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Abstract 11 

Over the past 50 years, protein complexes have been studied with techniques such as X-ray 12 

crystallography and electron microscopy, generating images which although detailed are 13 

static and homogeneous. More recently, limited application of in vivo fluorescence and other 14 

techniques has revealed that many complexes previously thought stable and compositionally 15 

uniform are dynamically variable, continually exchanging components with a freely 16 

circulating pool of "spares". Here, we consider the purpose and prevalence of protein 17 

exchange, first reviewing the ongoing story of exchange in the bacterial flagella motor, 18 

before surveying reports of exchange in complexes across all domains of life, together 19 

highlighting great diversity in timescales and functions. Finally, we put this in the context of 20 

high-throughput proteomic studies which hint that exchange might be the norm, rather than 21 

an exception. 22 
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 31 

1: Introduction 32 

Life is change. Even in the human body, which seems outwardly stable, the microscopic 33 

picture is one of constant flux - ATP molecules turn over thousands of times per day, and a 34 

typical protein molecule lasts only a few days before being degraded [1,2]. Many cell types 35 

have a lifetime of days, weeks or months – a fraction of the lifetime of the organism as a 36 

whole [1]. By contrast, the triumphant success of structural biology over the last 50 years in 37 

generating beautiful, compelling images of biomolecular complexes, offers a picture of static 38 

and highly stable structures. In particular, X-ray crystallography and electron microscopy 39 

have revolutionized our understanding of proteins and protein complexes, ranging in size 40 

from kiloDaltons to many tens of megaDaltons.  The majority of these complexes are 41 

dynamic in structure, composition or both.  X-ray crystallography, however, requires the 42 

selection of highly stable and homogenous complexes to generate atomic resolution, 43 

relegating structural dynamics and heterogeneity to a role somewhere between a minor 44 

inconvenience and a signature of failure.  Electron microscopy (EM) cannot match the 45 

resolution of X-ray crystallography, although recent improvements bring it ever closer [3]. In 46 

principle cryo EM and the related cryo electron tomography (ET) [4] offer images of 47 

individual molecular complexes, static because frozen to cryogenic temperatures but 48 

preserving heterogeneity.  In practice, however, images of single complexes have relatively 49 

low resolution, and there is a trade-off between preserving heterogeneity and increasing 50 

resolution by averaging many images.  Atomic force microscopy (AFM) offers a tantalising 51 

promise of combining resolution within single protein complexes with observation of their 52 

working dynamics [5], but high-speed AFM remains technically extremely difficult and AFM 53 

is limited to samples that can be observed on hard flat surfaces. 54 

Over the last decade, new single-molecule and in-vivo biophysical methods have allowed 55 

investigation of the stability of large protein complexes, working in their natural environment 56 

inside live cells.  This has revealed that heterogeneity and dynamics in molecular 57 

composition are the norm.  For example, in the bacterial flagellar motor, protein molecules in 58 

both the rotor and stator were observed to exchange with freely circulating pools of “spares” 59 

on a timescale of minutes, even in motors that were continuously rotating [6–8]. We will call 60 

this process “protein exchange” and take care here to distinguish it from protein “turnover” - 61 

a term misleadingly used in some of the early literature on protein exchange.  Exchange 62 

describes the binding and unbinding of intact protein components and complexes.  Turnover, 63 
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by contrast, is the destruction (digestion) and synthesis of proteins [9].  While exchange may 64 

be a prerequisite for turnover, the two processes are entirely different.  This review addresses 65 

the question, “What is the role of protein exchange ?”.  Is it most often merely a by-product 66 

of the relative weakness of protein-protein interactions ?  Or a necessary step in the turnover 67 

of damaged proteins ?  Or is it a mechanism for the regulation, modification and adaptation 68 

of complexes?   Our definition of protein exchange requires us also to define what we mean 69 

by “protein complex”.   We limit ourselves in this review to consideration of complexes that 70 

are finite in size and sufficiently well defined and stable to have yielded an informed picture, 71 

however incomplete, of their structures.  This excludes, for example, transient complexes 72 

seen in cell signalling [10] and protein components that are assembled or disassembled 73 

deterministically in response to specific triggers. In Photosystem II for example, an elaborate 74 

pathway removes and replaces the D1 subunit only in response to oxidative damage[11]. We 75 

also specifically exclude dynamic filaments and their accessory proteins, as are seen in the 76 

cytoskeleton - these have long been known to exchange and are extensively reviewed 77 

elsewhere. Such filamentous complexes are also free to grow indefinitely, unlike all the 78 

complexes we consider below which appear to be bounded.  79 

We focus first on protein exchange in the bacterial flagellar motor (BFM), a rotary electric 80 

motor ~50 nm in diameter composed of a few dozen types of protein. When we first 81 

uncovered the extent of subunit exchange in the BFM, we were astonished that such an 82 

intricate machine could operate continuously despite the regular exchange of essential 83 

components. This provoked questions about exchange more generally – how common is it, 84 

and what purposes does it serve? We even considered that it might be an unavoidable 85 

consequence of the flexibility and marginal stability of all proteins, or a mechanism for 86 

proofreading during assembly.  In this article, we offer a perspective on how discoveries over 87 

the subsequent decade go some way towards answering those questions. We review the 88 

current understanding of exchange in the BFM, which exhibits some of the best-studied 89 

exchange processes of any complex. After discussing the Injectisome, a close relative of the 90 

BFM, we then look at examples of protein exchange in other well-characterized complexes, 91 

highlighting the great diversity of complexes exhibiting exchange and the broad range of 92 

associated timescales and putative functions. We then put this in the context of results from 93 

high-throughput proteomics techniques, which give a less detailed but more impartial birds-94 

eye view of exchange in the proteome in general. It appears that subunit exchange occurs in 95 

many complexes, in all domains of life, over a large continuum of timescales. Rather than 96 
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being an essential feature, at least at shorter timescales, it may be an option exploited by 97 

nature for a wide range of different uses, many of which are only just beginning to be 98 

understood.  Furthermore, while the extent of subunit exchange is still unclear, evidence of 99 

widespread dynamism in protein complexes generally points to it being widespread.  100 

2: Protein exchange in the Bacterial Flagellar Motor and Injectisome 101 

2.1:  Bacterial Flagellar Motor structure and function 102 

The Bacterial Flagellar Motor (BFM) is a membrane-embedded ion-driven rotary motor that 103 

powers bacterial swimming motility and surface motilities such as swarming [12,13]. In 104 

Escherichia coli (E. coli and Salmonella enterica serovar Typhimurium (S. Typhimurium), 105 

the best-studied model systems, multiple motors per cell each drive a 5–10 μm long helical 106 

filament at speeds in excess of 100 Hz via a universal joint (“hook”) that transmits torque to 107 

the filament while allowing freedom of the filament orientation [12]. The motor, a large 108 

complex (~11 MDa) incorporating at least 13 proteins in copy numbers ranging from a 109 

several to dozens, comprises a rotor surrounded by a ring of force-generating stator units – 110 

selective ion channels spanning the inner membrane and anchored to the cell wall.   111 

 112 

Figure 1. Swimming of flagellated bacteria.  113 
 114 

Rotation is powered by ion motive force (IMF) –  an electrochemical gradient consisting of 115 

the combined effect of concentration and voltage imbalances across the inner membrane 116 

which drive ion transit through the stator units into the cytoplasm (Figure 1). This transit is 117 

coupled to conformational changes in the stator units which push against the rotor, generating 118 

torque [14,15]. Stator units are stable sub-complexes of 4 MotA and 2 MotB proteins in H
+
-119 

powered motors of E. coli and S. Typhimurium, Figure 2a) [16], or of their homologs such as 120 

