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Abstract  33 

Amyloids were long viewed as irreversible, pathological aggregates, often associated 34 

with neurodegenerative diseases
1
. However, recent insights challenge this view, providing 35 

evidence that reversible amyloids can form upon stress conditions and fulfil crucial cellular 36 

functions
2
. Yet, the molecular mechanisms regulating functional amyloids and the 37 

differences to their pathological counterparts remain poorly understood. Here we 38 

investigate the conserved principles of amyloid reversibility by studying the essential 39 

metabolic enzyme pyruvate kinase (PK) in yeast and human cells. We demonstrate that PK 40 

forms stress-dependent reversible amyloids through a pH-sensitive amyloid core. Stress-41 

induced cytosolic acidification promotes aggregate formation via protonation of specific 42 

glutamate (in yeast) or histidine (in human) residues within the amyloid core. Our work 43 

thus unravels a conserved and potentially widespread mechanism underlying amyloid 44 

functionality and reversibility, fine-tuned to the respective physiological cellular pH range.  45 
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Main Text 46 

Protein aggregates, and in particular amyloids, are associated with neurodegenerative 47 

diseases, such as amyotrophic lateral sclerosis (ALS), Alzheimer’s (AD) and Parkinson’s disease 48 

(PD)
1
. However, an expanding number of amyloids have also been found to exert important 49 

physiological roles. Indeed, functional amyloids have been described in bacteria, fungi, plants 50 

and mammals, fulfilling a wide variety of tasks including long-term memory formation, stress 51 

response, metabolism regulation, hormone storage and melanin production
2
. Interestingly, recent 52 

structural studies of functional amyloids highlighted their similarity to pathological aggregates, 53 

raising the question of what differentiates functional from toxic aggregates
3
. A key difference 54 

between the two resides in the presence of cellular mechanisms that govern functional amyloid 55 

formation and disassembly, restricting these processes temporally and spatially
4
. However, 56 

although functional amyloids exist in all kingdoms of life, only a handful was shown to be 57 

reversible in a physiological context, and the exact molecular mechanisms dissolving functional 58 

amyloids remain largely unknown. 59 

The yeast pyruvate kinase Cdc19 is an example of an enzyme forming such reversible, 60 

functional amyloids. Pyruvate kinase (PK) is essential and regulates a pivotal reaction coupling 61 

glucose and energy metabolism. Specifically, it catalyses the last rate-limiting step of glycolysis, 62 

converting phosphoenolpyruvate and ADP into pyruvate and ATP. Under favourable growth 63 

conditions, Cdc19 is soluble and active as a tetramer in the cytoplasm. Upon stress such as 64 

glucose starvation or heat shock, Cdc19 rapidly aggregates into solid cytoplasmic foci (Fig. 1A 65 

and
5, 6

). In its aggregated form, Cdc19 is inactive and resistant to stress-induced degradation, 66 

while re-solubilization restores its enzymatic activity and energy production
7
. Thus, rapid 67 

formation of Cdc19 aggregates shuts down glycolysis and preserves Cdc19 from degradation 68 
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during stress, while fast aggregate disassembly is crucial to restore energy production and 69 

reactivate metabolism. Interestingly, Cdc19 aggregates possess an amyloid structure, both in vivo 70 

and in vitro (Fig. 1A and
5, 7

), and thus resemble irreversible, pathological inclusions found in 71 

several neurodegenerative diseases
7, 8

. Yet, Cdc19 amyloids are fully re-solubilized in cells 72 

within minutes after stress release. 73 

Here, we exploit pyruvate kinase in yeast and human cells to dissect the molecular 74 

mechanisms and structural characteristics underlying amyloid reversibility. Understanding the 75 

principles governing amyloid reversibility may not only reveal fundamental insights into this 76 

physiological process, but could also have important implications for developing novel strategies 77 

to treat amyloid-related diseases.  78 

 79 

Identification and structural characterization of yeast pyruvate kinase (Cdc19) amyloid 80 

core 81 

In order to understand the mechanisms regulating reversible amyloid formation of Cdc19, 82 

we first sought to identify sequence elements in Cdc19 responsible for its reversible aggregation. 83 

Using computational tools (AmylPred2.0
9
 and ZipperDB

10
) predicting the propensity of a given 84 

sequence to form cross-β structures, we identified several putative amyloidogenic regions (Fig. 85 

