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Abstract 21 

Much of the molecular motion in the cytoplasm is diffusive, which possibly limits the tempo of 22 

processes. We studied the dependence of protein mobility on protein surface properties and ionic 23 

strength. We used surface-modified fluorescent proteins (FPs) and determined their translational 24 

diffusion coefficients (D) in the cytoplasm of Escherichia coli, Lactococcus lactis and Haloferax 25 

volcanii. We find that in E. coli D depends on the net charge and its distribution over the protein, with 26 

positive proteins diffusing up to 100-fold slower than negative ones. This effect is weaker in L. lactis 27 

and Hfx. volcanii due to electrostatic screening. The decrease in mobility is probably caused by 28 

interaction of positive FPs with ribosomes as shown in in vivo diffusion measurements and confirmed 29 

in vitro with purified ribosomes. Ribosome surface properties may thus limit the composition of the 30 

cytoplasmic proteome. This finding lays bare a paradox in the functioning of prokaryotic 31 

(endo)symbionts. 32 

 33 

 34 

Introduction 35 

Many processes in biological cells depend on interactions between macromolecules (proteins and 36 

nucleic acids) and thus on the ability of these macromolecules to find each other by translational 37 

diffusion. This is especially important in prokaryotes because of the virtual absence of active 38 

mechanisms of cytoplasmic transport. It is clear that macromolecules need to diffuse for cells to 39 

function. To what extent the actual rate of this diffusion matters depends on the process under 40 

consideration and is in many cases unknown. For Brownian diffusion the rate of movement is 41 

characterized entirely by the diffusion coefficient, D. The exact value of the diffusion coefficient is 42 

important to the rate of a process only if it is diffusion limited, e.g. if the necessary conformational 43 

changes in an enzyme are faster than the diffusion of reactants. Arbitrarily lowering a diffusion 44 

coefficient, e.g. by osmotic stress, can make a process diffusion limited. Examples of diffusion-limited 45 

processes are binding of tRNA complexes to the ribosome, which leads to limitation in cell growth 46 

(1); and the binding of barstar to barnase, which we know to be diffusion limited because the 47 

proteins are designed to have an increased association rate by electrostatic interactions (2). Because 48 

protein diffusion is influenced by the environment, we need to determine diffusion coefficients in the 49 

context of the cell. 50 

The cytoplasm of cells is not only crowded with macromolecules (3) but also consists of various types 51 

of nucleic acids and >1000 types of protein (see proteome analysis below); though only 50 protein 52 

types make up 85% of the cytoplasmic proteome of E. coli (4). Various studies report on the presence 53 

of weak and nonspecific interactions between these components. NMR studies on proteins, either in 54 

the E. coli cytoplasm (5,6) or cell lysates (7), reveal that there are weak interactions between E. coli 55 

proteins and proteins cytochrome c, ubiquitin, and calmodulin. In a computational study on protein 56 

interactions it was found that in E. coli more highly expressed proteins are constrained in evolution 57 

to be less sticky (8), suggesting that nonspecific interactions are common and consequential. The 58 

transient macromolecular interactions in vivo, resulting from molecular evolution, are referred to as 59 
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the quinary structure of proteins (9), and we discriminate these from the more generic nonspecific 60 

interactions that occur between molecules without coevolved interfaces. 61 

In this study we set out to study the diffusion coefficients of proteins as a function of their surface 62 

properties and thus probe the boundary conditions for the generic nonspecific interactions. Our 63 

interest in this was piqued by four datasets from the literature. The first is the scattering of diffusion 64 

coefficients in the E. coli cytoplasm around a common downward trend when they are plotted 65 

against protein molecular weight; the dataset suggests that not only size (and shape) matter (10). 66 

Second, the diffusion coefficient of GFP is faster in the cytoplasm of osmotically-adapted E. coli cells 67 

than in osmotically-upshifted cells, even at similar cytoplasmic macromolecule volume fraction (11). 68 

Third, the diffusion coefficient of GFP drops much faster with severity of osmotic upshift in 69 

Lactococcus lactis than in E. coli (12). Fourth, the slowing of diffusion in metabolic energy-depleted 70 

cells suggests changes in the dynamic structure of the cytoplasm (13-15). In all four cases differential 71 

interactions of proteins with their surroundings may play a role, which are grounded in the surface 72 

properties of the macromolecules. Besides (possibly) giving insight into these four phenomena, 73 

studying the dependence of mobility on protein surface properties adds to our general quantitative 74 

understanding of diffusion; complementing studies on the relation between diffusion coefficients 75 

and protein size (10,12,16-18), diffusion coefficients and macromolecular crowding (11,12,18-20), 76 

and the dynamic structure of the cytoplasm (21,22). 77 

Here, we use a set of GFP variants with a net charge that ranges from -30 to +25; we also studied two 78 

variants of +11 GFP that differ in the distribution of the charge over the surface. All diffusion 79 

coefficients were determined by fluorescence recovery after photo-bleaching (FRAP). We study these 80 

proteins in the bacteria Escherichia coli and Lactococcus lactis and the archaeon Haloferax volcanii. 81 

These three organisms differ in their cytoplasmic ionic strength as shown by measurements on the 82 

dominant cation, K+: E. coli (0.2 M) (23), L. lactis (0.8 M) (24) (note: L. lactis used to be called 83 

Streptococcus cremoris), and Hfx. volcanii (2.1 M) (25); these values are dependent on environmental 84 

conditions, but the differences in potassium ion concentration likely report the differences in ionic 85 

strength in these prokaryotes. The difference in ionic strength between E. coli and L. lactis is also 86 

reflected in the higher turgor pressure of L. lactis (12). 87 

 88 

Results 89 

GFP net charge affects its diffusion coefficient in E. coli 90 

We performed fluorescence recovery after photo-bleaching (FRAP; see Figure 1a, b) to determine the 91 

diffusion coefficients of surface-modified variants of GFP in the E. coli cytoplasm. We determined the 92 

diffusion coefficient of the -30, -7, 0, +7, +11b, +15 and +25 variants of GFP; see Figure 1c for 93 

structural models. The numbers indicate the net charge; the “b” in +11b GFP refers to the 94 

distribution of the charge over the surface and will be discussed in more detail below. 95 

Figure 1: Illustration of the fluorescence recovery after photobleaching (FRAP) method, models of 96 

GFP variants and histograms of diffusion coefficients of surface modified variants of GFP in 97 

Escherichia coli. a) Data from a FRAP experiment. The zero time point is recorded immediately after 98 

the bleach. The red line marks the region along which the recovery is analyzed. b) Fluorescence 99 
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intensity along the red line in time, for data (left) and the fit to that data (right). The data is fitted 100 

with a numerical variant of the 1D diffusion equation. From the fit we obtain the diffusion 101 

coefficient. c) Structural models of the surface-modified GFP variants, based on the superfolder GFP 102 

structure (PDBID:2B3P). The colors indicate the charge. d) Histograms of diffusion coefficients of GFP 103 

variants in E. coli over a population of cells. For comparison, the histogram for the -30 GFP variant is 104 

shown in white in every plot. P-values are reported in Supplementary file 1C.  105 

 106 

For each variant we measured the diffusion coefficients on cells from at least three independent 107 

cultures, and for each cell we obtained a single diffusion coefficient. For each GFP variant we plotted 108 

the histogram of diffusion coefficients over the population of cells (Figure 1d). The -30, -7 and 0 109 

variants of GFP all have the same mean diffusion coefficient of 10-11 µm2/s (for table of mean 110 

diffusion coefficients see Supplementary file 1B). At +7 GFP the diffusion coefficients start to drop, 111 

down to a mean value of 0.14 µm2/s for +25 GFP.  112 

For the +15 and +25 GFP variants we observed heterogeneous fluorescence in some cells. This 113 

ranged from a somewhat higher fluorescence at the poles to a clear ring around the outskirts of the 114 

cells (Figure 2-figure supplement 1a). For +15 GFP we were able to get rid of the heterogeneities by 115 

inducing for a shorter period of time. For +25 GFP, we excluded cells with extreme heterogeneities 116 

(see Figure 2-figure supplement 1a). The cells with only slightly inhomogeneous fluorescence had 117 

similar diffusion coefficients to cells with homogeneous fluorescence and were included in the data 118 

(Figure 2-figure supplement 1b). The heterogeneities are probably due to exclusion of large 119 

complexes (+25 GFP forming clusters of ribosomes) from the nucleoid (see below).  120 

Why does the diffusion coefficient drop with net positive charge? The first thing to realize is that 121 

almost nothing in the cytoplasm of the E. coli cell truly stands still. The membrane rearranges itself 122 

continuously and the DNA has some diffusive motion and rearranges itself during the cell cycle. If +25 123 

GFP would stick to another average sized protein it would not move more slowly than the 124 

combination of the two can diffuse. If +25 GFP were to bind some bigger complex, like β-125 

galactosidase (~500 kDa) with a diffusion coefficient of ~1 µm2/s, it would diffuse with a similar rate 126 

as β-galactosidase.  127 

Based on a census of elements present in E. coli cells this means that for +25 GFP to diffuse with a 128 

diffusion coefficient as low as 0.14 µm2/s it needs to bind to membrane proteins, DNA and/or 129 

ribosome-mRNA complexes. For membrane proteins with 12-14 transmembrane helices in E. coli and 130 

L. lactis, D is 0.02-0.03 µm2/s (12,16). Describing the motion of DNA with a diffusion coefficient is 131 

somewhat of a stretch, as its parts do not move freely, but apparent values of 0.000035-0.00007 132 

µm2/s have been reported (26). In fast growing cells, we expect ribosomes and mRNA to be 133 

associated most of the time (27), and D is 0.04 µm2/s when a one-component model is used for 134 

fitting the data (28). In another study free and bound ribosomes were discriminated and D values of 135 

0.40 (~15 %) and 0.055 µm2/s (~85 %) were found (27). So membrane proteins, DNA and ribosomes-136 

mRNA all have diffusion coefficients low enough to cause the drop in mobility of +25 GFP. 137 

Fluorescence images show that most, if not all, fluorescence is located in the cytoplasm, leaving DNA 138 

and/or ribosome-mRNA as the most likely (major) binding partners. We cannot rule out that some of 139 

the GFP binds to the membrane but we did not find evidence for it in our images of E. coli cells. 140 
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 141 

Cytoplasmic ion concentrations counteract the drop in diffusion coefficient  142 

We also determined diffusion coefficients of the GFP variants in L. lactis and Hfx. volcanii (Figure 2 143 

and Supplementary file 1B). For L. lactis the mean diffusion coefficient of -7 GFP (6.2 µm2/s) is lower 144 

than for E. coli (10 µm2/s). However, D drops less with positive net charge so that for +25 GFP the 145 

mean diffusion coefficient is higher in L. lactis (0.61 µm2/s) than in E. coli (0.14 µm2/s). This can be 146 

explained by the higher cytoplasmic ionic strength of L. lactis, reducing the affinity of positive GFPs to 147 

hypothetical negatively-charged binding partners. For Hfx. volcanii the drop in diffusion coefficient is 148 

even less steep, with the mean diffusion coefficient dropping from 5.5 µm2/s, for -7 GFP, to 1.9 149 