4 PomA and 2 PomB in Na
+
-powered motors of Vibrio alginolyticus) [17].  H

+
-powered and 121 

Na
+
-powered stators [18,19], along with more recently-discovered stators powered by K

+
 / 122 

Rb
+ 

[20] and Ca
2+

/Mg
2+

 [21], are very similar in sequence and function.  123 

 124 
Figure 2. BFM structure  125 
 126 

The flagellar rotor comprises a shaft coupled to a series of protein rings (Figure 2a): the 127 

inner-membrane-spanning MS-ring (FliF) is the structural core, while the cytoplasmic C-ring 128 
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(or switch complex, comprising FliG, FliM and FliN) forms the surface which is pushed by 129 

the stator units. The C-ring also hosts the cytoplasmic export apparatus, responsible for 130 

controlled export of substrates used to assemble the shaft (rod), hook and filament [25]. 131 

Averaged cryo-EM reconstructions of  rotors purified as stable complexes, including C-ring 132 

but not export apparatus, have been central to our understanding of motor structure [26–28]  133 

(Figure 2b,c).  More recently, similar reconstructions at lower resolution by cryo ET, of 134 

entire motors in situ, show that motors from different species share a structural core while 135 

varying in the stator and C-ring (Figure 2d-f).  Crystal structures of several component 136 

proteins and protein fragments have been solved.  137 

 138 

Figure 3. Motor switching and chemotaxis.  139 

 140 

In E.coli and S. Typhimurium, the C-ring can switch between two states, coupling the 141 

conformational change in the stator unit to either clockwise (CW) or counter-clockwise 142 

(CCW) rotation (defined looking from the filament towards the motor). When all motors in a 143 

cell are rotating CCW, all filaments form into a bundle which propels the cell smoothly 144 

(Figure 3a). However, if a motor switches transiently to CW rotation, a conformational 145 

change is induced in the filament which expels it from the bundle, causing a “tumble” – a 146 

random change in swimming direction (Figure 3b). The chemosensory apparatus of the cell 147 

controls the frequency of motor switching events to navigate chemical gradients in the cell’s 148 

environment – chemotaxis (Figure 3c,d). This is mediated by the diffusing cytoplasmic 149 

protein CheY, which in its phosphorylated state (CheY-P) binds to the C-ring and increases 150 

the probability of CW rotation (and therefore a tumble). When the cell is travelling in a 151 

desirable direction (for example, the concentration of external chemoattractant is increasing), 152 

phosphorylation of CheY decreases, suppressing tumbling. Continuous adaptation of the 153 

chemosensory system updates the reference value against which increases or decreases of 154 

chemoattractant are judged on a timescale of a few seconds. Thus the cell moves in a random 155 

walk biased towards chemoattractants and away from chemorepellants. While other species 156 

have different chemotaxis strategies, some of which rely on changes in motor speed rather 157 

than direction, CheY-mediated modulation of motor activity, presumably via C-ring binding, 158 

is common to all those which have been well-studied [29–31]. 159 

 160 
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2.2:  Early observations of protein exchange 161 

The BFM is a canonical example of a molecular machine, and the default assumption in the 162 

early days after its discovery was that once assembled each motor is essentially immortal and 163 

unchanging.  However, measurements of the rotation of single motors in the 1980s provided 164 

the first indication of structural dynamics in the BFM [32–36].  When tethered to a surface 165 

via a single flagellar motor, rotation of the cell body allows easy measurement of motor 166 

activity. In “resurrection” experiments, the expression of stator proteins from an inducible 167 

plasmid restored rotation in a series of up to 8 discrete speed increments in motors previously 168 

lacking functional stator proteins.  This was interpreted as the sequential assembly of 8 stator 169 

units into the motor, each contributing independently and additively to rotation, and 170 

demonstrated that motors could rotate during assembly. Transient step-wise speed decreases 171 

were also seen, now attributable to protein exchange [32,36]. More recently, up to 11-12 172 

speed increments have been seen in E. coli BFMs (Figure 4a) [34], again accompanied by 173 

occasional step-wise speed decreases. 174 

Figure 4.  Protein exchange in the flagellar stator 175 
 176 

In 2006, we performed the first direct observation of stator unit exchange [6], using 177 

Fluorescence Recovery After Photobleaching (FRAP) and Fluorescence Loss In 178 

Photobleaching (FLIP). These techniques had long been used to measure protein exchange in 179 

the cytoskeleton [37], and more recently in non-cytoskeletal protein complexes [38], but 180 

never to single complexes and never with simultaneous recording of the function of that 181 

complex – motor rotation, in our case. Cells with stator protein MotB fused to Green 182 

Fluorescent Protein (GFP), introduced by chromosomal replacement to ensure natural 183 

expression, were imaged with Total Internal Reflection Fluorescence (TIRF), which 184 

selectively excites fluorophores within ~100nm of the coverslip – encompassing the motor 185 

and cell membrane, but excluding most of the cytoplasm (Figure 4b). Motors in tethered 186 

cells were visible as fluorescent spots at the centre of cell rotation. Motors were also observed 187 

in non-rotating cells, with more than one spot visible in TIRF indicating the likelihood of two 188 

or more tethered motors blocking rotation. 189 

For FRAP experiments, an intense laser spot was focussed onto individual motors for 0.3-190 

0.5 s, to bleach all GFP molecules within a motor while leaving as much as possible of the 191 

GFP elsewhere in the cell unbleached. Over time, motor spots reappeared, indicating that 192 

bleached GFP molecules in the motor – presumably accompanied by MotB -  had been 193 
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replaced by unbleached ones from elsewhere in the cell (Figure 4b,c). FLIP experiments 194 

observed a decrease in spot brightness after selectively bleaching GFP outside motors, as 195 

bleached GFPs replaced unbleached ones in the motor. This served as a control for artefacts 196 

such as spontaneous recovery or late maturation of GFP fluorescence. Given the stable 197 

incorporation of MotB into stator units [16], the results demonstrated that stator units in the 198 

motor are constantly exchanging with a membrane pool of ~100 units, with a typical dwell 199 

time in a motor of only ~30s. We also estimated that each motor contains 11  3 stator units 200 

( ~ 22  6 MotB-GFPs ), consistent with the resurrection experiments.  201 

Protein exchange was soon confirmed and extended to other components of the BFM in our 202 

lab and others [7,39–42]. These observations of exchange in multiple genetically-distinct 203 

components of the complex raised a number of questions. Is protein exchange a universal 204 

feature of large protein complexes ? What functions does it serve? The replacement of 205 

defective subunits was one possible function, as was some kind of regulatory role. What is 206 

the range of timescales for protein exchange in different components and complexes ?  How 207 

can we reconcile protein exchange in vivo with the stability of purified complexes in vitro ?   208 

 209 

2.3:  Stator unit exchange 210 

Following the original measurements of stator exchange, it became clear that stator exchange 211 

dynamics are sensitive to multiple inputs. Stator units have reduced affinity for the motor 212 

when either the ion-motive force or the viscous load is reduced, consistent with a mechanism 213 

in which binding of a stator unit to the cell wall is stabilized by force. Recent evidence 214 

indicates that the affinity of stator units for the motor also depends upon other environmental 215 

factors and cellular signals. We consider that all these properties are functionally beneficial, 216 

hinting that stator unit exchange may be selected for – not an evolutionary accident.  217 