1B, upper panel, in blue). A series of 20 hexapeptides distributed along the Cdc19 sequence were 86 

then synthesized, 16 of which are in the predicted highly amyloidogenic regions and 4 for control 87 

in low amyloidogenic regions. These peptides were then screened for their ability to form 88 

amyloids using the amyloid-binding dyes Thioflavin T (ThT) and Congo Red (CR) (Extended 89 

Data Fig. 1A and B). ThT- and/or CR-positive peptides were subsequently visualized by 90 

negative staining transmission electron microscopy (TEM) (Fig. 1B, middle panels, and 91 
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Extended Data Fig. 1C) and structurally analysed by circular dichroism (CD) spectroscopy (Fig. 92 

1B, lower panels). These analyses identified a prominent region of interest around peptides 15 93 

and 16, which efficiently formed amyloid fibrils (Fig. 1B). Peptides 11 and 19 yielded amyloid 94 

fibrils, however to a much lower degree, as observed by TEM or dye staining, respectively (Fig. 95 

1B, Extended Data Fig. 1A and B). Additional computational analysis using prediction tools to 96 

identify aggregation-prone low-complexity regions (LCRs) (e.g. SEG algorithm
11

) identified a 97 

single LCR within Cdc19 (amino acids 376-392, Fig. 1B, upper panel, in red)
5
. This sequence 98 

has an α-helical structure in tetrameric Cdc19 and contains the experimentally identified 99 

amyloidogenic peptides 15 and 16, and is thus likely the main driver of Cdc19 aggregation. 100 

Therefore, we termed it “amyloid core” (Fig. 1B, upper panel, in red). 101 

To investigate the defining principles distinguishing Cdc19 amyloids from their 102 

pathological counterparts, we further characterized the structural and biophysical features of the 103 

Cdc19 amyloid core. Amyloids are characterized by a highly ordered β-sheet-rich structure, 104 

where individual β-strands align perpendicularly to the fi ril axis with a spacing of    4.7   105 

 etween adjacent β-strands
12, 13

. Amyloid fibrils are often formed by two or more twisting 106 

protofilaments
14, 15

, which create rather regular crossovers that can be readily observed in TEM 107 

or atomic force microscopy (AFM)
16

. Indeed, characterizing fibrils formed by the Cdc19 108 

amyloid core (sequence 376-392) by AFM revealed different unbranched, left-hand twisted 109 

fibrillar structures with a diameter of 23 ± 4 Å and a periodicity (i.e. crossover distance) of 1010 110 

± 180 Å (Fig. 1C and Extended Data Table 1), resembling classical amyloid fibrils. These 111 

findings were complemented by cryoEM analysis of the Cdc19 amyloid core (Fig. 1D), which 112 

showed a characteristic staggered β-sheet repeat structure of the fibrils in 2D analysis with a rise 113 

distance of    4.77   (Fig. 1D, white arrow).  oreover, the cryo-micrographs corroborated the co-114 
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existence of different fibril structures with varying crossover distances (up to approximately 115 

2000 Å), protofilament numbers and fibril thicknesses (Fig. 1D). Interestingly, such a high 116 

degree of structural polymorphism
17

 is usually associated with pathological amyloids like α-117 

synuclein or amyloid-β
3, 13

. However, despite these remarkable structural similarities (Extended 118 

Data Table 1), Cdc19 amyloids in cells can efficiently form and disassemble under physiological 119 

conditions. Thus, amyloid reversibility is likely governed by defined cellular activities and/or 120 

specific amino acid sequences and their biochemical properties. 121 

 122 

Cdc19 amyloid reversibility depends on pH-sensing glutamic acids in its amyloid core 123 

Irreversible, pathological amyloids are often characterized by the presence of large 124 

hydrophobic interfaces in their core
13, 18

, while aggregates that can be disassembled and re-125 

solubilized in a physiological context contain more hydrophilic residues, as found in LCRs and 126 

prion-like domains
19, 20

. Indeed, reversible aggregates of hnRNPA2-LCR or FUS-LCR are 127 

almost completely devoid of non-polar residues like alanine, valine, isoleucine and leucine, but 128 

are rich in asparagine and glutamine as well as phosphorylatable residues (Extended Data Table 129 