µm2/s, for +25 GFP. The shallower drop in diffusion coefficient with net positive charge as compared 150 

to both L. lactis and E. coli can again be explained by a difference in ionic strength. Another possible 151 

contribution to the high +25 GFP diffusion coefficient in Hfx. volcanii is the presence of more 152 

negative proteins than in E. coli and L. lactis, which may titrate GFP away from its slower binding 153 

partner (see proteome analysis below). We also note that in Hfx. volcanii the diffusion coefficient of -154 

30 GFP is higher than of -7 GFP, 10 µm2/s compared to 5.5 µm2/s, which may be caused by a less 155 

negative binding partner for GFP in Hfx. volcanii than in E. coli. 156 

Figure 2: Comparison of diffusion coefficients of surface-modified variants of GFP in E. coli, L. lactis 157 

and Hfx. volcanii. a) Example FRAP data for E. coli and Hfx. volcanii cells expressing +25 GFP. We 158 

chose cells of comparable size so that the diffusion rate can be compared visually. b) The GFP 159 

diffusion coefficient plotted against its net charge in all three organisms. The points indicate medians 160 

and the error bars show the interquartile range. P-values are reported in Supplementary file 1C. c) 161 

Histograms of GFP diffusion coefficients for the -7 and +25 variants in all three organisms. 162 

 163 

Figure 2-figure supplement 1: Unequal fluorescence distribution for +25 GFP in E. coli and Hfx. 164 

volcanii. (A) Pictures of E. coli and Hfx. volcanii (in box with solid border) with different degrees of 165 

heterogeneity in the distribution of fluorescence. (B) Comparison of diffusion coefficients of +25 GFP 166 

in E. coli cells with a homogeneous (top) and a somewhat heterogeneous (bottom) distribution of 167 

fluorescence. 168 

 169 

The effect of osmotic upshift on protein diffusion in E. coli  170 

Next, we determined the diffusion coefficient of -30, -7, +15 and +25 GFP in E. coli after resuspending 171 

the cells in medium with a higher osmolality. It is known that the GFP diffusion coefficient drops 172 

drastically after an osmotic upshift (11,12,18). We now observe what happens after combining two 173 

causes for slowed diffusion: osmotic upshift (increased crowding) and protein surface charge. The 174 

cells were grown at an osmolality of 0.28 Osm and resuspended in media of 0.55 or 1.2 Osm 175 

(adjusted with NaCl). In 0.55 Osm medium the diffusion coefficients did not change much (Figure 3a 176 

and Supplementary file 1B), similar to what was observed before for wildtype GFP (11). In 1.2 Osm 177 

medium the diffusion coefficients of all variants dropped (Figure 3a and Supplementary file 1B). The 178 

degree of the drop is 56-, 28-, 16-, and 7-fold (between medians) for -30, -7, +15 and +25, 179 

respectively, and this difference may be a consequence of the increased cytoplasmic ion 180 
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concentration that accompanies the osmotic upshift. Thus, the fold-change is less for the positive 181 

proteins because the electrostatic screening may compensate partly for the increased crowding 182 

effect. 183 

 184 

Figure 3: Diffusion coefficients of surface-modified variants of GFP at different osmotic stress and 185 

charge distribution effects. a) GFP diffusion coefficients as a function of their net charge and degree 186 

of osmotic stress in E. coli. The points indicate medians and the error bars show the interquartile 187 

range. Discs: E. coli cells resuspended in medium with the same osmolality as the growth medium 188 

(0.28 Osm); data from Figure 2b. Squares: cells resuspended in 0.55 Osm; Diamonds: cells 189 

resuspended in 1.2 Osm. P-values are reported in Supplementary file 1C.  b) Microscopy images of -7 190 

GFP fluorescence of cells resuspended in 0.28 Osm (left panel) and 1.2 Osm medium osmolality (right 191 

panel). Red arrows indicate invaginations which appear after rapid osmotic upshift. Scale bars are 1 192 

µm. c) Histogram of diffusion coefficients for +11a (grey bars) and +11b GFP (white bars) in E. coli, 193 

measured at growth osmolality (0.28 Osm). The FRAP data only includes cells with homogeneous 194 

fluorescence. P-values are reported in Supplementary file 1C. d) Structural models of +11a and +11b 195 

GFP variants. The colors indicate the charge distribution; the same protein faces are shown. 196 

 197 

The distribution of surface charge affects the diffusion coefficient in E. coli 198 

For -30, -7, 0, +7, +11b, +15 and +25 GFP, the charge is distributed more or less equally over the 199 

surface of the protein. We also determined how a more localized charge affects the diffusion. The 200 

11a variant of GFP has the positive charge unequally distributed, compared to +11b GFP (Figure 3d). 201 

We determined diffusion coefficients for the 11a and 11b variants by FRAP. Histograms of the 202 

diffusion coefficients over populations of cells are shown in Figure 3c. The mean diffusion coefficient 203 

of +11b GFP is 2.7 µm2/s and that of +11a GFP is 0.76 µm2/s (Supplementary file 1B). So, it clearly 204 

matters how the net charge is distributed over the GFP surface. For +11a GFP we also see 205 

heterogeneous distributions, similar to +15 and +25 GFP, which could be prevented by inducing for a 206 

shorter amount of time.  207 

 208 

The +25 GFP variant does not co-localize with DNA  209 

To find out whether the positive GFP variants are bound to DNA or ribosomes-mRNA or both, we first 210 

determined the co-localization between GFP and DNA. We expressed +25 GFP in E. coli, labelled the 211 

nucleoid with DRAQ-5 and shrunk the nucleoid with chloramphenicol. We compared the 212 

fluorescence profile, along the length of the cells, of +25 GFP with that of DRAQ-5 (Figure 4a and 213 

Figure 4-figure supplement 1). In all cells the distribution of +25 GFP matched the dimensions of the 214 

cells. In nine cells (Figure 4-figure supplement 1 a-i) out of 46 the nucleoid had shrunk and in all these 215 

cells +25 GFP did not co-localize with DNA. In some cells +25 GFP was occluded from the DNA, which 216 

has been seen before for ribosomes (28). In the other cells the nucleoid did not shrink and the DNA 217 

and +25 GFP overlapped (see Figure 4-figure supplement 1 j-p). We conclude that DNA is not the 218 

major binding partner for +25 GFP. 219 
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 220 

DNA is not needed for the decrease of +25 GFP diffusion rate 221 

Next, we determined if DNA affects the mobility of +25 GFP by analyzing the diffusion of -7 GFP and 222 

+25 GFP in DNA-free regions of E. coli cells. We created DNA free regions large enough for FRAP 223 

measurements by first treating cells with cephalexin, to elongate the cells, and then with 224 

chloramphenicol, to shrink the nucleoid. We visualize the position of DNA by adding DRAQ-5. Only a 225 

fraction of the cells had enough GFP fluorescence for FRAP and sufficient DRAQ-5 fluorescence for 226 

visualizing the position of DNA, and these were analyzed (Figure 4-figure supplement 2a and b). We 227 

find that for both -7 and +25 GFP the diffusion coefficient has dropped after treatment of the cells 228 

with cephalexin and chloramphenicol (Figure 4-figure supplement 2c and d). There is a big difference 229 

between the mean diffusion coefficient of -7 and +25 GFP after treatment and in the absence of DNA 230 

(35-fold). A similar difference between -7 and +25 was found in cells that were not treated and in the 231 

presence of DNA (85-fold). This shows that the drop in +25 GFP diffusion rate is not dependent on 232 

DNA. Both -7 GFP and +25 GFP are somewhat excluded from DNA (nucleoid) but the effect is largest 233 

for +25 GFP; this is another piece of evidence suggesting that +25 GFP binds to ribosome-mRNA and 234 

not to DNA.  235 

 236 

+25 GFP binds ribosome-mRNA  237 

It has been shown that the 30S ribosomal subunit in E. coli increases its diffusion coefficient, from 238 

0.04 µm2/s to 0.6 µm2/s, after treatment with rifampicin (28). Rifampicin stops transcription and 239 

after adding it to E. coli cells the pool of mRNA plummets, with 90 % of the mRNAs having a half time 240 

of less than 8 min (29). We determined the diffusion coefficient of +25 GFP in E. coli as a function of 241 

time after the addition of rifampicin and compared this to the situation without rifampicin (Figure 242 

4b). 243 

 244 

Figure 4: Comparison of distributions of +25 GFP and DNA in E. coli and diffusion of +25 GFP in the 245 

presence and absence of mRNA. a) Co-localization of +25 GFP and DNA in E. coli. The plots indicate 246 

the fluorescence profile for +25 GFP (black) and DNA (grey) along the length of the cell, averaged 247 

over a 5 pixel wide band. The images show the corresponding cells in the +25 GFP, DRAQ-5 (DNA) 248 

and T-PMT channels. The T-PMT image corresponds to the transmitted excitation light during the 249 

recording of the fluorescence (it is equivalent to a bright-field image). b) Diffusion of +25 GFP in E. 250 

coli in the presence and absence of mRNA. At time point zero, DMSO + rifampicin (yellow) or DMSO 251 

only (blue) was added to the cells. The squares and diamonds indicate different replicates. The 252 

dashed line indicates the diffusion coefficient of the 30S ribosome after the addition of rifampicin. At 253 

the transition from the shaded region to the white region, > 75% of the mRNA is gone. 254 

 255 

Figure 4-figure supplement 1: Comparison of distributions of +25 GFP and DNA in E. coli. DRAQ-5 256 

reports on the presence of DNA. The T-PMT image is constructed from the transmitted excitation 257 

light during the recording of the fluorescence (it is equivalent to a bright-field image). The plots 258 
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indicate the fluorescence profile for +25 GFP (black) and DNA (grey) along the length of the cell, 259 

averaged over a 5 pixel wide band.  260 

 261 

Figure 4-figure supplement 2: Diffusion coefficients of -7 GFP and +25 GFP in DNA-containing and 262 

DNA-free regions. To create DNA free regions, E. coli cells were elongated by adding cephalexin, and 263 

DNA was condensed by treating the cells with chloramphenicol. a) Example of a FRAP experiment on 264 

treated cells. The line along which the recovery was analyzed was drawn over the highly fluorescent 265 

middle part of the cell. b) Examples of E. coli cells after treatment with cephalexin, chloramphenicol 266 

and DRAQ-5. DRAQ-5 visualized DNA and the T-PMT is equivalent to a bright field image. c) 267 