 218 

2.3.1:  Stator dependence upon ion-motive force 219 

The loss and subsequent step-wise resurrection of motor rotation following the transient 220 

removal of IMF, observed in E. coli expressing native H
+
-driven stator units [43] or 221 

recombinant Na
+
-driven homologues from V. alginolyticus [44], provided the first evidence 222 

that incorporation of stator units in the motor requires IMF. Direct observation followed in V. 223 

alginolyticus: fluorescently labelled stator component PomB delocalized from flagellar 224 
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motors when Sodium-motive Force (SMF) was removed, when a sodium channel blocker 225 

was added, and in non-motile PomB mutants [45] – all interventions which remove the force 226 

between stator and cell wall.  Using the light driven proton pump proteorhodopsin in 227 

combination with uncouplers of the proton-motive force (PMF) to allow fast control of PMF 228 

in E. coli [46] (Figure 5a), the incorporation of stator units in the motor following PMF 229 

removal was found to decay with a similar lifetime to that estimated in the original FRAP 230 

experiments [6].   231 

 232 
Figure 5. Stator dynamics  in bacterial flagellar motors.  233 
 234 
Stator units conduct ions only when bound to the motor – when unbound, a “plug” domain 235 

blocks the channel [49], preventing leakage of ions across the membrane which would waste 236 

energy and potentially (for H
+
-powered stators) disrupt the pH of the cytoplasm  [50] . It is 237 

plausible that the loss of stators at low IMF serves to conserve energy at times when 238 

resources are limited, and the homeostasis of the cytoplasm is threatened.  239 

Conversely, although the H
+
-powered motor of S. Typhimurium is closely related to that of E. 240 

coli [51] and exhibits stator exchange in FRAP experiments [52], neither pore blocking 241 

mutations nor the removal of PMF were observed to disrupt stator protein localization to S. 242 

Typhimurium motors [53]. This suggests that IMF-dependent incorporation of stator units is 243 

not an inevitable consequence of stator protein exchange.  244 

 245 

2.3.2:  Stator mechanosensing  246 

Two different experiments in 2013 demonstrated an effect of mechanical load on the number 247 

of stator units incorporated into E. coli motors, measured by the intensity of fluorescent 248 

motors containing GFP-labelled MotB and by stepwise speed changes [47,54]. Following 249 

sudden increases of load caused either by cell tethering or attachment of 1 μm diameter 250 

polystyrene beads to filament stubs, the number of stator units increased from 1-2 to 6-10 251 

over a few minutes [54]. Similarly, the steady-state number of stator units was found to 252 

increase with increasing viscous load, and was maximal in motors stalled by attached 253 

magnetic beads [47] (Figure 5b). Together with the decreased motor-binding of paralyzed 254 

stator mutants [45,55], and recent measurements of stator kinetics under rapidly varying load 255 

[56], this is consistent with  a catch-bond model in which the bond between the E. coli stator 256 

unit and motor strengthens with applied force [55,56]. This would confer sensitivity not just 257 
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to load, but also to ion-motive force, channel blockers, stator mutations, binding of regulatory 258 

proteins, and any other intervention which affects the force generated by a stator unit. The 259 

mechanism of mechanosensitivity may differ somewhat in other species - A S. Typhimurium 260 

stator mutation alters motor response to load without altering the number of stator units 261 

incorporated in the motor [57]. In many species the motor-binding protein FliL is also 262 

involved in load response[58–60], although this appears not to be the case in E. coli [54,55]. 263 

 264 

Regardless of the mechanism, the disengagement of stator units at low load, as with IMF, is 265 

consistent with a biological function. At very low load – for example, in the nascent stage of 266 

filament assembly - a fully assembled stator ring would waste energy without propelling the 267 

cell. Furthermore, at lower loads, fewer stator units are required to achieve a given speed. 268 

There is disagreement as to whether extra stator units at very low load confer increased 269 

rotation speed, as they do at high load [61,62] – they may just waste energy to no effect.  270 

 271 

2.3.3:  Stator isoform exchange and biochemical signalling 272 

Many species encode a single set of BFM rotor proteins, but multiple isoforms of stator 273 

proteins [63].  Stator exchange in such systems was first studied in Shewanella oneidensis 274 

MR-1, which expresses both Na
+
- and H

+
-powered stator units, the latter recently acquired by 275 

horizontal gene transfer [64] (Figure 5c). Both isoforms function in the motor simultaneously 276 

and exchange competitively – H
+
-powered stator units exchange faster in the presence of 277 

Na
+
-powered stator units, and vice versa [65]. The proportion of  Na

+
-powered stator units in 278 

the motor is increased at high SMF, not through increased affinity of the Na
+
-powered stator 279 

units but by reduced affinity of the H
+
-powered units [65]. Competitively-exchanging Na

+
- 280 

and H
+
-powered stator units are also found in the motor of Bacillus subtilis [66,67]. As in S. 281 

oneidensis MR-1 the balance of isoforms responds to SMF, but the mechanism appears 282 

different: a peptidoglycan-binding domain in the Na
+
-powered stator unit, which stabilizes 283 

binding to the motor, is only fully folded and active in the presence of Na
+ 

[68].  284 

It is plausible that by tuning the balance of isoforms in this way, motors of both species use 285 

exchange to rapidly adapt, making use of whichever power source is the most abundant. 286 

However, similar tuning arises in E. coli motors assembled with both native H
+
-powered 287 

stators and recombinant Na
+
-powered stators, engineered by replacing most domains of the E. 288 

coli stator proteins with their homologues from V. alginolyticus [69]. Neither parent stator 289 
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evolved to work in a dual-stator motor, although both are individually IMF-responsive. It is 290 

curious that S. oneidensis MR-1 has apparently evolved to exploit competitive exchange by 291 

regulating the incorporation of one stator unit isoform through competition with the other.  292 

 293 

Mechanosensing, like IMF, can regulate the balance of stator isoforms in dual-stator systems. 294 

In B. subtilis, incorporation of Na
+
-powered stator units over H

+
-powered competitors is 295 

promoted not only by high SMF, but by high load [70]. Interestingly, the polysaccharide 296 

Ficoll also promotes incorporation of Na
+
-powered stator units, beyond the level that can be 297 

explained by the associated change in the viscous load external to the motor [70]. The 298 

mechanism of this is unclear – it may be that Ficoll impedes the motor directly, acting as an 299 

added load which affects stator incorporation via mechanosensing. As bacteria secrete 300 

polysaccharides during biofilm formation, polysaccharide sensing is likely to have a 301 

biological function. This has been demonstrated in S. Typhimurium, where motor inhibition 302 

by secreted polysaccharide contributes to motility regulation [71].  303 

Motility regulation has also been studied in Pseudomonas aeruginosa , which has two stator 304 

unit isoforms – MotAB and MotCD. Both are H
+
-powered, but only MotCD can produce 305 

rotation at high load – for example, swarming on a surface [72] or rotating a tethered cell. 306 

Upon tethering to a surface, P. aeruginosa rotate initially only if MotCD is present, and then 307 

rapidly stop only if MotAB is present, in response to a Cyclic adenosine monophosphate 308 

signal triggered by surface-sensing [73,74]. Similarly, at elevated levels of cyclic diguanylate 309 

(cyclic-di-GMP) the protein FlgZ destabilizes MotCD incorporation, leading to the loss of 310 

MotCD from the motor and the inhibition of swarming motility only in the presence of 311 

competing MotAB (Figure 5d) [72,75]. While exchange of stator units has not been 312 

measured directly in P. aeruginosa, this behaviour is strongly indicative of competitive 313 

exchange as seen in S. oneidensis MR-1, used to facilitate regulatory control.  314 

