamic acid 495 

system are not feasible at this point we assume that, due to their molecular 496 

polyelectrolyte nature, the interaction length will be significantly longer than 497 

expected for simple ions.   498 

c) In the absence of protein, RE solutions will reach a minimum energy state 499 

which will include the effect of the long range correlation between arginine and 500 

glutamate. 501 

d) The presence of the protein is expected to perturb the electrolyte solution and 502 

increase the free energy of the system. If the protein can adopt different 503 
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conformations, those that minimize the occupied volume will also minimize the 504 

perturbation and will be favoured, leading to compaction. 505 

e) PIC is reminiscent of other phenomena favouring protein states that occupy 506 

the lowest possible volume, such as steric macromolecular crowding or surface 507 

tension effects opposing the formation of the solvent cavity needed to 508 

accommodate the protein. However, it has a different origin and dependency on 509 

structural and dynamic factors. In particular, according to our hypothesis, PIC is 510 

associated to a mixture of interacting co-solutes and originates from the dynamic 511 

correlation between different chemical species. Thus it may not be quantified by 512 

surface tension measurements and is expected to depend on the translational 513 

diffusion rates of the electrolytes and the perturbing protein.  514 

f) The correlation between molecular electrolytes affects their relative motions 515 

taking place at a velocity related to their translational diffusion which is large in 516 

the case of small molecules, such as arginine and glutamic acid. The 517 

perturbation induced by a protein in the solution will be different depending on its 518 

mobility. For a denatured or unfolded protein, local diffusion is fast and the 519 

perturbation will be minimal. Thus, in contrast to macromolecular steric crowding, 520 

small polyelectrolytes are not expected to stabilize proteins by destabilizing the 521 

denatured state. On the other hand, loops protruding from the surface of a large 522 

protein and exploring a considerable volume will cause a large perturbation on 523 

the electrolyte system since their translational motion is restricted to that of the 524 

complete protein. Thus, RE favours the reduction of protein volume by favouring 525 

intramolecular interactions of loops with the folded core. The burying of exposed 526 
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sites would be finally responsible for the observed reduction of non-specific 527 

interactions and concomitant increase in solubility and stability to proteases.  528 

Although the PIC model explains qualitatively the observed behaviour of RE in 529 

different systems, it is still speculative and it is difficult to derive quantitative 530 

predictions that could be tested. In addition, it is likely that other mechanisms 531 

may be simultaneously contributing to the observed effects. However, the PIC 532 

model provides a unified explanation for the different effects of RE observed and 533 

can be generalized to other systems, leading to qualitative predictions, some of 534 

which have been verified.  535 

If the polyelectrolyte nature of RE is responsible for the observed effects, other 536 

polyelectrolyte systems should show similar behaviour. We have tested over 50 537 

different mixtures of organic polyelectrolytes and observed stabilization of 538 

chymotrypsinogen A by more than 4ºC in 46 mixtures and in half of the cases the 539 

stabilization was higher than 10ºC at co-solute concentrations below 600 mM. 540 

These results will be reported in detail elsewhere (Sornosa et al. in preparation). 541 

A large number of small biological molecules such as amino-acids or polyamines 542 

can also be considered as polyelectrolites and may exert similar effects to 543 

proteins in cellular environments. 544 

The PIC model could also explain the chaperone activity of intrinsically 545 

disordered proteins ERD10 and ERD14 produced by plants under stress 546 

conditions (Kovacs et al 2008). Their chaperone activity is associated to the 547 

presence of charged repetitive regions that can be described as polyelectrolytes.   548 
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We suggest that the PIC model provides a new conceptual framework to 549 

understand the modulation of protein solution properties by multiple charged 550 

molecules. This framework can direct the search for new stabilizing additives for 551 

biotechnological applications and help to understand biologically relevant 552 

transient interactions involving intrinsically disordered chaperones.  553 
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 685 