2)
20

. Mutational analysis and mutations found in ALS families
21

 confirmed that the asparagine 130 

residues in the core of hnRNPA2 are essential for reversibility. Similarly, the core of the 131 

functional amyloid Orb2 is hydrophilic, owing to 7 histidines and 20 glutamines out of 31 132 

residues
22

. Interestingly, the amyloid core of Cdc19 is mainly formed by hydrophobic amino 133 

acids (Fig. 2A), but also contains multiple serine and threonine residues, whose phosphorylation 134 

has been shown to regulate Cdc19 aggregation in vivo
5
. In addition, the Cdc19 amyloid core 135 

contains charged residues (Fig. 2A), which confer a different set of chemical properties, 136 

including the ability to sense and react to pH changes. Since reduction in intracellular pH is a 137 
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conserved signal regulating many cellular processes in response to nutrient starvation and other 138 

stress conditions
23-25

, we investigated if the formation and disassembly of Cdc19 amyloids could 139 

be influenced by pH. 140 

Strikingly, we observed that the Cdc19 amyloid core (Core
WT

) forms fibrillar aggregates 141 

at physiologically low pH (pH   6, corresponding to the intracellular pH of starved or heat 142 

shocked yeast cells
26

), while it remains soluble at neutral pH (corresponding to the pH of 143 

growing cells
26

) (Fig. 2B, upper panels). Mutational analysis confirmed that these pH changes 144 

are sensed by the two protonatable glutamic acid residues within the amyloid core. Indeed, 145 

substituting both glutamic acids with non-charged alanine residues (E380A, E392A; Core
2A

) 146 

mimicking the neutral charge of protonated glutamic acids, or un-charged polar residues (E380Q, 147 

E392Q; Core
2Q

) led to pH-insensitive, constitutively aggregating amyloid cores (Fig. 2B, lower 148 

panels, Extended Data Fig. 2A). The uncharged alanine or glutamine residues mimic the neutral 149 

charge of protonated glutamic acids present at low pH, thus resulting in constitutive aggregates 150 

even at neutral pH. Importantly, neutral pH could readily disassemble pre-formed Core
WT

 fibrils, 151 

as shown by CD spectra (Fig. 2C). When Core
WT

 and Core
2A

 peptides were incubated at low pH, 152 

 oth peptides adopted a typical β-sheet-rich amyloid signature. In contrast to Core
2A

 fibrils, 153 

increasing the pH from 5.8 to 7.4 led to the rapid disappearance of Core
WT

 fibrils, which adopted 154 

a random coil structure. Solid-state NMR measurements exploring the pH-sensitivity of the 
13

C 155 

chemical-shift value of the carboxyl carbon
27

 confirmed the glutamic acid residues in the Core
WT

 156 

fibril structure are protonated and thus non-charged, while they become partially deprotonated 157 

and thus negatively charged when the pH is increased above pH 6 (Extended Data Fig. 2B). To 158 

quantify the kinetics of the Cdc19 amyloid core disassembly, we imaged Core
WT

 and Core
2A

 159 

aggregate dissolution in real-time in a microfluidic chamber upon switch of the medium pH from 160 
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5.8 to 7.4 (Fig. 2D). Even very large Core
WT

 amyloid aggregates tens of μm in diameter 161 

dissolved with a half-time of less than 25 seconds, in strong contrast to  Core
2A

 or pathological 162 

amyloids, which in physiological contexts are usually stable and irreversible
4
. We conclude that 163 

physiological pH changes regulate rapid Cdc19 amyloid fibril formation and disassembly via 164 

reversible protonation of E380 and E392 controlling electrostatic repulsion.  165 

We next tested whether pH-regulation of the amyloid core also affects reversible 166 

aggregation of full-length Cdc19 in vitro and in vivo. Lower pH facilitated aggregation of 167 

purified Cdc19 as measured by ThT fluorescence, while higher pH slowed aggregation (Fig. 2E). 168 

As expected, the pH-insensitive full-length Cdc19 mutants carrying one (cdc19-E380A) or both 169 

pH-insensitive mutations (cdc19-E380A, E392A, henceforth called 2A) were extremely 170 

aggregation-prone and rapidly formed large oligomers and fibrils even at neutral pH (Extended 171 

Data Fig. 2C and D, arrows). Interestingly, yeast cells expressing the pH-insensitive Cdc19
2A