Cyclic-di-GMP, a secondary messenger associated with the transition to sessile lifestyle, also 315 

regulates motility via FlgZ homologues in a number of other species. In B. subtilis, FlgZ 316 

homologue MotI interacts with MotA and acts as a clutch – removing power from the motor, 317 

but not inhibiting its rotational diffusion [76]. This is consistent with reduced stator unit 318 

affinity for the motor. However, the FlgZ homologue in E. coli and S. Typhimurium (YcgR), 319 

both single-stator species, inhibits motility through a brake mechanism that impedes 320 

rotational diffusion of the motor and requires stator units to be expressed [71,77,78]. This 321 
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suggests a different mechanism of action to FlgZ or MotI – one which does not require stator 322 

unit exchange, and indeed may act through binding to the C-ring[78] rather than the 323 

stator[77]. Similarly, B. subtilis possesses a second clutch protein in addition to MotI, EpsE, 324 

which acts through binding to the rotor rather than the stator [79].  325 

While the biochemical details are unclear, there is evidence across many species that BFM 326 

mechanosensing is responsible for surface sensing which triggers lifestyle changes[48,80]. 327 

Interestingly, the deletion of P. aeruginosa FlgZ alters the intracellular c-di-GMP level, 328 

suggesting that it may be responsible for bridging mechanosensor input and regulatory output 329 

[75]. Another stator-binding protein, DgcB, has been shown to perform such a role in 330 

Caulobacter crescentus – synthesizing c-di-GMP in response to motor–surface interaction 331 

[81]. An interesting possibility is that these pathways might be measuring the number of 332 

incorporated stator units as a proxy for load.  333 

 334 

2.3.4:  Stator exchange - perspective 335 

The above evidence suggests that stator unit exchange is exploited to allow rapid adaptation 336 

of motor function to changes in energy availability and output requirements. Competitive 337 

exchange of different stator unit isoforms is also exploited for adaptation, and provides a 338 

handle for biochemical regulation. It is possible that exchange facilitates regulation in single-339 

isoform systems also, and may constitute part of the readout pathway for motor 340 

mechanosensing. 341 

However, stator exchange has been studied directly in relatively few species. In single-stator 342 

species, stator exchange does not appear to be necessary for biochemical regulation, even if it 343 

is sometimes exploited to that end. Additionally, while E. coli  and S. Typhimurium stators 344 

are not resolvable in situ by cryo ET, presumably because low viscous loads in sample 345 

preparation leads to stator dissociation, a number of other species have large periplasmic 346 

structures supporting well-defined and readily-imaged rings of stator units (e.g. Figure 2e, 2f) 347 

[24,82,83]. This raises the possibility that no stator exchange takes place in these species.  348 

 349 

 350 

2.4:  Rotor protein exchange 351 
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Repeating the 2006 stator FRAP experiments [6] with the C-ring component FliM [7] 352 

labelled with a yellow variant of GFP (FliM-YPet), we were surprised to find that it too was 353 

exchanging in functional motors – a result we had no reason to expect [7] (Figure 6a). 354 

Typical dwell times were similar to stator units (~40s), and we measured a stoichiometry of 355 

30  6 FliM per motor, consistent with the rotational symmetry seen in EM structures [26].  356 

FliM exchanged only in the presence of functional CheY, pointing to a role for FliM 357 

exchange in regulation of switching.  358 

 359 
Figure 6. Protein exchange in the flagellar rotor  360 
 361 
 362 
Figure 7. Protein exchange in the flagellar rotor as an adaptation mechanism 363 
 364 
 365 

FliM exchange was also reported almost simultaneously by Fukuoka and co-workers, but 366 

with significant differences in reported kinetics [39]. We attribute this to shortcomings in 367 

their experimental methodology, which we detail below in our discussion of FliG exchange. 368 

Subsequent studies have confirmed our initial measurements, and elucidated a mechanism for 369 

motor adaptation (Figure 7a) that relies on exchange.  FliM exchange was shown to vary not 370 

with [CheY] per se, but with the rotation direction of the motor [42] (Figure 7b). With 371 

fluorescently labelled FliM (FliM-eYFP),  counter-clockwise (CCW)-only motors in strains 372 

lacking CheY were ~30 % brighter than motors made CW-only by a mutation in FliG [42] 373 

(Figure 7b, c). When CheY-P levels drop in wild-type strains, CCW bias increases, resulting 374 

in the recruitment of additional FliM to the ring, conferring greater sensitivity to CheY-P. 375 

This adaptive remodelling allows the ring to be extremely sensitive to changes in CheY-P 376 

levels on ~1 s time scales (Hill coefficient of ~20) [84], while adapting to longer-term 377 

changes in the average levels of CheY-P [41,42,85]. It also contributes significantly to the 378 

rapid (<10s) adaptation of the overall motor-chemosensory system to changes in the 379 

concentration of external chemoattractants or chemorepellents [86]. 380 

FRAP and stoichiometry experiments with FliN showed very similar dynamics to FliM [8] 381 

(Figure 6b). Branch et al also found FliN dynamics to be very similar to FliM, except ~4 382 

times slower [87]. As their fluorescent protein fusion also slows functional adaptation of the 383 

motor, this is likely an artefact of labelling. Stoichiometry estimates were consistent with 384 

either 4:1 [88] or 3:1 [89,90] FliN:FliM stoichiometry models, and together the data suggest 385 

that FliM and FliN may exchange as a 4:1 or 3:1 FliN:FliM unit. The structural details of 386 
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FliM and FliN exchange remain unclear. Exchange measurements suggest the existence of 387 

separate stable and exchanging sub-populations of FliM/FliN, and that conversion between 388 

stable and exchanging states may be part of the mechanism for adaptation [7,8,42,86]. The 389 

molecular mechanism for this has yet to be determined, although models have been proposed 390 

[91,92] (Figure 7d). In particular, it is unclear how the C-ring accommodates variation in the 391 

number of FliM/FliN units, or how this relates to the role of FliN in supporting the 392 

cytoplasmic export apparatus. Some models envision a fixed-diameter C-ring ring, with a 393 

fixed number of FliM/N binding sites [85], which can tolerate either gaps (Figure 7d, right) 394 

or binding of “extra” FliM/N units not incorporated into the ring (Figure 7d, left). Others 395 

suggest that the ring expands and contracts to accommodate changing FliM/FliN numbers 396 

[42,91] (Figure 7d, middle). Averaged EM structures of purified CW-locked [27] and wild-397 

type [22] motors show ~34-fold C-ring symmetry and the matching ring diameter 398 

respectively.  Removal of circulating FliM/N during purification might be expected to act as 399 

a ratchet for protein exchange - FliM/N units that leave the motor cannot be replaced, driving 400 

the ring towards a minimal stable size.  EM reconstructions of motors crosslinked in vivo to 401 

preserve native CW and CCW compositions could in principle reveal this effect. If so, the 402 

symmetry of the average EM image would reflect the minimal stable ring in the expanding 403 

ring model, or the unvarying underlying ring of binding sites in the “gaps” and “extras” 404 

models, assuming gaps and extras are unresolved by EM. On the other hand, if protein 405 

exchange is frozen by purification, variable ring symmetries from 31-to 38-fold seen in 406 

overproduced wild-type rotors [27,28] might reflect the natural range in the variable ring 407 

model.  The gaps model predicts ~30% reduced density in the corresponding part of the 408 

averaged CW rotor reconstruction, compared to predictions based on the molecular masses of 409 

the components. This should be detectable, but so far has not been reported.   410 