Comparison of histograms of -7 GFP and +25 GFP diffusion coefficients in DNA-containing (same data 268 

as in Figure 1d; top panel) and DNA-free regions (bottom panel). d) Diffusion coefficients of -7 GFP 269 

and +25 GFP in treated cells as a function of time. The zero time point indicates when the cells are 270 

resuspended in DRAQ-5 free medium right before the FRAP measurements. Each point corresponds 271 

to a single cell. Discs, squares, diamonds and triangles indicate different replicates 272 

 273 

We found that after treatment with rifampicin, the diffusion coefficient of +25 GFP increases for 20 274 

min and then levels off. This coincides with the time needed to degrade most of the mRNA. 275 

Importantly, the diffusion coefficient after 20 min of rifampicin treatment is close to the value of the 276 

30S and presumably the 50S subunit. We also find that the fluorescence of +25 GFP expressing cells 277 

becomes more homogenous after rifampicin treatment. Together, these findings indicate that the 278 

positive GFP variants bind to ribosomes, and that this is the major cause for their slow diffusion. We 279 

can’t rule out that some +25 GFP binds to mRNA, but it is not a major contributor to the decrease of 280 

+25 GFP diffusion coefficient. With reasonable confidence we also put aside two other hypotheses: 281 

(i) differential partitioning of negative and positive GFPs in different cytoplasmic phases; and (ii) 282 

formation of big clusters of positive GFPs with negative proteins. Finally, we find that the variation in 283 

diffusion coefficient between cells is smaller in the presence than in the absence of rifampicin, 284 

suggesting that part of the spread in the diffusion relates to ongoing transcription.  285 

 286 

Co-localization on sucrose gradients shows that +25 GFP binds predominantly to ribosomes  287 

To substantiate our in vivo findings on the binding of positive GFPs to ribosomes, we determined 288 

whether -7 and +25 GFP co-localize with ribosomes and/or DNA on a sucrose gradient. For this 289 

experiment we used (ribosome containing) lysates of -7 or +25 GFP expressing E. coli cells. The cell 290 

lysates were 200-300 times diluted relative to the cytoplasmic contents. The contents of the lysates 291 

were separated by centrifugation on a linear sucrose gradient and we determined the presence of 292 

the GFPs, by fluorescence spectroscopy, in fractions taken along the length of the gradient. We also 293 

determined the presence of ribosomes by electron microscopy. We observed a clear difference in the 294 

position of -7 and +25 GFP along the gradient, with the peak of the +25 GFP distribution coinciding 295 

with the presence of ribosomes (Figure 5a and c). We do not know the exact DNA content of the 296 

lysates, so we performed two more experiments in which we added pure DNA to the +25 GFP cell 297 

lysates before separating their contents on sucrose gradients. We used a DNA/ribosome ratio that is 298 
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comparable (0.02 g/L DNA, experiment 1), or five times higher to that in the cell (0.12 g/L DNA, 299 

experiment 2) (30). The position of DNA along the gradient was determined in a separate experiment 300 

in which only the pure DNA was added to a sucrose gradient. Even at the highest concentration of 301 

DNA, +25 GFP co-localizes with ribosomes and not with DNA (Figure 5b). From the combination of 302 

sucrose gradient experiments and our in vivo studies described above, we conclude that +25 GFP 303 

binds predominantly to ribosomes. 304 

Purified +25 GFP associates and aggregates with purified ribosomes 305 
 306 
We also determined if purified ribosomes are able to bind purified +25 or -7 GFP by analyzing 307 

solutions of ribosomes mixed with GFPs with size-exclusion chromatography (SEC). At physiological 308 

salt concentrations (23) we observe that upon mixing ribosomes and +25 GFP, aggregates are formed 309 

(Figure 5e). These aggregates are not seen when -7 GFP is mixed with ribosomes. In the SEC 310 

experiment, the association of ribosomes and +25 GFP results in a decrease of the 280 nm 311 

absorbance peak at around 10 mL, because the aggregates are removed by centrifugation (Figure 312 

5d). This effect scales with increasing +25 GFP concentration. In line with these observations on 313 

binding of +25 GFP to ribosomes, we observe an increase in the fluorescence at the ribosome elution 314 

volume when we mix ribosomes and +25 GFP (Figure 5f). The control experiment with -7 GFP shows 315 

that the anionic protein does not bind to ribosomes and elutes on SEC at around 17.5 ml (Figure 5g). 316 

From these results we conclude that +25 GFP indeed associates with ribosomes in vitro. 317 

 318 

Figure 5: In vitro experiments show that +25 GFP associates with ribosomes. a) Comparison of 319 

fluorescence profiles of sucrose gradient centrifugation experiments performed on E. coli cell lysates 320 

containing either -7 GFP or +25 GFP. The majority of -7 GFP is present in the loaded sample (fractions 321 

1 and 2), while +25 GFP peaks at fractions 4-5, corresponding to 15-18 % (w/v) sucrose. The 322 

fluorescence signals were normalized to the highest value, because the absolute fluorescence of +25 323 

GFP is lower than that of -7 GFP. b) Comparison of fluorescence (and absorption) profiles of sucrose 324 

gradient centrifugation experiments performed on purified DNA (0.2 g/L), and E. coli cell lysates 325 

containing +25 GFP with or without additional DNA. c) Transmission electron microscopy images of 326 

uranyl acetate-stained fractions from the cell lysate containing sucrose gradients. Fraction 1 lacks 327 

distinct large structures, whereas fraction 10 shows large aggregates. Ribosomes, spheres of around 328 

25-30 nm diameter, are visible and peak in fraction 5. The scale bar is 100 nm. d) Elution profiles on a 329 

Sephadex 200 of pure ribosomes, ribosomes with +25 GFP, and ribosomes with 1.8x as much +25 330 

GFP, measured as absorbance at 280 nm e) Fluorescence imaging of tubes containing ribosomes, -7 331 

GFP, ribosomes mixed with -7 GFP, +25 GFP, and ribosomes mixed with +25 GFP. The indicated 332 

fluorescent pellet appears after centrifuging the samples. The tube containing only ribosomes is not 333 

visible due to lack of fluorescence. f) Elution profiles of ribosomes, +25 GFP, and ribosomes mixed 334 

with +25 GFP, measured as fluorescence at 510 nm; the excitation wavelength was 488 nm. The 335 

higher fluorescence of ribosomes mixed with +25 GFP is accompanied by decrease in absorbance at 336 

280 nm; g) Elution profiles of ribosomes, -7 GFP, and ribosomes mixed with -7 GFP, measured as 337 

fluorescence at 510 nm; the excitation wavelength was 488 nm. Unlike for +25 GFP, when ribosomes 338 

are mixed with -7 GFP the absorbance at 280 nm remains the same (data not shown). 339 

 340 
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Discussion 341 

The fraction of GFP variants bound to ribosomes in E. coli, L. lactis and Hfx. volcanii 342 

The diffusion coefficient of GFP in cells is a function of free and bound GFP. If the exchange between 343 

these two states is longer than the time of the FRAP measurement one will observe two populations. 344 

If the two states exchange on a timescale much shorter than the time of the FRAP measurement the 345 

diffusion can be described by a single diffusion coefficient (Deff): 346 

𝐷𝑒𝑓𝑓 = 𝑓𝑓𝑟𝑒𝑒  𝐷𝑓𝑟𝑒𝑒 + (1 − 𝑓𝑓𝑟𝑒𝑒) 𝐷𝑏𝑜𝑢𝑛𝑑        (1) 

We used eq. 1 to calculate the fraction of free GFP for each of the GFP variants in E. coli, L. lactis and 347 

Hfx. volcanii (see methods for derivation of eq. 1). We made a number of assumptions: (1) the 348 

exchange between free and bound state is much faster than the FRAP measurement; (2) the highest 349 

diffusion coefficient of all variants in a given organism reflects the free state of GFP; (3) GFPs bind 350 

solely to ribosomes; (4) the total number of binding sites on all ribosomes is higher than the number 351 

of GFPs; (5) the decrease of diffusion coefficient with net positive charge has the same origin in all 352 

three organisms; and, finally (6) the ribosome diffusion coefficient is the same in all three organisms. 353 

Justifications for these assumptions are described in the Methods section. The results are shown in 354 

Figure 6-figure supplement 1. From the analysis we conclude that even in Hfx. volcanii, with its high 355 

internal ion concentration, a major fraction (0.81) of +25 GFP is still bound to ribosomes.  356 

Next, we estimated the dissociation constant (Kd) of the association between GFP and ribosomes. For 357 

E. coli, under our growth conditions, the number of ribosomes per µm3 is about 17000 (31), which 358 

corresponds to a concentration of 10 µM. GFP probably binds to the RNA that is exposed on the 359 

surface of the ribosome and probably does so nonspecifically. The ribosome has a diameter of 20 nm, 360 

which yields a surface area of 1260 nm2, assuming a spherical shape. About half of this surface area is 361 

RNA so we end up with 630 nm2. The diameter of GFP is 3.5 nm, giving a 9.6 nm2 cross section. 362 

Dividing the ribosome RNA surface area by the GFP cross section gives a maximal number of binding 363 

sites of 66. This means that the concentration of binding sites is 660 µM. To calculate Kd we use: 364 

𝑓𝑏𝑜𝑢𝑛𝑑 =
[𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒]

𝐾𝑑 + [𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒]
         (2) 

This equation is valid when the number of binding sites is significantly higher than the number of 365 

GFPs. Using a fraction of bound +25 GFP of 0.99 in E. coli, we obtain Kd = 6.7 µM. If we make the 366 

assumption that the concentration of ribosomes in L. lactis and Hfx. volcanii is the same as in E. coli, 367 

then the Kd for binding of +25 GFP to a ribosome binding site is 65 µM for L. lactis and 155 µM for 368 

Hfx. volcanii.  369 

The relation between diffusion coefficient, GFP net charge and ionic strength 370 

In this section we seek to explain: (i) the relation between Deff and cytoplasmic ionic strength; and (ii) 371 

the relation between Deff and net charge of GFP. To explain (i) we first compare our values to 372 

literature data on electrostatic interactions between proteins in dilute solution. To make the 373 

comparison possible we relate Kd, rather than Deff, to ionic strength. In Figure 6a we plot the Kd versus 374 

ionic strength of the interaction between barnase and barstar (32), colicinE9 and Im9 (33), and 375 

different forms of thrombin and hirudin (34). 376 
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 377 