 172 

mutant fused to GFP from the endogenous locus were strongly impaired for growth and 173 

accumulated large foci even in no stress conditions (Fig. 2F and Extended Data Fig. 2E), while 174 

cells bearing Cdc19
E380A

-GFP presented an intermediate phenotype. Both Cdc19
E380A

 and 175 

Cdc19
2A

 had reduced protein levels compared to Cdc19
WT

 controls (Extended Data Fig. 2F), 176 

suggesting that cells may try to degrade irreversible aggregates. 177 

In the cellular context, physiological cytosolic acidification is a common response to 178 

several stresses, such as nutrient starvation or heat shock
25, 26, 28, 29

. Yeast cells usually grow in 179 

media with a pH of around 4-5, but they maintain a neutral cytosolic pH under favourable 180 

growth conditions. However, stresses such as glucose starvation or heat shock cause a rapid 181 

cytosolic acidification, leading to an intracellular pH of around 6
26, 28

. We observed that when 182 

yeast cells are exposed to starvation conditions, endogenously expressed wild-type and Cdc19
2A

 183 
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formed SDS-resistant amyloids in vivo. Strikingly, however, preventing starvation-induced 184 

intracellular acidification by switching cells into neutral pH 7.5-adjusted media
25

 was sufficient 185 

to abolish the formation of SDS-resistant amyloids for wild-type but not Cdc19
2A

 (Fig. 2G). 186 

Thus, stress-induced cytosolic acidification is essential for Cdc19 amyloid formation in vivo. 187 

Taken together, these data suggest that the formation and dissolution of Cdc19 amyloids in vivo 188 

is regulated by cytosolic pH, via protonation of two specific glutamic acid residues in the 189 

amyloid core. Low pH and consequent glutamic acid protonation result in a non-charged amyloid 190 

core, which drives folding into polymorphic amyloid fibrils. Upon return to neutral pH, 191 

deprotonation of these glutamic acids and the resulting electrostatic repulsion likely destabilize 192 

the core and trigger amyloid dissolution.  193 

 194 

Human pyruvate kinase (PKM2) forms reversible amyloids in a pH-dependent manner 195 

Stress-induced acidification is conserved in eukaryotes, from yeast to plants, insects and 196 

mammals
25

. Given the high functional and structural conservation of pyruvate kinase (PK), we 197 

next investigated whether pH-dependent regulation of reversible PK amyloids is preserved in 198 

human cells. In humans, PK is encoded by two genes that produce a total of four isoforms: PKL 199 

and PKR, which are expressed only in few cell types, and PKM1 and PKM2, which are 200 

ubiquitously expressed in different types of cells and tissues
30

. To examine whether human PKs 201 

form pH-regulated reversible amyloids, we subjected RPE-1 cells to starvation, a physiological 202 

stress that leads to rapid cytosolic acidification
24, 26

. Interestingly, while PKM1 and PKM2 were 203 

soluble and uniformly distributed in the cytoplasm in the absence of stress, PKM2 but not PKM1 204 

formed cytosolic foci upon nutrient starvation in which glucose (Glc) and growth factors (fetal 205 

calf serum, FCS) were removed (Fig. 3A). Similarly, artificially reducing cytosolic pH by 206 
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treating cells with dimethyl amiloride (DMA) or siRNA-mediated depletion of  the sodium-207 

hydrogen exchanger 1 (NHE1)
24

, also triggered PKM2 aggregation (Extended Data Fig. 3A and 208 

B). NHE1 is the most abundant sodium-hydrogen exchanger at the plasma membrane
24

 and its 209 

knockdown or pharmacological inhibition by DMA was previously shown to strongly reduce 210 

cytosolic pH
24

. Stress release by FCS and Glc re-addition to starved cells re-established neutral 211 

pH, and rapidly re-solubilized PKM2 aggregates, even in the presence of cycloheximide (CHX), 212 

which prevents de novo protein synthesis (Fig. 3A, Recovery and Recovery + CHX). In contrast, 213 

PKM2 foci persisted when cells were released from starvation into media with FCS/Glc in the 214 

presence of DMA, which was shown to maintain low cytosolic pH
24

, demonstrating that high 215 

cytosolic pH levels are required for PKM2 aggregate disassembly (Fig. 3A, Recovery + DMA). 216 