Exchange in a number of additional components has also been investigated (Figure 2a). FliI, 411 

a component of the export apparatus homologous to the α and β units of F1-ATPase, was 412 

shown to exchange several times per minute [93]. This does not appear to be driven by ATP 413 

hydrolysis, and is too slow to account for delivery of export substrates to the motor. FliI is 414 

not essential for export, but powers a rotary “ignition key”; hydrolysing ATP only at a slow 415 

rate, but somehow increasing the efficiency of export [94,95]. The role of exchange is 416 

unknown.  Exchange on a timescale of minutes has also been observed in export apparatus 417 

protein FlhA [40,96], which forms both the transmembrane ion pore responsible for powering 418 

protein export, and part of the nonameric cytoplasmic gate which controls the substrate-419 
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specificity of export through conformational changes. As for FliI, the role of exchange is 420 

unknown. 421 

Conversely, reports exist that neither FliG [39] nor FliF [40] exchange on timescales of ~2 422 

hours and ~10 minutes respectively. However the use of long wide-field exposures for the 423 

photobleach phase of FRAP in the former study [39] resulted in the bleaching of large but 424 

unquantified fractions of the entire cellular GFP population, making these reports unreliable.  425 

For example, the exchange of FliN was estimated to occur with characteristic times of 20 426 

minutes [39] rather than ~40 s measured with fast and tightly focussed photobleaching 427 

illumination [8].  Anomalies in FliN FRAP - including further reductions rather than recovery 428 

of fluorescence after shorter bleaching phases - and the inability to quantify FliM exchange - 429 

presumably because of the very low signal/noise ratios after excessive photobleaching - 430 

further illustrate the unreliability of these measurements. FliG copy numbers are expected to 431 

be similar to FliM, 3-4 times lower than FliN, and so the possibility remains that FliG 432 

exchange occurs but was missed in these experiments. 433 

Finally, protein exchange may have a role in assembly of the BFM rotor. A number of in vivo 434 

fluorescence studies visualised putative pre-assembly complexes in E.coli [7,40,97] – we 435 

measured these to contain ~20 fluorescently tagged FliM molecules, undergoing negligible 436 

exchange on minute timescales [7]. A study quantifying the incorporation of several 437 

fluorescently-tagged BFM components into complexes, and the inter-dependencies of various 438 

components found results consistent with a model of sequential but cooperative assembly, 439 

whereby incorporation of a component class is incomplete until stabilized by the binding of 440 

downstream components [40]. The relation of exchange to these observations is an interesting 441 

avenue for future study. It may be possible that some components are stable in pre-assembly 442 

intermediates but exchanging in the complete motor, and vice versa. There is also evidence 443 

that FliG, FliF and FliM form a variety of pre-assembly complexes in the cytoplasm [8,98] – 444 

the influence this might have on FliM/N exchange is unclear.  445 

In summary, there is clear evidence that sub-complexes of FliM and FliN exchange in E. coli 446 

motors, fine-tuning C-ring function through variable subunit stoichiometry.  Exchange is also 447 

observed in FlhA and FliI, but the functional benefit (if any) has yet to be uncovered. Finally, 448 

there is no exchange in FliF and prospectively not in FliG, at least over short timescales (10s 449 

of minutes to hours).  This supports the notion of a stable central core to the motor on which 450 

less stable peripheral components are mounted, and suggests that exchange is not a general 451 

requirement for components of a large complex.   452 
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 453 

2.5:  Protein exchange in the Injectisome. 454 

The “injectisome” is a needle-like protein export complex used by many pathogenic bacteria 455 

to deliver toxins, which shares a common evolutionary ancestry, significant homology and 456 

structural similarity with the BFM [25,99]. Export in both complexes is highly regulated, and 457 

driven by a type III secretion system (T3SS). The injectisome also possesses a putative C-458 

ring, consisting of YscQ ( here we use component names from Yersinia  enterocolitica, other 459 

species have different names for essentially the same genes) which is moderately homologous 460 

to FliM, and YscQC -the product of an internal translation start site comprising the C-terminal 461 

third of YscQ, which is highly homologous to FliN [25]. Both are required for injectisome 462 

assembly, and share similar interactions to their BFM counterparts [25,89,90].  463 

Exchange has been studied in a limited number of injectisome components. In Y. 464 

enterocolitica, FRAP over ~10 minutes showed negligible exchange for both YscV, a 465 

homologue of exchanging BFM component FlhA (Figure 2a), and YscC – a secretin with 466 

homologues in other secretion complexes, expected to form a stable ring in the outer 467 

membrane [25,100]. YscQ however was shown to exchange over minute timescales, similar 468 

to the homologous FliM/N. Exchange was faster in conditions promoting active secretion, but 469 

faster still in the presence of a catalytically inactive mutant of the T3SS ATPase, which 470 

cannot support secretion [100]. Although this hints at a functional role for YscQ exchange, 471 

none has been elucidated so far - as with BFM FliI, exchange rates were too slow to 472 

correspond to delivery of export substrates.   473 

In vivo fluorescence correlation spectroscopy, used to identify co-diffusion and measure 474 

apparent diffusion coefficients of labelled proteins, has revealed that YscQ, YscL, YscN and 475 

YscK interact in the cytoplasm, forming pre-assembly complexes reminiscent of those 476 

reported in the BFM. It is unknown whether they exchange as a unit. Extracellular Ca
2+

 477 

concentration, which controls injectisome activation, also affects the interaction strengths 478 

within these complexes [101]. As a change in injectisome C ring structure is associated with 479 

activation [102], this raises the possibility that activation is mediated through a change in 480 

interaction strengths that alters exchange dynamics and consequently structure. 481 

 482 

2.6: Summary 483 
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Many proteins in the BFM and Injectisome, but not all, are exchanging on ~minute 484 

timescales. Compositional flexibility is far in excess of what we might have imagined a few 485 

decades ago – both the stoichiometry of exchanging components and the balance between 486 

competing component isoforms are dynamic. Furthermore, the more we study exchanging 487 

components, the more we find that exchange underlies behaviours with plausible biological 488 

function. Many of those functions could conceivably be served by mechanisms not requiring 489 

exchange.   490 

This leads us to the hypothesis that exchange is not a general requirement of components of a 491 

large protein complex, but is nevertheless common and readily exploited by evolution to 492 

serve diverse functions. To investigate whether this may be true universally, and not just a 493 

quirk of the BFM / Injectisome, we must look to studies in other complexes. 494 

 495 

3: Protein exchange in other well-studied complexes  496 

Figure 8: A summary of examples of subunit exchange.  497 
 498 

Figure 8 and Table S1 summarize all the examples of subunit exchange as we have defined 499 

it that we have found in the literature. From these examples, it is difficult to conclude much 500 

about the prevalence of subunit exchange in general, as relatively few complexes have been 501 

well-studied, and negative results are not well-reported. However, we can still draw some 502 

simple conclusions from these examples.  First, subunit exchange appears to be common to 503 

all domains of life, although there are no in-vivo observations in archaea probably because it 504 

has been difficult to engineer functional fluorescent fusion proteins in archaea [103]- 505 

although technical advances may overcome this obstacle in the near future [104]. Second, 506 

while many published FRAP measurements (including our own) are too short-lived to 507 

measure exchange on timescales longer than a few minutes, a handful of longer observations 508 

with FRAP and other techniques demonstrate that there is a very broad range of timescales 509 

over which exchange can occur, even within the same complex. This is well-illustrated by the 510 

nuclear pore complex (NPC), where a systematic FRAP study measured component lifetimes 511 

ranging from seconds to hours – the entire range accessible by FRAP [38]. Protein exchange 512 

on longer timescales was probed indirectly by isotopic labelling to measure the turnover rates 513 

of thousands of proteins, including NPC components, in rat neurons [105].  Rats were fed on 514 

a diet containing exclusively 
15

N until the sixth week of birth. Mass spectrometry was later 515 
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used to identify, on a protein-by-protein basis, the fraction of remaining proteins that had 516 

been synthesized during the 
15

N diet. While some NPC-components had been completely 517 

replaced after 6 months, the most stable comprised 25% 
15

N even after a year, despite robust 518 

translation of new protein. NPCs have been observed to disassemble entirely only during cell 519 