Figure 6: The relation between the diffusion coefficient, net charge and ionic strength. a) The 378 

dependence of dissociation coefficients on ionic strength for protein binding pairs barnase-barstar, 379 

colicinE9-Im9, and different variants of hirudin binding to thrombin. The data from the literature was 380 

in the form of 𝑘𝑜𝑛and 𝑘𝑜𝑓𝑓 and we used 𝐾𝐷 =
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 to determine the affinity constants. For the 381 

thrombin-hirudin interactions we show fits with a combination of equations (3) and (4). The black 382 

part spans the data, the grey part is an extrapolation. The charge on hirudin decreases from the 383 

bottom to the top line (at the black part). b) The dependence of dissociation coefficients on ionic 384 

strength for +25 GFP. The black line is a fit with a combination of equations (3) and (4). c) Same data 385 

as in b) but with the non-ionic contribution to the binding free energy fixed at zero during fitting. d) 386 

The dependence of diffusion coefficient on GFP net charge for E. coli. The line is a fit with equation 5. 387 

We did not include +11a GFP because of its different charge distribution. e) The dependence of 388 

diffusion coefficient on GFP net charge for Hfx. volcanii. The line is a fit with equation 5.  389 

 390 

Figure 6-figure supplement 1: Fraction of free GFP variants in E. coli, L. lactis and Hfx. volcanii. 391 

Using the data from Figure 2b we calculated the fraction of GFP bound to ribosomes. a) The fraction 392 

of free GFP variants as a function of ribosome diffusion coefficient. b) The fraction of free GFP 393 

variants as a function of GFP net charge. 394 

 395 

The ionic strength dependence of the interaction of +25 GFP with ribosomes (recorded in E. coli, L. 396 

lactis and Hfx. volcanii; Figure 6b) is similar to that of the three protein pairs in dilute solutions 397 

(Figure 6a); the Kd increases with ionic strength and levels off at higher ionic strength. To get more 398 

insight into the interaction we applied a semi-empirical equation that was successfully used to 399 

describe the (partly) electrostatic interaction between the proteins thrombin and hirudin (34):  400 

∆𝐺𝑏
° = ∆𝐺𝑛𝑖𝑜

° + ∆𝐺𝑖𝑜0
° 𝑒−𝐶1√𝐼

1 + 𝐶1√𝐼
          (3) 

This equation was derived from Debye-Hückel theory and was subsequently modified to account for 401 

behavior at higher ionic strength. Here ∆𝐺𝑏
° is the total binding energy, ∆𝐺𝑛𝑖𝑜

°  is the binding energy 402 

due to non-ionic interactions, ∆𝐺𝑖𝑜0
°  is the binding energy due to electrostatic interactions in the 403 

absence of ions, 𝐶1 is a parameter that depends on the distance between charges and the screening 404 

effects that are not due to ions, and 𝐼 is the ionic strength. To apply equation 3 we need to relate the 405 

𝐾𝐷 and ∆𝐺𝑏
° : 406 

𝐾𝐷 = 𝑒
∆𝐺𝑏

°

𝑅𝑇           (4) 

We fitted the +25 GFP interaction data with a combination of equations (3) and (4) and obtained the 407 

following parameter values: ∆𝐺𝑛𝑖𝑜
°  = -20 400 J mol-1, ∆𝐺𝑖𝑜0 

° = -28 900 J mol-1, and 𝐶1 = 1.53. We had 408 

expected that the non-ionic interaction free energy would be close to zero, but if we impose this 409 

conditions the fit becomes bad (Figure 6c). The bending off at higher ionic strengths depends on 410 
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∆𝐺𝑖𝑜0
°  being negative; we expect ∆𝐺𝑖𝑜0

°  to be negative given the electrostatic attraction between 411 

positive GFP and negatively-charged surfaces of the ribosomes. 412 

The second phenomenon we explain is the relation between Deff and the surface charge of GFP. In 413 

the work describing the hirudin-thrombin interaction a number of charge variants of hirudin were 414 

used (34). The ∆𝐺𝑖𝑜0 
° depended linearly on the number of charges. This is expected from Coulombs 415 

law, assuming that non-linearities do not arise from charge screening. In the rest of the analysis we 416 

assume that ∆𝐺𝑖𝑜0 
° indeed depends linearly on the charge and we write: ∆𝐺𝑖𝑜0 

° = ∆𝐺𝑝𝑐 
° × 𝑐ℎ𝑎𝑟𝑔𝑒, 417 

where ∆𝐺𝑝𝑐 
° is the free energy change per charge. We can now combine this with equations (1), (2), 418 

(3), and (4) to obtain: 419 

𝐷𝑒𝑓𝑓 =

(

 
 
1 −

[𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒]

[𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒] + 𝑒

∆𝐺𝑛𝑖𝑜
° +∆𝐺𝑝𝑐 

° 𝑐ℎ𝑎𝑟𝑔𝑒
exp (−𝐶1√𝐼)

1+𝐶1√𝐼
𝑅𝑇 )

 
 
(𝐷𝑓𝑟𝑒𝑒 − 𝐷𝑏𝑜𝑢𝑛𝑑) + 𝐷𝑏𝑜𝑢𝑛𝑑      (5) 

We used this equation to fit the data for E. coli and Hfx. volcanii. We set 𝐷𝑓𝑟𝑒𝑒 = 10 µm2/s, 𝐷𝑏𝑜𝑢𝑛𝑑  = 420 

0.04 µm2/s (ribosome diffusion coefficient), [𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒] = 660 µM, 𝑇 = 293 K, 𝑅 = 8.314 J K-1 mol-1 421 

(gas constant), and 𝐼 = 0.2 M for E. coli and 𝐼 = 2.1 M for Hfx. volcanii. We are left with three fitting 422 

parameters: ∆𝐺𝑛𝑖𝑜
° , ∆𝐺𝑝𝑐 

° , and 𝐶1. The fits are shown in Figure 6d and e (see Supplementary file 1D 423 

for fitting parameters). The model fits the data well; this is more telling for E. coli than it is for Hfx. 424 

volcanii, as the data covers more of the curve. The upper bound for the diffusion coefficient is set by 425 

free diffusion and the lower bound by the diffusion of the ribosome. When we use a log scale to 426 

represent the diffusion coefficient we see a linear dependence of diffusion coefficient with net 427 

charge from 0 to +25 (for E. coli). Thus, under the assumption that ∆𝐺𝑖𝑜0
°  depends linearly on the 428 

number of charges the model reproduces the linear dependence between the upper and lower 429 

bound. Again, we needed to include a non-ionic interaction for a proper fit. There is a discrepancy 430 

between the parameter values of the fits shown in Figure 6b, d and e (see Supplementary file 1D). 431 

This may be caused by the assumptions made above not holding up. Together the results for the 432 

relation between Kd and ionic strength, and Deff and GFP charge, show that the binding of GFP to 433 

ribosomes can be described by electrostatic interactions and screening by small ions on top of a base 434 

non-ionic interaction component. 435 

 436 

Proteome analysis reveals potentially slow proteins  437 

To determine the consequences of our findings we analyzed the proteomes of E. coli, L. lactis and 438 

Hfx. volcanii and four (endo)symbiotic bacteria. We determine (i) how a protein will diffuse in light of 439 

the composition of the proteome, for which we need to know both the net charges and the 440 

abundances of all proteome components; and (ii) how the ribosomes affect the diffusion of the 441 

proteome constituents, for which we need to know the net charge of the proteins. We determined 442 

the distributions of pI values and net charges for all proteins in the genome and for only cytoplasmic 443 

proteins, in E. coli, L. lactis and Hfx. volcanii (Figure 7a). We also determined the distribution of pI 444 

values and net charges for cytoplasmic proteins in E. coli taking into account protein copy numbers 445 

(Figure 7-figure supplement 1). 446 
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 447 

 Figure 7: pI and net charge distributions for proteins of E. coli, L. lactis, Hfx. volcanii, Buchnera 448 

aphidicola and Wiggleworthia glossinidia brevipalpis. The histograms show the number of genes 449 

that encode proteins with given pI and net charge. We show distributions over all genes (left panels) 450 

and over genes that encode cytoplasmically localized proteins (right panels).  a) E. coli, L. lactis, and 451 

Hfx. volcanii; b) the two symbionts, Buchnera aphidicola and Wiggleworthia glossinidia brevipalpis, 452 

that have the most positive proteomes (from the four symbionts that we analysed). We used gene 453 

ontology annotations from the UniProt database to find the cytoplasmic proteins. In all cases we 454 

assumed a pH of 7.5 for calculating the net charge. The symbionts were selected based on pI profiles 455 

from (35). 456 

 457 

Figure 7-figure supplement 1: pI and net charge distributions for the E. coli proteome, taking into 458 

account protein abundance. a) Histograms of the number of genes that encode proteins with given 459 

pI (left panel) or net charge (right panel) that are located in the cytoplasm of E. coli. b) Histograms of 460 

the number of protein copies with given pI (left panel) or net charge (right panel) that are located in 461 

the cytoplasm of a single E. coli cell. We used a pH of 7.5 to calculate the net charge. 462 

 463 

Figure 7-figure supplement 2: Protein pI and net charge distributions for Buchnera aphidicola, 464 

Blochmannia floridanus, Onion yellows phytoplasma, and Wigglesworthia glossinidia brevipalpis. 465 

Histograms of number of genes that encode for proteins with given pI and net charge. Left panel: the 466 

whole proteome; right panel: cytoplasmic proteome. In all cases we assumed a pH of 7.5 for 467 

calculating the net charge. 468 

 469 

From the pI distributions it is clear that in all three organisms the majority of cytoplasmic proteins is 470 

acidic and thus negatively charged at the physiological internal pH of 7.5; for internal pH values we 471 

refer to (36-38) for E. coli (see also BNID 105980 and BNID 106518) (39), and (24) for L. lactis. The 472 

protein net charge distributions of E. coli and L. lactis go up to a value of +25, irrespective of whether 473 

we take the gene-based distributions or protein copy numbers (for E. coli), or whether we take the 474 

full or cytoplasmic proteome. The net charge distribution of Hfx. volcanii stops at about 0. In E. coli 475 

35 cytoplasmic proteins have a net charge higher than +10. These consist of 18 ribosomal, 9 RNA-476 

associated, 5 DNA-associated and 3 uncharacterized proteins. For L. lactis, with 7 cytoplasmic 477 

proteins that have a net charge bigger than +10, the breakdown is similar. The only Hfx. volcanii 478 

protein with a net charge bigger than 0 is a ribonuclease, rnp4, with a net charge of +6. Thus, all 479 

three organisms essentially have no “free” positive cytoplasmic proteins.  480 

The drop in diffusion coefficient with increased positive charge may partly explain why the proteome 481 

is mostly negative in E. coli, L. lactis and Hfx. volcanii. Positive proteins not only diffuse slowly but 482 

their binding to ribosomes might also inhibit protein synthesis, that is, by affecting the assembly or 483 

the activity of ribosomes. As mentioned, there are 18 ribosomal proteins in E. coli that have a net 484 

charge of more than +10. If the findings on GFP are transferable to ribosomal proteins, then these 485 

ribosomal proteins experience a drop in diffusion coefficient of more than 5-fold. The most extreme 486 
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cases, RplT and RplB, with net charges of +24 and +31, would have a drop in diffusion coefficient of 487 