These data suggest that PKM2 but not PKM1 forms reversible aggregates in vivo upon starvation 217 

via a pH-dependent mechanism. 218 

Starvation-induced PKM2 foci could be pelleted from RPE-1 cell lysates by 219 

centrifugation (Fig. 3B), indicating a rather stable structure. To demonstrate that the different 220 

aggregation behaviour is intrinsic to the specific PKM isoform, we recombinantly expressed and 221 

purified PKM1 and PKM2. Both purified full-length proteins were soluble at 4 °C. However, 222 

upon reduction of pH from 7.4 to ~ 6 triggered by a mild heat shock
31

 (Fig. 3C) or buffer 223 

exchange (Extended Data Fig. 3C), PKM2 but not PKM1 formed large, stable assemblies that 224 

could be pelleted by centrifugation. TEM analysis revealed PKM2 fibrils with a characteristic 225 

amyloid morphology, while PKM1 remained soluble under these conditions (Fig. 3D). Indeed, 226 

PKM2 was previously shown to precipitate with beta-isox
32

, a compound known to bind 227 

amyloidogenic proteins
6, 33

, and was stained in vitro by ThT
34

, further confirming the amyloid 228 

structure of these aggregates. While PKM1 and PKM2 were enzymatically active in their soluble 229 
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state, PKM2 was rapidly inactivated upon fibril formation (Extended Data Fig. 3D). We 230 

conclude that, similar to the mechanism described for Cdc19 in yeast, stress-induced changes in 231 

cytosolic pH trigger the formation of reversible PKM2 amyloid-like aggregates in human cells. 232 

We speculate that this physiological mechanism inactivates and protects PKM2 from stress-233 

induced degradation, owing to the high protease resistance of the amyloid fold
35

. 234 

 235 

Reversibility of PKM2 aggregates depends on a pH-sensing histidine in its amyloid core 236 

To dissect the molecular mechanisms underlying the differential behaviour of PKM2 and 237 

its non-aggregating isoform, PKM1, we compared their primary sequence. The two isoforms are 238 

produced by alternative splicing of the PKM gene and their sequence is nearly identical (96% 239 

sequence identity). The exception is a short region (Fig. 4A, between dashed lines) encoded by 240 

exon 9 in PKM1 and thus absent in PKM2, and encoded by exon 10 in PKM2 though excluded 241 

in PKM1. Computational analysis of the PKM2 protein sequence with AmylPred2.0
9
 and SEG

11
 242 

predicts an amyloid-prone LCR located in the first half of the PKM2-specific exon 10 (Fig. 4A, 243 

highlighted in red). In contrast, exon 9 unique to PKM1 displays neither amyloidogenic 244 

propensity nor an LCR. Interestingly, while the putative PKM2 amyloid core is located in the 245 

same protein region as the amyloid core in Cdc19, the yeast and human sequences are vastly 246 

different (Fig. 4A compared to Fig. 2A). To test whether this putative amyloid core in PKM2 247 

was indeed sufficient to form reversible aggregates, we fused GFP to the predicted PKM2 248 

amyloid core (residues 372-402) or to the corresponding region of PKM1, and expressed these 249 

fusion proteins in yeast cells (Fig. 4B). While under exponential growth conditions GFP was 250 

soluble and dispersed in the cytoplasm, upon stress the PKM2 amyloid core triggered the 251 

formation of reversible GFP aggregates which were readily re-solubilized upon stress release. In 252 
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contrast, the PKM1 region did not trigger GFP aggregation under these conditions. These results 253 

demonstrate that the ability to reversibly aggregate is intrinsic to the PKM2 amyloid core, and 254 

does not require human-specific factors.  255 

  Interestingly, the PKM2 amyloid core sequence differs from PKM1 by only 6 residues 256 

(Fig. 4A), four of them located around Histidine-391 (H391). Due to their pKa of 6, histidines 257 

have previously been suggested to function as pH-sensors in mammalian cells
36

, and we thus 258 

hypothesized that H391 protonation regulates reversible PKM2 aggregation. Specifically, stress-259 

induced acidification of the cytoplasm may lead to protonation of H391, which analogous to 260 

Cdc19 would result in a net charge of 0 in the amyloid core, allowing the formation of reversible 261 

PKM2 aggregates. By contrast, the different chemical environment surrounding this histidine in 262 

PKM1, particularly the presence of two adjacent positively charged residues (Arg-392 and Lys-263 

393), may prevent PKM1 aggregation. To test the role of H391 for pH-dependent PKM2 264 

aggregation, we compared wild-type with a mutant peptide of the PKM2 amyloid core centre 265 