division, and this cell type was selected for its minimal division rates. Some NPC 520 

components were found to be extremely long lived, an observation best explained by 521 

protection from digestion by stable sequestration in long-lived NPCs [105]. However, even 522 

these most stable of proteins do turn over. It is possible that every component of the NPC is 523 

exchanging on a timescale shorter than the lifetime of the complex.  524 

3.1:  Replacement of damaged proteins  525 

Isotopic labelling of NPC components [105] showed that complexes purified from old 526 

neurons were comparatively deficient in those components known to be the most-long lived, 527 

but not those which are exchanging more often. This was consistent with degradation or loss 528 

of the long-lived components from their complexes. This has been linked to a breakdown in 529 

the integrity of the nuclear envelope, and (along with other long-lived proteins) identified as a 530 

possible cause of ageing [2]. It has been suggested that the NPCs are so long-lived because 531 

they cannot be disassembled without disrupting nuclear integrity, and that their long-lived 532 

components are sufficiently essential to NPC stability to prevent exchange for the same 533 

reason [2]. The rarity of such long-lived components even within long-lived complexes may 534 

conceivably reflect a strong evolutionary pressure for components in long-lived complexes to 535 

exchange, in all but the most restricting of circumstances. There is limited evidence 536 

suggesting that the need for repair (replacement) may contribute significantly to such a 537 

pressure. In the ribosome, the in-vitro activity of damaged complexes can be partially 538 

restored through subunit exchange with a pool of spare parts, and there is a strong overlap 539 

between the subset of components known to exchange, and those which are most damage-540 

prone [106].  Subunit exchange in mitochondrial respiratory complex I has also been 541 

suggested to allow for repair of oxidative damage [107].  542 

 543 

3.2:  Specific functions 544 

Some of the examples in Figure 8 also highlight possible functions of protein exchange. 545 

Multiple examples show competitive exchange between functionally-different isoforms of the 546 

same subunit, similar to the dual-stator systems in the BFM. The bacterial AcrAB-TolC 547 
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efflux transporter comprises an outer-membrane channel, and competitively exchanging 548 

inner-membrane transporters with specificity for different substrates. Presence of a substrate 549 

stabilizes incorporation of its corresponding transporter [108].  Likewise, exchange of DNA 550 

polymerases in bacterial replisomes [109] (and their archaeal [110] and eukaryotic [111] 551 

relatives) allows the transient use of specialized polymerases to overcome lesions in the DNA 552 

template. The Skp, Cullin, F-box containing (SCF) complex, responsible for ubiquitination of 553 

substrate proteins, rapidly cycles different adapter units (F-boxes) with specificity for 554 

different substrates. When an adapter is found with its substrate present, cycling halts to 555 

allow ubiquitination [112,113]. 556 

Isoform-switching is not the only kind of heterogeneity enabled by exchange. Some 557 

complexes exist in multiple but well-defined isoforms, such as the translocase of the outer 558 

mitochondrial membrane (TOM) complex, where subunit exchange appears to facilitate 559 

cycling between a complete complex with a trimer pore, and a smaller complex with a dimer-560 

pore, and presumably altered activity [114]. Others, like the BFM, have continuously variable 561 

subunit stoichiometry; synaptic scaffolds [115] and the NPC [116,117] are examples. In both 562 

cases, early indications are that such stoichiometric changes represent functional changes. In 563 

the family of small heat shock proteins and α-crystallin, extreme heterogeneity facilitated by 564 

subunit exchange is thought to be central to their function as chaperones [118]. 565 

Exchange may facilitate information transfer between complexes. In homo-oligomeric rings 566 

of calmodulin-dependent protein kinase II, elevated Ca2+ levels activate the kinase activity of 567 

subunits which subsequently phosphorylate other subunits in the complex. In vitro, this 568 

activation also opens the ring, allowing the exchange of activated subunits which can then 569 

incorporate into and activate other complexes. In vivo, this may increase sensitivity to Ca2+ 570 

and prolong activation after Ca2+ drop - a type of molecular memory [119,120]. Exchange 571 

may also be important not just for the steady-state functioning of complexes, but for their 572 

assembly. In the spliceosome and RNA polymerase I, for example, subunit exchange is a 573 

manifestation of an assembly regime where each step is reversible [121,122]. This potentially 574 

increases the fidelity of decision making. In the case of the spliceosome for example, it is 575 

thought to facilitate regulation of splicing decisions throughout the assembly pathway. 576 

Understanding of that system has benefited from the recent development of single-molecule 577 

pulldown assays, in which target proteins in whole-cell extracts are bound to coverslip 578 

surfaces via antibodies or known binding partners soon after lysis. Complexed binding 579 

partners bound to the surface via the target protein may be visualized either by genetic fusion 580 
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to fluorescent proteins, or tags which can be rapidly dye-labelled post-lysis. The speed of this 581 

method allows the single-molecule characterization of interactions too weak or transient to 582 

survive purification of the complex by more traditional methods [123]. We anticipate such 583 

techniques becoming increasingly important for the study of protein exchange generally. 584 

 585 

4: Broader proteome-level investigations 586 

While the relatively detailed studies described above are instructive, they are limited in their 587 

ability to describe extent of protein exchange across an entire proteome. The last 10-15 years 588 

have seen a rapid growth in high-throughput proteomic studies, particularly in eukaryotes. 589 

While none to date directly address exchange, many measure properties which we expect to 590 

be associated with exchange – weak protein-protein interactions strengths in complexes, for 591 

example [124]. While such measurements cannot directly imply exchange, it is instructive to 592 

ask whether they are at least compatible with the hypothesis that exchange is widespread. 593 

Furthermore, if exchange really is widespread, high-throughput studies may offer some 594 

insight into possible functions (if any) that it might serve and phenomena which it might be 595 

associated with. 596 

When the abundances of protein complex components are measured, a substantial and clearly 597 

differentiable minority of components have expression levels which vary significantly with 598 

cell type or state (often both), relative to their partners in a complex [125–128]. These can be 599 

described as an “attachment” group of proteins, as opposed to a “core” group which have 600 

more uniform expression, and are more likely to be transcriptionally co-regulated [128]. 601 

Proteins in the attachment group are more likely to be variant isoforms of other proteins in 602 

the complex, and it is common that elevated expression of one isoform corresponds with 603 

decreased expression of another [125]. This is mirrored by the evolutionary history of 604 

complexes in which typically a core group of components are rarely lost or gained while 605 

other more peripheral components are lost or gained readily[129]. This is also consistent with 606 

the composition of co-purified complexes analyzed with mass spectroscopy – often, multiple 607 

isoforms a complex are found, sharing a core group of proteins but differing in attachment 608 

proteins [128]. 609 

Given that many known examples of exchange involve isoform switching (see previous 610 

section and Figure 8), it is interesting to consider whether the attachment proteins described 611 

above, particularly when consisting of mutually exclusive isoforms, may be commonly 612 
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associated with exchange. There are certainly individual examples which suit this model – 613 

voltage-gated Ca
2+

 channels for example exist in complex with various mutually-exclusive 614 

regulatory β-subunits, typically associated with different cell types [130]. Recent FRAP 615 

experiments show that at least some of these β-subunits, though not all, are exchanging [131]. 616 

High throughput studies offer limited evidence, however, that this is the case more generally. 617 

Circumstantial evidence suggests that increased digestion rates of component proteins not 618 

sequestered in a complex may contribute significantly to the variation in relative abundances 619 

of components described above, much of which cannot be explained by translational or 620 

transcriptional regulation[125]. This would tend to argue against widespread exchange, which 621 

would sequester components only transiently. Conversely, however, attachment proteins do 622 

tend to have less hydrophobic binding interfaces, and so prospectively weaker interactions 623 