Table 1. Co-solute induced changes in melting temperature  686 

 687 

 688 

a  25 mM phosphate, 150 mM NaCl plus the indicated cosolute. Protein 689 

concentration was 10 µM.  The estimated uncertainty in ΔT is 1K. 690 

b  pH 6.5  691 

c  pH 7.5 692 

693 

Protein Buffera ΔT * K-1 

 
Chymotrypsinogen Ab 50 mM   RE 

 
+1.4 

Chymotrypsinogen Ab  200 mM RE 
 

+3.9 

MBPc 
 

50 mM   RE 
 

+0.5 

MBPc 
 

200 mM RE 
 

+0.7 

MBPc 
 

200 mM Na2SO4 
 

+3.1 

MBPc 
 

200 mM NaSCN 
 

-7.8 

MBPc 
 

2 mM     maltose 
 

+6.0 
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 694 

FIGURE CAPTIONS 695 

 696 

Figure 1 Apparent radius of gyration (Rg) and maximum dimension (Dmax) 697 

observed as a function of lmwPTP concentration in the absence (filled dots) and 698 

presence (empty circles) of 50 mM RE. The theoretical values for the monomer 699 

(dashed dotted line) and dimer (dashed line) are indicated. 700 

 701 

Figure 2 MCR-ALS extracted pure SAXS curves for lmwPTP monomer (red) and 702 

dimer (green) and their fit to the corresponding crystal structures (dashed lines) 703 

by CRYSOL (Svergun et al. 1995). An equivalent analysis to a SAXS dataset 704 

measured in the absence of RE yield SAXS curves of both species that were in 705 

excellent agreement with crystallographic structures (see Figure 5A in Blobel et 706 

al. 2009). The minimization error as a function of the assumed dimer dissociation 707 

constant is shown in the inset. 708 

 709 

Figure 3 1Hα chemical shift changes induced by 50 mM RE in lmwPTP (absolute 710 

values). Dashed line is the average 1Hα
 chemical shift change measured for 711 

buried residues in the protein and therefore are not affected by RE. The 712 

localization of secondary structure elements is indicated. Filled rectangles 713 

represent α-helices and empty ones β-sheets strands. Relative solvent 714 

accessibilities (rel Sexp) are indicated. The residues most affected by RE are 715 

labelled and their accessibility is shown by filled bars.  716 
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 717 

Figure 4 1Hα chemical shift changes induced by 50 mM RE in FKBP12 (absolute 718 

values). Dashed line is the average 1Hα
 chemical shift change measured for 719 

buried residues in the protein and therefore are not affected by RE.The 720 

localization of secondary structure elements is indicated. Filled rectangles 721 

represent α-helices and empty ones β-sheets strands. Relative solvent 722 

accessibilities (rel Sexp) are indicated. The residues most affected by RE are 723 

labelled and their accessibility is shown by filled bars.  724 

 725 

Figure 5 R2/R1 data for 0.94 mM (A) and 1.4 mM (B) FKBP12 in RE-free buffer 726 

(filled circles) and in the same buffer plus 50 mM RE (open circles). The RE data 727 

has been corrected for viscosity. Residues showing the largest differences are 728 

indicated by downward arrows. α-helices and β-sheet strands are represented by 729 

filled and open rectangles, respectively.  730 

 731 
Figure 6 SAXS derived radius of gyration (Rg) of chymotrypsinogen A (dashed 732 

line) and FKBP12 (continuous line) at different RE concentrations. The 733 

experimentally obtained Rgs are shown as circles. Rg values calculated from the 734 

crystal structures are shown by horizontal lines.  735 

 736 

Figure 7 a) SAXS scattering curves of chymotrypsinogen A recorded in the 737 

presence of different concentrations of RE (0 blue, 50 mM yellow, 100 mM 738 

magenta, and 200 mM turquoise) and CRYSOL fits to the crystallographic 739 

structure 1chg. Experimental data are shown by circles and the fit by lines. The y-740 
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axis showing the scattering intensity I(s) is presented in log scale. Curves are 741 

displaced in the y-axis for proper visualization. b) Point-by point error (I(s)exp – 742 

I(s)calc)/(σ(s)exp), of the fitting of each curve.  743 

 744 

Figure 8  Crystallographic structures of  a) lmwPTP monomer, b) lmwPTP dimer, 745 

c) FKBP12, and  d) chymotrypsinogen A with surface loops highlighted.  746 

Disordered loops not observed in the crystal structure of chymotrypsinogen A are 747 

indicated by dashed lines. 748 

 749 