(amino acids 382-402), where H391 is substituted by a positively charged arginine residue, to 266 

mimic the expected protonation state in low pH conditions. As expected, while Core
WT

 amyloids 267 

rapidly disassembled at high pH, the Core
H391R

 mutant formed insoluble amyloid aggregates 268 

resistant to pH changes, implying that H391 is indeed responsible for pH-dependent reversible 269 

aggregation of the PKM2 amyloid core (Extended Data Fig. 4A and 4B). To determine the 270 

relevance of H391 in controlling aggregation of full-length PKM2 in vitro, we purified wild-type 271 

and PKM2 mutant proteins and analysed their aggregation by pelleting assays after mild heat-272 

shock conditions. Indeed, PKM2
H391R

 proved to be more aggregation-prone than PKM2
WT

 (Fig. 273 

4C). Interestingly, a substitution of H391 to tyrosine (H391Y) has previously been reported in 274 

patients affected by Bloom syndrome, a genetic disease characterized by genomic instability and 275 
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predisposition to cancer development
37

. Strikingly, purified PKM2
H391Y

 was unable to form 276 

aggregates under these conditions (Fig. 4C), supporting the notion that the positive charge of 277 

protonated H391 is required to promote amyloid formation of full-length PKM2.  278 

Finally, we investigated whether pH-dependent PKM2 aggregation in vivo also depends 279 

on H391 in the amyloid core. GFP-tagged PKM2, PKM2
H391R

 and PKM2
H391Y

, and for control 280 

PKM1, were stably overexpressed in RPE-1 cells and their aggregation was assessed in non-281 

stressed cells (untreated) or cells exposed to the pH-lowering drug DMA. To ascertain 282 

comparable expression levels of all overexpressed proteins, GFP-expressing cells were FACS 283 

sorted and protein levels were confirmed by Western blotting (Extended Data Fig. 4C). As 284 

expected, acidification of the cytoplasm upon DMA treatment caused the formation of PKM2-285 

GFP foci, while PKM1-GFP remained soluble (Fig. 4D). Interestingly, GFP-tagged PKM2
H391Y

 286 

did not aggregate at low cytosolic pH, while PKM2
H391R

 formed constitutive aggregates 287 

independent of cytosolic pH (Fig. 4D). Together, in vitro and in vivo data demonstrate that a 288 

positive charge at position 391 in the amyloid core is both necessary and sufficient to trigger 289 

PKM2 aggregation. 290 

  291 

Conserved molecular principles for pH-regulated amyloid reversibility of pyruvate kinases  292 

In summary, our findings demonstrate that cells use pH-sensing amyloid cores to regulate 293 

the formation and disassembly of functional pyruvate kinase amyloids, revealing a striking 294 

mechanism that is conserved from yeast to humans. Indeed, we show how physiological changes 295 

in cytosolic pH modify the charge of specific protonatable residues, glutamic acid in yeast and 296 

histidine in human cells, thereby regulating amyloid fibril formation and disassembly. This 297 

contrasts with the rather hydrophobic cores of aberrant, irreversible amyloids, which lack this 298 
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regulatory mechanism
20

. While both PKM2 and Cdc19 contain pH-sensing residues, their 299 

sequences are surprisingly different. Thus, although the mechanism of pH-sensing has been 300 

maintained throughout evolution, the specific residues responsible for pH-sensing have been 301 

adapted, most likely to adjust to the less-pronounced cytosolic pH changes observed in stressed 302 

mammalian cells
24, 29

. In yeast, the PK amyloid core senses pH changes via two glutamic acids 303 

(pKa 4.2 ± 0.9
38

) that become protonated and thus uncharged upon stress-induced acidification of 304 

the cytoplasm (Fig. 4E). In human cells, the PK amyloid core instead contains histidine (pKa 6.6 305 

± 1.0
38

), which gets positively charged upon protonation. Nevertheless, in either case these 306 

protonation events result in a net charge of 0 of the amyloid core, which is likely a prerequisite 307 

for adopting a β-sheet-rich amyloid structure. Once stress is released, return to neutral cytosolic 308 

pH and the consequent deprotonation of the relevant glutamic acid and histidine residues 309 

destabilizes the amyloid cores and thereby promotes fibril disassembly. While this pH-regulation 310 

is critical, additional mechanisms cooperate to promote rapid amyloid disassembly in vivo. For 311 

example, disassembly of Cdc19 amyloids in yeast is triggered by binding to the allosteric 312 

regulator fructose-1,6-biphosphate (FBP), which in turn triggers a conformational change to 313 

recruit dedicated chaperones
7
. Since PKM2 but not PKM1 is allosterically activated by FBP