[125]. Indeed, high-throughput quantification of protein-protein interactions strengths 624 

demonstrates that most interactions in the proteome are weak [124]. This is also consistent 625 

with evidence of protein dynamism more generally - high-throughput microscopy with a 626 

library of GFP-tagged proteins in yeast demonstrated recently that the localization and 627 

abundance of many proteins (complexed and not) is highly responsive to stress conditions, 628 

significantly beyond the extent that can be explained by transcriptional or translational 629 

regulation [132]. Predominance of weak interactions and post-translational dynamism would 630 

tend to point to a widespread role for exchange. More tenuously, the subunit stoichiometries 631 

of well-studied complexes correlate poorly with relative expression levels [127] - while this 632 

variation may compensate for variation in interaction strengths or assembly kinetics[127], it 633 

is also reminiscent of what is seen with exchanging subunits in the BFM, where for example 634 

the pool of freely-diffusing stator complexes is in a 10-fold excess over motor-incorporated 635 

stators, and thus appears to have anomalously high expression [6,127].  636 

It is also interesting to note that an estimated 8 – 30% of proteins are associated with multiple 637 

complexes [127,128,133]. Such proteins may perform similar roles in broadly homologous 638 

complexes, or be involved in as signalling between complexes (as for CheY and the BFM), 639 

shared regulation, or a number of other functions [127,133]. There are also widespread 640 

examples where a protein serves apparently unrelated roles in different complexes – various 641 

NPC components for example have secondary roles in cilial gating zone complexes [134], 642 

gene regulation, chromatin remodelling, mitotic control [135], and possibly in DNA repair, 643 

signalling and RNA processing [136]. Figure 8 highlights a number of examples where such 644 

multi-functional proteins are known to exchange. It is possible that exchange may be 645 
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associated with this promiscuity, either because the exchange of shared proteins between 646 

complexes is functionally useful, or because the promiscuity makes it more difficult to evolve 647 

strong binding interactions.  648 

While much of the above is consistent with a widespread prevalence of exchange, it sits 649 

uneasily with the growing evidence that some components of protein complexes interact with 650 

their binding partners during or soon after translation, both in prokarya and eukarya [137–651 

139]. Co-translational assembly, like co-translational folding, presumably minimizes the 652 

opportunity for proteins to form unwanted or non-specific interactions. While other 653 

mechanisms exist to minimize unwanted strong interactions occurring out of context [140], 654 

there is evidence of significant evolutionary pressure for co-translational assembly. In 655 

prokarya, for example, there is evolutionary pressure for interacting components to be co-656 

translated on the same operon [141]. This is not obviously compatible with exchange, or 657 

consonant with post-translational flexibility. It is conceivable that co-translationally 658 

assembled components are those most prone to unwanted interactions, and the least likely to 659 

exchange. 660 

In summary, while high-throughput proteomics data do not prove the hypothesis of 661 

widespread protein exchange, in general they are compatible with it.  It is easy to imagine a 662 

role for exchange in a highly dynamic proteome where weak interactions dominate, 663 

complexes are compositionally variable and subunits are differentially regulated, often shared 664 

between complexes and often competing with paralogs. Furthermore, the studies above 665 

highlight the possibility that exchange is linked to “accessory” proteins, which may exhibit 666 

competition between isoforms, or functional roles in multiple complexes.   667 

 668 

5: Perspective 669 

All the evidence above suggests that, while not ubiquitous, protein exchange may be very 670 

widespread. The evidence however remains circumstantial, until high-throughput techniques 671 

can be brought directly to bear on questions of exchange. We speculate that high-throughput 672 

predictors of exchange might be uncovered by cross-correlation between existing genomic 673 

and proteomic databases and detailed measurements of protein exchange such as those that 674 

have been made in the BFM and the NPC. It remains unclear whether the extent and nature of 675 

exchange varies between the domains of life – in archaea particularly, we know very little.  676 
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It also remains unclear whether the prevalence of exchange is merely a consequence of an 677 

unrelated evolutionary preference for weak interactions, or whether exchange confers 678 

functional benefits that may contribute to that evolutionary preference. We hypothesize that 679 

the well-studied exchange behaviours in the BFM stator and motor confer multiple functional 680 

benefits. However, while we have highlighted many examples of other complexes where 681 

exchange may have been exploited to serve specific roles in regulation and adaptation, it is 682 

not clear how often this is the case. We can speculate as to what other pressures and 683 

constraints relate to exchange - for instance, how strong is the pressure for components to 684 

exchange as a mechanism for the removal and replacement of old and damaged subunits? The 685 

relation of exchange to both assembly dynamics and evolutionary dynamics also warrants 686 

closer attention.   Might protein exchange during assembly serve a kinetic proofreading 687 

function, increasing fidelity of decisions on how and whether or not to finish constructing a 688 

complex, as has been suggested for the spliceosome [142] and RNA polymerase [143]? And 689 

in the “core plus attachments” picture of protein complexes, circumstantial evidence suggests 690 

that cores, which are best conserved between organisms, are also the most stable and well-691 

defined. Do evolutionarily more recently acquired subunits tend to exchange more?  692 

Given the possibility that protein exchange is widespread, there are implications for the way 693 

we study and understand protein complexes. We notice that in many scientific fields, 694 

including our own, complexes initially assumed to be stable and homogeneous turn out not to 695 

be. In a number of these cases, in vitro experiments gave a false impression of stability – in 696 

systems for example where subunits are stable in the absence of competing subunits in 697 

solution [109], or where the presence of certain co-factors can massively change exchange 698 

rates [112]. For many scientists, practical considerations lead to the default selection of 699 

conditions in vitro for optimized stability. In systems such as the BFM, we still have yet to 700 

understand why purified complexes imaged by EM fail to reflect the structural heterogeneity 701 

we see in vivo. Although in vitro techniques are incredibly powerful, these examples should 702 

be cautionary. 703 

Meanwhile, in vivo measurements are still difficult. While FRAP has been often used, it is 704 

only possible with complexes which remain roughly stationary, and requires the construction 705 

of fluorescent protein fusions which can impair function, induce oligomerization or otherwise 706 

alter native interactions [144,145]. FRAP on individual complexes remains rare, being both 707 

technically challenging and amenable to an even smaller subset of complexes (individual 708 

complexes must be, for example, well separated). While the clear conclusion from examples 709 
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such as the NPC is that exchange can occur over a very broad continuum of timescales, 710 

FRAP experiments have been limited to hours, and we note that most studies (our own 711 

included) observe for much shorter timescales. Although longer observations are possible in 712 

principle, the technical challenges and resource requirements are considerable. 713 

Bridging the gap between in vivo and in vitro measurement, single-molecule pull-down 714 

methods provide new opportunities for the study of exchange, particularly in mobile or 715 

densely-packed complexes not amenable to FRAP in vivo [123]. The rapid developments in 716 

electron microscope technology point to a future where compositional heterogeneities in 717 

complexes may be resolvable in situ with cryo ET [4]. The same developments in electron 718 

microscope technology are also likely to assist the in vitro study of compositional 719 

heterogeneity, along with the continuing development of mass spectrometry techniques, 720 

which have already been applied to the study of exchange in a number of complexes 721 