100-fold. The fact that ribosomal proteins themselves are positively charged potentially limits the 488 

rate of assembly of new ribosomes. The reason is that ribosomal proteins that have just been 489 

synthesized bind nonspecifically to the surfaces of fully assembled ribosomes, and this causes slow 490 

diffusion, lower effective protein concentrations and may affect the functioning of ribosomes. An 491 

implication of our findings is that the synthesis of cationic ribosomal proteins and the assembly of 492 

ribosomes should be highly coordinated and preferably be modular to minimize unwanted side-493 

effects of nonspecific interactions (40). 494 

A high positive net charge is not a guarantee for binding to the ribosome. One could imagine a 495 

positive protein that is disordered before binding but ordered upon binding. The reduction in 496 

entropy reduces the binding affinity, which in turn causes the diffusion coefficient to be high. 497 

Another option is that the surface shapes don’t match even if the net charges are complementary. 498 

This would also lower the affinity and increase the diffusion coefficient. 499 

A conundrum is encountered when we look at the proteomes of the bacteria Buchnera aphidicola, 500 

Blochmannia floridanus, Onion yellows phytoplasma, and Wigglesworthia glossinidia brevipalpis. All 501 

four organisms are (endo)symbionts of plants or insects and have small genomes: 572-730 protein-502 

encoding genes. All of these have very basic proteomes (Figure 7b and Figure 7-figure supplement 2). 503 

It is unclear how these organisms are able to deal with, or avoid, slow diffusion and ribosomes 504 

getting swarmed with positive proteins.  505 

A few general points on diffusion and binding 506 

A protein can diffuse only as slow as the combination of this protein and the slowest component it 507 

binds to in the cell. This is described by equation (1), which can be rewritten in the following way: 508 

𝐷𝑒𝑓𝑓 = 𝑓𝑓𝑟𝑒𝑒  (𝐷𝑓𝑟𝑒𝑒 −  𝐷𝑏𝑜𝑢𝑛𝑑) +  𝐷𝑏𝑜𝑢𝑛𝑑         (6) 

If we fill in 𝑓𝑓𝑟𝑒𝑒  = 0 we get 𝐷𝑒𝑓𝑓 =  𝐷𝑏𝑜𝑢𝑛𝑑  and if we fill in 𝑓𝑓𝑟𝑒𝑒  = 1 we get 𝐷𝑒𝑓𝑓 =  𝐷𝑓𝑟𝑒𝑒; the black 509 

lines in Figure 8. If we fill in  𝐷𝑏𝑜𝑢𝑛𝑑  = 0 we get 𝐷𝑒𝑓𝑓 = 𝑓𝑓𝑟𝑒𝑒  𝐷𝑓𝑟𝑒𝑒, i.e. after some point 𝐷𝑒𝑓𝑓 510 

becomes independent of 𝐷𝑏𝑜𝑢𝑛𝑑; this is illustrated by the grey lines in Figure 8. In more concrete 511 

terms: 99% binding of +25 GFP to ribosomes (𝐷𝑟𝑖𝑏𝑜 = 0.04 µm2/s) leads to the same diffusion 512 

coefficient as 99 % binding to DNA (𝐷𝐷𝑁𝐴 = 0.000035-0.00007 µm2/s). 513 

Figure 8: The effective diffusion coefficient as a function of free fraction and the diffusion 514 

coefficient of the bound complex. All lines are generated with equation (6) and 𝐷𝑓𝑟𝑒𝑒  = 10 µm2/s. 515 

 516 

Conclusion 517 

We find that the diffusion coefficients of proteins in the cytoplasm of E. coli depend on their net 518 

charge and the distribution of charge over the protein surface, with positive proteins moving up to 519 

100-fold slower. The diffusion becomes even slower when cells are exposed to an osmotic upshift. In 520 

L. lactis and Hfx. volcanii the slowdown in diffusion with increasing positive surface charge is less 521 

than in E. coli due to electrostatic screening. The decrease in diffusion coefficient is mainly caused by 522 

binding of positive proteins to ribosomes, with KD values on the order of µM; this shows that non-523 
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selected interactions need not be weak. Ribosome surface properties may thus limit the composition 524 

of the cytoplasmic proteome. These findings are of general value due to the universal presence of 525 

ribosomes in cells. Application of these findings to bacterial (endo)symbionts lays bare a paradox in 526 

the functioning of these cells. 527 

  528 
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Materials and methods 529 

Strains used 530 

We use E. coli strain MG1655 (41). The GFP variants, -30, -7, 0, +7, +11a, +11b, +15, and +25, were all 531 

expressed from an L-arabinose inducible promoter on a pBAD vector with an ampicillin-resistance 532 

selection marker. We obtained the genes for -30, -7, +15, and +25 from David Liu’s lab at Harvard, 533 

and nucleotide sequences of +7, +11a, +11b from David Thompson. See McNoughton et al. (42) for -534 

30, -7, +15, and +25 GFP; see Thompson et al. (43) for +7, +11a and +11b. We designed the 0 GFP 535 

ourselves. All GFP variants have an N-terminal histag. For all GFP variants amino acid sequences are 536 

available in Supplementary file 1A. 537 

We used Lactococcus lactis strain NZ9000 (44), which contains the nisR and nisK genes which in the 538 

presence of the inducer, nisin A, switches on the expression of genes from the nisA promoter (45). 539 

We cloned the coding segments for the his-tagged versions of -30 GFP, -7 GFP, +15 GFP and +25 GFP 540 

behind the nisA promoter in the pNZ8048 vector (45). The expression levels of -30 GFP were too low 541 

for FRAP analysis. 542 

We used Hfx. volcanii strain H1895 (46). We expressed the GFP variants, -30, -7, +15, and +25, from 543 

the pTA1228 plasmid, which has a tryptophan-inducible promoter (47). The amino acid sequences 544 

are the same as for E. coli and L. lactis. We optimized the nucleotide sequence for Hfx. volcanii by 545 

making the codon frequency in the GFP variants the same as for protein coding genes on the Hfx. 546 

volcanii chromosome. We constructed the pTA1228 bearing the genes for GFP variants in E. coli, and 547 

transformed the final plasmids in Hfx. volcanii by protocols described in the Halohandbook (48). We 548 

obtained the strain, plasmid and the codon usage table from Thorsten Allers (University of 549 

Nottingham). 550 

 551 

Preparation of E. coli for FRAP 552 

For each experiment we took a glycerol stock of E. coli with one of the GFP variants and stabbed it 553 

with a pipette tip to obtain a small amount of cells. These we deposited in 4 mL LB medium 554 

containing 0.2 % v/v glycerol and 100 µg/mL ampicillin. We incubated the culture at 30 °C, with 200 555 

rpm shaking. The next day we took 8 µL of the LB culture to inoculate 4 mL MBM containing 0.2 % v/v 556 

glycerol and 100 µg/mL ampicillin. The composition of MBM, MOPS based medium, can be found in 557 

Neidhardt et al. (49). We adjusted the osmolality of MBM to 0.28 Osm with NaCl. Osmolalities were 558 

measured with an Osmomat 030 cryoscopic osmometer (Gonotec, Germany). For the -30 GFP variant 559 

we also added 0.4 % L-arabinose (from a 20 % w/v stock in MilliQ), to induce protein expression. 560 

Again we incubated at 30 °C, with 200 rpm shaking. The next morning the cultures had reached an 561 

OD600 between 0.6-1.6, which were diluted to an OD600 of 0.18-0.25. At the moment of dilution we 562 

also induced the expression of -7 GFP, with 0.1 % w/v L-arabinose, and 0, +7 and +11b GFP, with 0.4 563 

% w/v L-arabinose. We incubated the cultures for a further 2-4 hours, to obtain an OD600 of 0.4-0.5, 564 

and then performed the FRAP measurements. To avoid aggregation, the +11a, +15 and +25 GFP 565 

variants were induced with 0.4 % w/v L-arabinose 1-2 hours before the FRAP measurements. For 566 

each GFP variant the experiment was repeated at least 3 times. 567 

Preparation of L. lactis for FRAP 568 
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For each experiment we took a glycerol stock from the -80 °C freezer and stabbed it with a pipette tip 569 

to obtain a small amount of cells. These cells were deposited in 4 mL of growth medium in a culturing 570 

tube. The growth medium was CDM in all cases; the formulation of the chemically defined medium 571 

(CDM) is given in the supplement of (12), where it is referred to as CDMRP. There is one difference, 572 

here we also added L-proline (0.68 g/L, final concentration). We include glucose (1 % w/v), as a 573 

carbon and energy source, and chloramphenicol (5 µg/mL), to maintain the plasmids. We incubated 574 

the cultures at 30 °C, without shaking (L. lactis grows semi-anaerobically). In the morning of the next 575 

day about 100 uL of culture was added to 4 mL of fresh CDM, to yield an OD600 of about 0.1. 576 

Simultaneously, we added 4 uL of nisin A solution (filtered supernatant from a L. lactis NZ9700 577 

culture). The cultures were incubated at 30 °C. We used the cultures for FRAP measurements at an 578 

OD600 of 0.38-0.46. We diluted the cultures to keep them from overgrowing. For each GFP variant the 579 

experiment was repeated 2-3 times. 580 

Preparation of Hfx. volcanii for FRAP 581 

For each experiment we took 2-3 colonies of Hfx. volcanii, expressing -30, -7, +15, or +25 GFP, from 582 

an Hv-YPC agarose plate and suspended these in 4 mL Hv-YPC medium (48). We incubated the 583 

cultures at 42 °C, with 200 rpm shaking. The next morning we diluted the culture to an OD600 of 0.2-584 

0.3 and at the same time added 4 mM L-tryptophan, to induce expression of the GFP variants. We 585 

incubated the cultures for 2-3 hours at 42 °C, with 200 rpm shaking, before using the cells for FRAP 586 

measurements. At the time of the measurements the OD600 was 0.3-0.5. For each GFP variant the 587 

experiment was repeated 3 times. 588 

Determination of diffusion coefficients  589 

We performed fluorescence recovery after photo-bleaching (FRAP; see Figure 1a, b) on a LSM710 590 

Zeiss confocal laser scanning microscope, following a method originally described by Elowitz et al. 591 