[119,146]. 722 

Historically, we have tended to group proteins into well-defined complexes (assumed stable), 723 

and proteins which we know interact transiently with the complex. In the BFM for example, 724 

we consider FliM as part of the motor, but not its binding partner CheY nor the export 725 

apparatus that has not yet been co-purified with the BFM. Mass proteomics on the other hand, 726 

due to a comparative lack of detailed data, tends necessarily just to group proteins by their 727 

interactions with each other. In this view, proteins like CheY are no less a part of the complex 728 

than proteins like FliM.  With the discovery that protein exchange occurs on a continuum of 729 

timescales, perhaps it is necessary to replace a binary distinction between stable complexes 730 

and transient binding partners with a description of the lifetime and exchange dynamics of 731 

each individual protein associated with a complex. We must abandon any natural inclination 732 

to assume that complexes are stable and homogeneous, and we should be cautious about 733 

results which appear to imply stability. Rather, we should assume that all components are 734 

likely to exchange on some timescale.  This constitutes a reminder of the fundamentals of 735 

biology taught in undergraduate courses, where biochemistry is described in kinetic terms - 736 

binding and unbinding, association and dissociation, on and off rates - which can be forgotten 737 

in the face of the powerful but static pictures that are presented by modern structural biology.      738 

Protein exchange is here to stay, and compositional dynamics and heterogeneity need to be 739 

considered in any satisfactory model of how a large protein complex works. 740 

 741 
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 1340 

 1341 
Figure 1. Bacteria such as E. coli and Salmonella swim propelled by a bundle of rotating flagella (left).  1342 
Each flagellum is powered by a rotary motor embedded in the cell envelope at its base (right).  The 1343 
flagellar motor is driven by the flux of ions, most often H+ or Na+, down an electrochemical gradient 1344 
across the cytoplasmic membrane into the cell. 1345 
 1346 
 1347 
 Figure 2.  a) BFM structure and composition. Colours indicate published measurements of subunit 1348 
exchange. Figure adapted from [12]. b) EM average of rotors purified from S. Typhimurium [22]. c) 1349 
EM reconstruction of FliF and C-rings of rotors purified from a S. Typhimurium mutant with CW-1350 
locked motors (grey), surrounded by EM reconstruction of MotA tetramers (partial stator units) from 1351 
Aquifex aeolicus (yellow) [23]. d-f) Sub-tomogram averages of motors from  S. Typhimurium, Vibrio 1352 
fischeri and Campylobacter jejuni, imaged in vivo with cryo ET [24].  1353 
 1354 
 1355 
Figure 3. Motor switching and chemotaxis. a) When all motors rotate counter-clockwise (CCW), 1356 
filaments form a bundle, propelling the cell smoothly. b)  If one or more motors rotate clockwise 1357 
(CW), filaments are ejected from the bundle, causing a “tumble” – a random change of direction. 1358 
c,d) Chemotaxis results from the regulated phosphorylation of CheY, which controls motor 1359 
switching: increased binding of chemoattractant to a sensory cluster at the cell pole suppresses the 1360 
phosphorylation of CheY and associated CW rotation and tumbling, prolonging runs in the direction 1361 
of increasing attractant concentration (c); and vice versa (d). 1362 
 1363 
Figure 4.  Protein exchange in the flagellar stator. a) Stepwise speed increments of an E. coli motor 1364 
driving a polystyrene bead attached to a sheared filament stub, following the induction of stator 1365 
proteins in a stator deletion background [34]. b,c) FRAP and FLIP of single flagellar motors expressing 1366 
GFP-MotB in E. coli, observed by TIRF microscopy [6].  In FRAP experiments, fluorescent spots 1367 
reappeared within minutes at the locations of photobleached motors (b, lower spot; c, blue), in FLIP 1368 
experiments, unbleached motor spots decreased in intensity over the same timescale after 1369 
photobleaching of a separate part of the cell (b, upper spot; c, red).  On average, spot intensities at 1370 
long times after the bleaching pulse were the same in FRAP and FLIP, indicating complete mixing of 1371 
bleached and unbleached molecules in the cell. 1372 
 1373 
Figure 5. Stator dynamics  in bacterial flagellar motors.  a) Loss and subsequent restoration of GFP-1374 
MotB labelled stator units in tethered E. coli following the removal and subsequent restoration of 1375 
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PMF by use of an uncoupler. The graph summarizes 11 experiments on separate cells. TIRF images 1376 
show a time series from a single experiment [46]. b) GFP-MotB labelled stator unit incorporation in 1377 
separate CCW-locked E. coli motors driving polystyrene beads in different viscous load conditions. 1378 
The conditions shown are, in left-to-right order: 0.35µm beads in 0,1,3,6,9 and 12% Ficoll (light 1379 
circles), 1µm beads with no Ficoll (filled circle) and magnetic beads stalled by an applied magnetic 1380 
field (filled square). More than 15 motors were measured for each condition, except for stall where 1381 
5 motors were measured. Fluorescence images show 3 representative examples [47]. c,d) 1382 
Schematics of stator dynamics in B. subtilis and P. aeruginosa respectively. Figure reproduced from 1383 
[48].   1384 
 1385 
Figure 6. Protein exchange in the flagellar rotor.  a) FLIP (blue) and FRAP (red) of fluorescently 1386 
tagged FliM in tethered E. coli – traces averaged over 7-11 cells [7]. Non wild-type motors rotate 1387 
CCW or CW as a result of CheY deletion or a CheY mutation mimicking phosphorylation, respectively. 1388 
The CCW cells lacking CheY show much reduced exchange. Note that FLIP and FRAP curves do not 1389 
converge, unlike for MotB (Figure 2b), indicating a fraction of FliM in the motor which is not being 1390 
replaced by unbleached molecules (FRAP) or bleached molecules (FLIP), and therefore not 1391 
exchanging. b) FRAP measurement of fluorescently tagged FliN, equivalent to the red traces in panes 1392 
2 and 3 of (a) [8]. Recovery dynamics are very similar to FliM.  1393 
 1394 
Figure 7. a) Motor rotation response in mutant E.coli cells lacking any adaptation in their 1395 
chemoreceptors, such that average CheY-P levels are expected to stay constant for a given level of 1396 
attractant. Addition of chemoattractant causes a decrease in average CheY-P concentration, which 1397 
initially leads to a decrease in CW bias: the proportion of time the motor spends rotating CW. Over 1398 
time, the motor adapts to the new CheY-P concentration, increasing its sensitivity such that CheY-P 1399 
triggers CW rotation more readily - the CW bias partially recovers towards its starting level.   1400 
 The partial recovery of rotation bias indicates adaptation of the motor itself to changed CheY-P 1401 
levels [84]. b) Variable quantity of motor-bound FliM (left-hand axis) measured in E. coli via 1402 
fluorescence intensity. Motors with wild-type switching behaviour (3 left-most data points, black 1403 
curve) have decreased FliM incorporation at elevated CheY concentration. FliM incorporation in 1404 
mutant CW-locked motors in the absence of CheY (right-most point) is also low, demonstrating that 1405 
FliM incorporation varies with rotation bias rather than CheY-P concentration per se, consistent with 1406 
the wild-type dependence of rotation bias on CheY concentration (right-hand axis, grey curve). [42]. 1407 
c) Variation of FliN stoichiometry with rotation direction, measured by fluorescence intensity. 1408 
Stoichiometries are an estimate based on comparison with fluorescently labelled stators as a control 1409 
of known stoichiometry [8]. d) Possible models of how the C-ring could accommodate the observed 1410 
variation in FliM/N numbers.  Extra units that are present in CCW motors are illustrated in red. 1411 
 1412 
Figure 8: A summary of examples of subunit exchange that we have found in the literature. More 1413 
detailed descriptions can be found in table S1. We only list hetero-complexes here, except for one or 1414 
two particularly interesting examples. Indications of timescale are approximate, and in most cases 1415 
exchange over long timescales has not been characterized. We list functions of exchange that have 1416 
been suggested in the literature, but note that in many cases they are speculative.  1417 
 1418 
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