(50). Our implementation of this method is described in (12). We started with an overview image 592 

containing many cells, from which picked cells that are lying flat, are not undergoing cell division and 593 

have no neighbors that would obscure the analysis. We take a high resolution close-up of the cell and 594 

its immediate surroundings to see if the cell is fit for measurements. For FRAP we programmed the 595 

microscope to take three images, then photo bleach the GFP at one of the cell poles and finally 596 

record the recovery of the fluorescence over time. We recorded all images with a 488 nm laser; the 597 

same laser was used for bleaching but at a higher power. 598 

For E. coli we did the FRAP measurements as follows. We took 400 µL culture and resuspended those 599 

cells twice in 300 µL MBM*. MBM* did not have glycerol or ampicillin and has Na+ instead of K+. The 600 

osmolality of the MBM* was either 0.28, 0.55 or 1.2 Osm. We adjusted the osmolality of the 601 

resuspension medium with NaCl. After we resuspended the cells we pipetted 4 µL of these cells on a 602 

cover slide. To make sure the E. coli cells didn’t move we used (3-aminopropyl)triethoxysilane 603 

(APTES)-treated cover slides. The slides were prepared as follows. First we cleaned them by 604 

sonicating for 1 h in 5 M KOH, rinsing 10 times with MilliQ and blowing off the remaining MilliQ with 605 

pressurized nitrogen. We then deposited the slides in acetone that contained 2 % v/v (3-606 

aminopropyl)triethoxysilane. We incubated for 5 min at room temperature, removed the acetone 607 

and APTES and rinsed the slides 10 times with MilliQ. Again, the remaining MilliQ was blown off with 608 

pressurized nitrogen. After putting our cells on the APTES slide we put an object slide on top, for 609 

stability, and put the whole on the microscope stage. The stage temperature was maintained at 30 610 
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°C. We used the slide for no longer than 20 min after depositing the cells. For -30, -7 and 0 GFP under 611 

normal conditions, that is, no osmotic upshift, we recorded images at 50 time points and with 8x8 612 

pixels, with a 4 ms exposure time and no extra time between exposures. For the positive GFP 613 

variants, and for the FRAP experiments after osmotic upshift (slower diffusion), we recorded images 614 

at a 100 time points, with 16x16 pixels, and a 8 ms exposure and a 8-100 ms time step between the 615 

start subsequent exposures. 616 

For L. lactis we pipetted 4 uL culture on a cover slide. We put an object slide on top, for stability, and 617 

the whole was put on the stage of the microscope (maintained at 30 °C). We made sure that the cells 618 

didn’t move by using cover slides that were sonicated for 1 h in 5 M KOH, rinsed 10 times with MilliQ 619 

and dried by blowing of the remaining MilliQ with pressurized nitrogen. We used cover slides for no 620 

longer than 20 min after depositing cells, and cultures for no longer than 1 h after reaching an OD600 621 

of 0.38-0.46. We recorded the images in 8x10 pixels and with an exposure time of 5-37 ms, short for -622 

7 GFP and long for +25 GFP. For each cell we recorded the whole FRAP measurement in 50 images, 623 

without extra time between exposures. 624 

For Hfx. volcanii we pipetted 4 µL culture on a cover slide (non-treated). Then a patch of 1 % agar in 625 

18 % SW was put on top, to immobilize the cells (see the Halohandbook (48) for the composition of 626 

SW). We then put the sample on the microscope stage. The stage temperature was maintained at 30 627 

°C. After a couple of minutes the cells stopped moving and we performed our FRAP measurements. 628 

We imaged for 20 min on a single sample. We recorded the images in 16x16 pixels with an exposure 629 

time of 8 ms and a time step, the time between the start of subsequent exposures, of 8-20 ms. For 630 

+15 and +25 GFP we see clear aggregates in some cells (Figure 2-figure supplement 1a). We did not 631 

include these cells in the FRAP measurements. 632 

Overall about 10 % of the analyzed cells were too noisy and/or did not show a bleached area, so that 633 

a diffusion coefficient could not be determined. Those cells were excluded from the analysis. For the 634 

FRAP results of -30 GFP (1.2 Osm shock), -7 GFP and 0 GFP in E. coli we excluded around 20 % of the 635 

cells. For 0 GFP this was necessary because the fluorescence level was too low in a fraction of the 636 

cells; for -30 (shock) and -7 GFP the apparent diffusion was too fast for detection. When we include 637 

the excluded cells we obtain the following medians: 0.28 µm2/s for -30 GFP (shock), 11.3 µm2/s for -7 638 

GFP and 9.8 µm2/s for 0 GFP. This can be compared to the values 0.18, 10 and 8.6 µm2/s reported in 639 

Supplementary file 1B. 640 

Co-localization of +25 GFP and DNA in E. coli 641 

We grew E. coli, containing +25 GFP, in a culturing tube with 4 mL EZ; a rich defined growth medium 642 

(from Teknova), to which we added glycerol (0.2 % v/v), as a carbon and energy source, and 643 

ampicillin (100 µg/mL), to maintain the plasmid. We used EZ medium because the chloramphenicol 644 

didn’t condense the DNA in cells grown in MBM. The culture was incubated at 30 °C, with 200 rpm 645 

shaking for aeration. The next morning we used 200 uL of this culture to inoculate 4 mL of fresh EZ 646 

medium. We incubated the culture for 1 h before adding 0.1 % (w/v) L-arabinose, to induce the 647 

expression of +25 GFP. After another hour of incubation, at an OD600 of 0.5-0.6, we added DRAQ-5 (2 648 

µM), to visualize the DNA, and chloramphenicol (200 µg/mL), to condense the DNA (28, 51). We 649 

imaged these cells between 1 and 1.5 h after adding the DRAQ-5 and chloramphenicol, for which we 650 

deposited 10 uL culture on an APTES cover slide, prepared as described above, put an object slide on 651 

top and put the whole on the microscope stage. We performed all measurements at 30 °C. We 652 
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focused on a 200 µm x 200 µm area, containing ~200 cells, and recorded an image in the 488 (+25 653 

GFP) and 633 (DNA) channels and used an exposure time of 3.3 s. We also recorded the transmitted 654 

excitation light to obtain a bright-field image. We picked the cells used for analysis from the 655 

transmission image to avoid bias. We selected cells that were lying flat and in focus. 656 

Diffusion coefficients in DNA-free regions  657 

We did FRAP measurements on -7 GFP and +25 GFP in DNA free regions in E. coli. The cells were 658 

grown in a culturing tube with 4 mL LB medium, containing glycerol (0.2 % v/v), as a carbon and 659 

energy source, and ampicillin (100 µg/mL), to maintain the plasmid. We incubated the culture 660 

overnight at 37 °C, with 200 rpm shaking. We used LB medium, and incubated at 37 °C, to get 661 

elongated cells in a reasonable time window upon cephalexin treatment (see below). The next day 662 

we made two new cultures, 4 mL LB (same composition as above), by adding 4 µL or 16 µL of 663 

overnight culture. We incubated these cultures at 37 °C, with 200 rpm shaking. At an OD600 between 664 

0.19-0.26 we added L-arabinose (0.1-0.2 % w/v), to induce GFP expression, and cephalexin (25 665 

µg/mL), to elongate the cells (51). After a further two hours of incubation we added chloramphenicol 666 

(200 µg/mL), to condense the DNA (51), and DRAQ-5 (10 µM), to stain the DNA. The concentration of 667 

DRAQ-5 is above the minimum inhibitory concentration, 5 µM, for growth of E. coli MG1655 in EZ 668 

medium (28); at lower concentrations of DRAQ-5 the DNA did not stain properly. After a further 30-669 

70 min incubation we took 200-400 µL of culture and resuspended the culture twice in 200 µL LB 670 

(with 0.2 % v/v glycerol, 100 µg/mL ampicillin and 200 µg/mL chloramphenicol), to get rid of the 671 

DRAQ-5 background fluorescence. We used the following stock solutions: 20 % w/v L-arabinose in 672 

MilliQ, 1 mg/mL cephalexin in MilliQ, 20 mg/mL chloramphenicol in ethanol, and 200 µM DRAQ-5 in 673 

MilliQ. 674 

We deposited 4 µL of the sample on an APTES cover slide, put an object slide on top and put the 675 

whole on the microscope stage. The microscope stage temperature was maintained at 37 °C. The 676 

cells were on the stage for no longer than 1 h. We measured the diffusion coefficients of -7 GFP and 677 

+25 GFP in these treated cells by the same method as before. The exception is that we do not draw 678 

the line for FRAP analysis from pole to pole. We draw it either to where DNA blocks movement of 679 

GFP (see Figure 4-figure supplement 2a) or far enough away from the bleach. It is important that the 680 

boundary conditions that are used in the analysis are still satisfied, meaning no transfer of particles 681 

over the ends of the line. We also make sure to only measure at places where there is no DNA 682 

present. We recorded the recovery in 150 time points with 750 ms exposure time for +25 GFP and 683 

23-30 ms for -7 GFP. There was no additional time between exposures. The experiment was 684 

performed twice for both -7 GFP and +25 GFP. 685 

Diffusion coefficients in the presence and absence of mRNA  686 

We performed FRAP measurements over time of +25 GFP expressing E. coli cells with and without 687 

rifampicin treatment. The cells were grown in a tube with 4 mL LB (with 0.2 % v/v glycerol and 100 688 

µg/mL ampicillin). We incubated the culture overnight at 30 °C, with 200 rpm shaking. The next day 689 

we used 8 µL of the overnight culture to inoculate a 4 mL MBM culture (with 0.2 % v/v glycerol and 690 

100 µg/mL ampicillin). Again we incubated the culture at 30 °C, with 200 rpm shaking. The next 691 

morning, depending on the OD600, the cultures were diluted with more MBM or allowed to continue 692 

growing. When the culture reached an OD600 of 0.17-0.23 the production of +25 GFP was induced by 693 

adding 0.4 % w/v L-arabinose (from a 20 % w/v in MilliQ stock). At OD600 of 0.30-0.34 we took 198 µL 694 
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culture and added either 2 µL DMSO (control) or 2 µL DMSO with 50 mg/mL rifampicin (for a final 695 

concentration of 0.5 mg/mL). After mixing we deposited 4 µL sample on an APTES cover slide, put an 696 

object slide on top and the put the whole on the microscope stage. The stage was maintained at 30 697 

°C for the duration of the experiment. We measured the diffusion coefficients by FRAP and recorded 698 

the time for each measurement. We did each FRAP measurement on a unique cell. The replicates 699 

represent separate cultures on the day of the FRAP measurements. 700 

Sucrose gradient centrifugation of E. coli cell lysates and purified DNA 701 
 702 
For each experiment on E. coli cell lysates, with E. coli expressing either -7 or +25 GFP, we deposited 703 

a small amount of cells from a glycerol stock into 4 mL LB medium (containing 0.2 % v/v glycerol and 704 

100 µg/mL ampicillin). We incubated the cultures at 30 °C with 200 rpm shaking overnight. The next 705 

day we took 20 µL of the LB culture to inoculate 10 mL MBM (0.28 Osm, osmolality adjusted with 706 

NaCl, containing 0.2 % v/v glycerol and 100 µg/mL ampicillin). Again we incubated overnight. The 707 

next morning the cultures had reached an OD600 between 0.8-1.3, and were diluted to an OD600 of 708 

0.1-0.16 in 50 mL of fresh medium in a 250 mL flask. We added 0.4 % (w/v) L-arabinose to induce 709 

protein expression. We incubated the cultures for 3.5-4 hours, to obtain an OD600 of 0.25-0.37. We 710 

centrifuged 44 mL of each culture at 5250 g, 20 minutes, 4 °C. From this point onward we did all the 711 

work on ice and used cooled buffers. Pellets were suspended in 1 mL of resuspension buffer (20 mM 712 

Tris-HCl pH 7.5, 15 mM magnesium acetate, 100 mM ammonium acetate plus 6 mM 2-713 

mercaptoethanol), resulting in around 200-300 fold dilution of cytoplasmic content. To calculate the 714 

dilution we assumed a cytoplasmic volume 0.5 fL (52) and 8×108 cells in 1 mL of culture of OD600 of 1. 715 

To each tube containing the suspension we added around 0.2 mg of 106 μm glass beads (Sigma) and 716 

lysed the cells using two repetitions of 50 Hz oscillation for 5 minutes (TissueLyser LT, QIAGEN). We 717 

cooled the sample on ice in between repetitions. We added PMSF (100 mM in isopropanol stock) to 718 

the lysates to a final concentration of 1 mM. Then the lysates were centrifuged at 9000 g, for 2 min 719 

at 4 °C. We took the supernatant and centrifuged it at 9000 g for 15 min at 4 °C. We layered 800 μL of 720 

the resulting supernatant onto 8 mL of linear 10-40 % sucrose gradient. The sucrose solutions 721 

contained 1 mM PMSF and were prepared with the resuspension buffer. We centrifuged the 722 

gradients using a swing-out rotor (SW 32.1 Ti, Beckman) at 125 000 g for 80 minutes at 4 °C as 723 

described previously (53,54). We recorded a fluorescence profile over the sucrose gradient by 724 

dividing the gradient in 600 μL fractions, and measuring the fluorescence intensity for each fraction 725 

in a Jasco FP-8300 fluorimeter. We excited with 488 nm and recorded the emission from 500-600 nm 726 

(in 5 nm intervals). For the analysis we used the fluorescence emission at 510 nm. To correct for 727 

background fluorescence, we acquired spectra of 10, 20, 30 and 40 % sucrose in resuspension buffer 728 

with 1 mM PMSF. A linear fit of the 510 nm emission intensities was used to calculate sucrose-caused 729 

background values for each fraction. For lysates of E. coli expressing -7 and +25 GFP the experiment 730 

was carried out two times. 731 

For the samples containing DNA, we dissolved salmon testes DNA in autoclaved MQ to a final 732 

concentration of 1 mg/mL. The DNA was added to the cell lysates directly after the second 733 

centrifugation step; the sample was incubated for around 30 minutes on ice, before layering it onto 734 

the sucrose gradient. To determine the fractionation profile of DNA we layered 0.2 mg/ml DNA onto 735 

the linear sucrose gradient, except that the 2-mercaptoethanol and PMSF were omitted. The 736 

collected fractions were diluted 1:1 in 20 mM Tris-HCl pH 7.5, 15 mM magnesium acetate, 100 mM 737 

ammonium acetate. We determined DNA levels by measuring the absorbance of each fraction from 738 
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200-340 nm with 5 nm intervals, using Cary 100 Bio UV-VIS spectrometer. To correct for background 739 

absorption we measured fractions of pure MQ sample treated in the same way. For lysates of E. coli 740 

expressing +25 GFP with addition of DNA the experiment was carried out once for each DNA 741 

concentration; the DNA control experiment was also done once. 742 

Electron microscopy 743 
 744 
We dialyzed the fractionated cell lysate samples in pre-cooled 20 mM Tris-HCl pH 7.5, 15 mM 745 

magnesium acetate, 100 mM ammonium acetate for 1 hour to remove the sucrose. The samples 746 

were pipetted on glow-discharged carbon-coated copper grids, excess liquid was removed by blotting 747 

and the grids were stained with 2 % uranyl acetate. EM was performed on a Tecnai T20 electron 748 

microscope (FEI, Eindhoven, The Netherlands) operated at 200 kV, images were acquired with a 4000 749 

SP 4K slow-scan CCD camera (Gatan, Pleasanton, CA, USA) as described previously (54). 750 

Purification of ribosomes 751 
 752 
The protocol for isolating ribosomes is based on (55) and (56). For the isolation of ribosomes we used 753 
E. coli MC1061 cells. These cells harbor a pBAD vector (57). A small amount of cells from a glycerol 754 
stock was deposited into 30 mL of LB medium containing 100 µg/mL ampicillin in a 100 mL flask. We 755 
incubated the cultures at 37 °C overnight with 200 RPM shaking. The next day we inoculated two 756 
cultures of 1 L fresh medium in 5 L flasks with 10 mL of the overnight culture each. We grew the 757 
cultures for 2-3 hours, until an OD600 of 0.66-0.81. We centrifuged the cultures at 6000 g, 10 minutes, 758 
4 °C in a JLA-9.1000 rotor (Beckman). From this point onward we did all the work on ice and used 759 
cooled buffers. Pellets were suspended in 10-20 mL of resuspension buffer (20 mM HEPES-NaOH pH 760 
7.5, 10 mM MgCl2, 30 mM ammonium acetate, 150 mM KCl, 10 mM NaCl, 6 mM 2-mercaptoethanol, 761 
1 mM PMSF).  About 10 µg/mL of DNase I (Sigma) was added to the cell suspension. Cells were lysed 762 
by sonication for 12 minutes with cycling on and off every 5 s. We used the Vibra-Cell VCX 130 763 
sonicator (Sonics) with 6 mm diameter probe at 70 % amplitude, and we cooled the tube in an 764 
ethanol-ice bath. The lysates were centrifuged at around 30 000 g, 1 hour, 4 °C in a MLA-80 rotor 765 
(Beckman). The top part of the supernatant (4 out of 6 mL in the tube) was carefully pipetted into 766 
clean centrifugation tubes. The supernatant was centrifuged at around 110 000 g, 17 hours, 4 °C in a 767 
MLA-80 rotor. We discarded the supernatant, leaving an opaque, white-yellowish pellet. The pellet 768 
was washed gently with 1 mL of SEC buffer (20 mM HEPES-NaOH pH 7.5, 10 mM MgCl2, 30 mM 769 
ammonium acetate, 150 mM KCl, 10 mM NaCl, 6 mM 2-mercaptoethanol). Then, we gently added 770 
0.8-1.6 mL of SEC buffer onto the pellet and nutated for 1 h at 4 °C. The resulting suspension was 771 
centrifuged at 20,000 g, 7 min, 4 °C to pellet the aggregates. We purified the resulting supernatant 772 
on a SEC setup (GE Healthcare AKTA equipped with Agilent 1260 Infinity FLD fluorescence detector), 773 
using a Superdex 200 10/300 GL (GE Healthcare) column and SEC buffer as eluent. Three peak A280 774 
fractions were pooled, resulting in 1.5 mL of purified ribosomes. We measured absorbance at 260 775 
and 280 nm, using a NanoDrop ND-1000 (Thermofisher) spectrophotometer. Reported A280 values 776 
varied between 0.27 and 1.08 at 1 mm light path, depending on the replicate, the amount of buffer 777 
used for resuspension of the ribosome pellet and the volume loaded into the SEC setup. A260/A280 778 
ratio of replicates was constant at around 1.9. From now on, all mentioned absorbance values are 779 
reported with a 1 mm light path. 780 
 781 
Purification of -7 and +25 GFP 782 
 783 
The protocol for isolating -7 and +25 GFPs is based on (58). For the purification of GFPs we used E. 784 
coli MG1655 strains containing pBAD bearing the gene for either -7 or +25 GFP. We deposited a small 785 
amount of cells in 30 mL of LB with 100 µg/mL ampicillin in a 100 mL flask for -7 GFP, and in 100 mL 786 
of medium in a 500 mL flask for +25 GFP. The cultures were incubated at 37 °C overnight with 200 787 
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RPM shaking. The next day we inoculated 2 L and 6 L of fresh medium for -7 and +25 GFP, 788 
respectively, by adding 10 mL of overnight culture to 1 L of medium in a 5 L flask. At the time of 789 
inoculation, the protein expression was induced by adding L-arabinose to final concentration of 0.4 % 790 
w/v. We incubated the cultures at 30 °C, 200 RPM for about 3 hours. We centrifuged the cultures at 791 
6000 g, 10 minutes, 4 °C in a JLA-9.1000 rotor. From this point onward we did all the work on ice and 792 
used cooled buffers. We suspended the pellets in GFP resuspension buffer (50 mM potassium 793 
phosphate pH 7.5, 2 M NaCl, 1 mM MgCl2, 20 mM imidazole) at around 5-10 mL of GFP resuspension 794 
buffer per 1 L of culture. About 10 µg/mL of DNase I and about 10 µg/mL of RNase A (Sigma) were 795 
added to the cell suspension. Cells were lysed by sonication, for 12 minutes with cycling on and off 796 
every 5 s. We used Vibra-Cell VCX 130 sonicator (Sonics), with 6 mm diameter probe at 70 % 797 
amplitude, and cooled the tube in an ethanol-ice bath. Immediately after the sonication, we added 798 
EDTA to a final concentration of 0.5 mM. We centrifuged the lysate at around 20 000 g, 20 minutes, 4 799 
°C in a JA-25.50 rotor (Beckman). We collected the supernatants and added Ni Sepharose 6 Fast Flow 800 
(GE Healthcare) resin, corresponding to 2 mL of column volume, to +25 and -7 GFP isolates each. The 801 
supernatants with the column material were nutated for 45 minutes at 4 °C. Then we put the 802 
suspensions into columns, and washed each with 20 column volumes of GFP equilibration buffer (50 803 
mM potassium phosphate pH 7.5, 2 M NaCl, 20 mM imidazole), then with 20 column volumes of GFP 804 
wash buffer (50 mM potassium phosphate pH 7.5, 2 M NaCl, 50 mM imidazole). The proteins were 805 
eluted with GFP elution buffer (50 mM potassium phosphate pH 7.5, 2 M NaCl, 500 mM imidazole), 806 
and around 1 mL of the highest intensity fractions were pooled. We then added EDTA to each pool to 807 
a final concentration of 5 mM. Purified -7 and +25 GFP were centrifuged at 20 000 g, 7 min, 4 °C to 808 
pellet possible aggregates. We purified the resulting supernatant on a SEC setup (GE Healthcare 809 
AKTA equipped with Agilent 1260 Infinity FLD fluorescence detector), using Superdex 200 10/300 GL 810 
(GE Healthcare) column and SEC buffer (20 mM HEPES-NaOH pH 7.5, 10 mM MgCl2, 30 mM 811 
ammonium acetate, 150 mM KCl, 10 mM NaCl, 6 mM 2-mercaptoethanol) as running buffer. We 812 
pooled three fractions with the highest 510 nm emission at 488 nm excitation into 1.5 mL of purified 813 
GFP solution for -7 and +25 GFP each. We measured the absorbance at 280 nm, using a NanoDrop 814 
ND-1000 (Thermofisher) spectrophotometer. Reported A280 values were around 0.015 for -7 GFP and 815 
0.022 for +25 GFP, with little variation between replicates. Both -7 and +25 GFP solutions were visibly 816 
green. 817 
 818 
Analytical SEC experiments 819 
 820 
During preliminary experiments we noticed aggregation occurring while mixing +25 GFP with 821 
ribosomes at low dilution of the SEC purification pools. The aggregation was reproducible throughout 822 
all replicates. Despite the aggregation not being visible by naked eye, we were still able to see a 823 
pellet after centrifugation when imaging the fluorescence of the tubes (Figure 5e). Through trial-and-824 
error we established that mixing ribosomes at A280=0.14 and +25 GFP at A280=0.0013 results in no 825 
aggregation (visible by naked eye after centrifugation at 20 000 g, 7 min, 4 °C), while producing a 826 
peak at 280 nm for ribosomes when run again on SEC. 827 
 828 
For the main experiments ribosomes and GFPs were diluted in SEC buffer to A280=0.14 and 829 
A280=0.0013, respectively, in a total volume of 0.8 mL. The solutions were then centrifuged at 20 000 830 
g, 7 min, 4 °C to pellet aggregates. In the cases where we mixed ribosomes with -7 or +25 GFP, the 831 
GFP was added to the ribosome solution. The solutions were incubated on ice for 10 minutes before 832 
centrifugation. We collected the supernatant and ran 0.6 mL immediately on SEC (GE Healthcare 833 
AKTA equipped with Agilent 1260 Infinity FLD fluorescence detector), using Superdex 200 10/300 GL 834 
(GE Healthcare) column and SEC buffer as running buffer, while monitoring absorption at 280 nm and 835 
emission at 510 nm with 488 excitation. The centrifugation tubes and remaining solution were 836 
imaged for fluorescence using the LAS-3000 (Fujifilm) imager. We performed all these measurements 837 
twice. Additionally, for +25 GFP we ran a ribosome/GFP mixture with a 1.8x higher GFP concentration 838 
(A280=0.0024) that exhibited clear aggregation.  839 
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 840 

Computational analysis of proteomes 841 

We made histograms of the distributions of pI and net charge of all proteins encoded by the 842 

genomes of E.coli, L. lactis and Hfx. volcanii. All protein sequence data was retrieved from UniProt 843 

(59). For E. coli we used a K12 strain (proteome ID: UP000000318), for L. lactis we used strain 844 

MG1363 (proteome ID: UP000000364) and for Hfx. volcanii we used strain DS2 (proteome ID: 845 

UP000008243). The L. lactis MG1363 strain is the parent strain of L. lactis NZ9000 that we used for 846 

FRAP (44). The Hfx. volcanii DS2 is the parent strain of Hfx. volcanii H1895 (46). We calculated the pI 847 

of each protein based on its amino acid sequence using the Isoelectric Point Calculator by Kozlowski 848 

(60). We modified the program to allow for net charge calculations; the pI and net charge values we 849 

report are based on the IPC_protein pKa dataset of the Isoelectric Point Calculator. To calculate the 850 

net charge we used a pH of 7.5. To get the distributions in the cytoplasm we took only those proteins 851 

that have gene ontology labels cytoplasm and cytosol in the uniprot database(GO:0005737 and 852 

GO:0005829). For E. coli this yielded 1406 proteins (compared to 4254 proteins in the full genome), 853 

for L. lactis 253 (2383), and for Hfx. volcanii 177 (3987). For E. coli we also made pI and net charge 854 

distributions in which protein copy numbers are taken into account. To do this we took copy number 855 

data from Schmidt et al. (61). Specifically, we took the abundance data for E. coli BW25113 cultured 856 

in M9 glycerol. 857 

We also made histograms of the distributions of pI and net charge of all proteins encoded by the 858 

genomes of Buchnera aphidicola (proteome ID: UP000001806), Blochmannia floridanus (proteome 859 

ID: UP000002192), Onion yellows phytoplasma (proteome ID: UP000002523), and Wiggleworthia 860 

glossinidia brevipalpis (proteome ID: UP000000562). For Buchnera the cytoplasmic fraction 861 

contained 190 proteins (compared to 572 proteins in the full genome), for Blochmannia 156 (583), 862 

for phytoplasma 87 (730), and Wigglesworthia 158 (617). 863 

Calculation of protein charge 864 

To calculate the charge of the GFP variants we counted the number of Asp, Glu, Lys and Arg residues, 865 

used the pKa values of all (de)protonatable residues and used the Henderson-Hasselbalch equation to 866 

calculate the net charge. Results of these calculations give net charge 1-2 higher than net charge 867 

calculated using the modified IPC and the IPC_protein pKa dataset (-31.1, -8.2, -1.3, +5.6, +9.5, +9.5, 868 

+13.6, +23.5 for -30, -7, 0, +7, +11a, +11b, +15 and +25 GFP respectively). In reality, ions can 869 

specifically bind to proteins and thereby change the base net charge (i.e. before any ionic screening 870 

effects occur) (62). This is especially true for anions (62), which could affect our (quantitative) 871 

interpretation. Two examples: bovine serum albumin (measured charge, -13.8; calculated charge, -872 

18.3) (62) and hen egg white lysozyme (measured charge, +5.1; calculated charge, +11) (63); the 873 

actual values depend on the type(s) of ion(s) present (63). We also assumed that each residue of a 874 

particular type (e.g. all aspartates) have the same pKa independent of context. To take ion binding 875 

and context dependent pKa values into account would be a whole study in itself. 876 

 877 

Derivation of equation 1 878 
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For diffusion in one dimension the probability density for the position of a particle after time, 𝑡, is 879 

given by: 880 

𝑝(𝑥) =  
𝑁

√4𝜋𝐷𝑡
𝑒−

𝑥2

4𝐷𝑡         (7) 

Here 𝑥 is the position, 𝑝(𝑥) is the probability as a function of 𝑥, 𝑁 is a normalization factor, 𝐷 is the 881 

diffusion coefficient, and 𝑡 is the time step. When the particle is free it moves with diffusion 882 

coefficient 𝐷𝑓𝑟𝑒𝑒  and when bound with 𝐷𝑏𝑜𝑢𝑛𝑑. The particle goes back and forth between free and 883 

bound states a number of times in a certain period of time, 𝛥𝑡. Because the motion in each time step 884 

is independent of the other time steps, we can sum all time steps and distances travelled for the free 885 

state and we can do the same for the bound state. We end up with two equations like equation 7 but 886 

in one we have 𝐷 = 𝐷𝑓𝑟𝑒𝑒  and 𝑡 =  𝑓𝑓𝑟𝑒𝑒𝛥𝑡 and in the other 𝐷 =  𝐷𝑏𝑜𝑢𝑛𝑑  and 𝑡 =  (1 − 𝑓𝑓𝑟𝑒𝑒)𝛥𝑡, 887 

with 𝑓𝑓𝑟𝑒𝑒  being the fraction of time that the particle is free. To get the probability density for the 888 

position of the particle after time step, ∆𝑡, we convolute the two equations. A convolution of a 889 

Gaussian function leads to another Gaussian in the following way: 890 

𝑓(𝑥) ∗ 𝑔(𝑥) =  
𝑁

√2𝜋𝜎𝑓
𝑒
−
𝑥2

2𝜎𝑓
2
∗

𝑁

√2𝜋𝜎𝑔
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−
𝑥2

2𝜎𝑔
2
= 

𝑁

√2𝜋(𝜎𝑓
2 + 𝜎𝑔

2)

𝑒
−

𝑥2

2(𝜎𝑓
2+𝜎𝑔

2)     (8) 

Here, ∗, is the symbol for a convolution. By comparing equation 7 and 8 we can see that 𝜎𝑓
2 =891 

2𝐷𝑓𝑟𝑒𝑒𝑓𝑓𝑟𝑒𝑒∆𝑡 and  𝜎𝑔
2 = 2𝐷𝑏𝑜𝑢𝑛𝑑(1 − 𝑓𝑓𝑟𝑒𝑒)∆𝑡. We can also define an effective diffusion 892 

coefficient, 𝐷𝑒𝑓𝑓, such that 𝜎𝑓
2 + 𝜎𝑔

2 =  2𝐷𝑒𝑓𝑓∆𝑡. Combining the last results and dividing by 2∆𝑡 we 893 

obtain equation 1. 894 

This derivation depends on six assumptions, as described in the discussion. The justification for these 895 

assumptions are as follows. We assumed that (1) the exchange between free and bound state is 896 

much faster than the FRAP measurement. This is justified because we did not observe two-897 

component recovery in the FRAP data. We assumed that (2) the highest diffusion coefficient of all 898 

variants in a given organism reflects the free state of GFP; justified by the fact that for E. coli the GFP 899 

diffusion coefficient levels off towards more negative charge. We assumed that (3) GFPs bind solely 900 

to ribosomes; this we have shown experimentally. We assumed that (4) the total number of binding 901 

sites on all ribosomes is higher than the number of GFPs. The first justification is that the number of 902 

binding sites is about 106 and it is unlikely that we express that many GFPs because the cell only has 903 

about 3x106 total proteins. The second justification is that 99 % of +25 GFP appears to be bound, 904 

meaning that there are enough binding sites to bind all GFPs. We assumed that (5) the decrease of 905 

diffusion coefficient with net positive charge has the same origin in all three organisms. This 906 

assumption is plausible because all three organisms have ribosomes, and assuming the same cause 907 

for slow diffusion is the most parsimonious. Finally, we assumed that (6) the ribosome diffusion 908 

coefficient is the same in all three organisms. Here the justification is that for all three organisms -7 909 

GFP diffusion coefficients are similar, suggesting similar crowding, for E. coli and L. lactis the diffusion 910 

coefficient are similar also for a big protein complex (ref. 12). The consequence for violating 911 

assumption 1 is that there is no Deff to speak of and the whole calculation becomes irrelevant. The 912 

consequence for violating assumptions 2, 3, 5, and 6 is that the numerical values coming out of the 913 

equation will be different, with the severity of the error depending on the difference in diffusion 914 
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coefficients. The consequence of violating assumption 4 is that there will be free GFP irrespective of 915 

affinity as there are no more binding sites to fill. 916 
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