37
, it 314 

is likely that this mechanism also couples metabolism and PKM2 aggregation in mammalian 315 

cells. Irrespective, disassembly of Cdc19 amyloids is critical to restart energy production and 316 

thus likely also fuels the increase of cytosolic pH by providing sufficient ATP to activate specific 317 

pumps such as Pma1 (NHE1 in mammals) that secrete protons into the extracellular 318 

environment. In addition to the direct effects of cytosolic pH, amyloid reversibility may further 319 

be affected by viscosity changes that are influenced by cytosolic pH
29

.    320 
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Importantly, our results highlight a plausible role of reversible PKM2 aggregation in 321 

disease settings such as cancer. Indeed, several cancer cell types are characterized by strong 322 

upregulation of PKM2 expression, which is thought to favour cancer metabolism and contribute 323 

to the Warburg effect, while deletion of PKM2 has been shown to slow tumor growth
7
. 324 

Interestingly, it was recently reported that PKM2 activity is not necessary for cancer cell 325 

proliferation, which may rather be driven by the inactive state of PKM2, while non-proliferating 326 

tumor cells require active pyruvate kinase
30

. PKM2 amyloids are catalytically inactive, and it is 327 

thus tempting to speculate that PKM2 aggregates might play a role in cancer progression. 328 

Moreover, since the patient-derived H391Y mutation was characterized by its inability to form 329 

reversible PKM2 aggregates upon stress, it would be interesting to further explore its disease 330 

relevance. 331 

Finally, we speculate that protonation of specific residues within amyloid cores could not 332 

only regulate reversible aggregation of pyruvate kinases, but may be a widespread mechanism to 333 

control functional amyloid formation and disassembly. Indeed, beyond pyruvate kinases, 334 

changes in cytosolic pH have been shown to influence aggregation of other functional amyloids 335 

such as peptide hormones
39

, neuropeptides
40

 and the memory-associated protein Orb2
4
. For the 336 

latter, pH-sensing was proposed to be mediated by histidine residues located in the Orb2 amyloid 337 

core
22

. Importantly, changes in intracellular pH regulate both physiological and pathological 338 

cellular processes. On the one hand, pH changes have been reported in response to cellular 339 

stresses such as starvation and heat shock both in yeast and mammalian cells
23, 28, 41, 42

, as well as 340 

during cell proliferation, cell cycle progression and differentiation
43

. On the other hand, pH 341 

changes have  een associated with  oth normal  rain aging and Alzheimer’s disease
44

, as well as 342 

with amyotrophic lateral sclerosis (ALS)
45

. Thus, pH-sensing amyloid cores could act as pivotal 343 
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and conserved effectors, directly coupling functional, reversible amyloid formation with different 344 

cellular processes and play a role in disease pathogenesis.  345 
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Figures and Figure legends 454 

 455 
 456 

Fig. 1. Identification and structural characterization of the amyloid core of Cdc19 457 

(A) Yeast pyruvate kinase (Cdc19) forms reversible, functional amyloids in vivo and in 458 

vitro. Schematic drawing representing Cdc19 localization in yeast cells before, during 459 

and after stress. Upon stress Cdc19 forms cytoplasmic aggregates, which have an 460 
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amyloid structure both in vivo and in vitro
5, 7

. Aggregation protects Cdc19 from 461 

stress-induced degradation and is essential for cell survival to stress. 462 

(B) Screening to identify amyloidogenic regions in Cdc19. Schematic representation of 463 

the Cdc19 sequence (top). Regions highlighted in blue are predicted by computational 464 

tools (ZipperDB
10

 and AmylPred2.0
9
) to be highly amyloidogenic. A predicted 465 

aggregation-prone low-complexity region (LCR)
11

 is highlighted in red. 16 466 

hexapeptides (P) corresponding to the regions with highest predicted 467 

amyloidogenicity plus 4 negative controls were selected and assessed for their ability 468 

to form amyloids by negative staining transmission electron microscopy (TEM) and 469 

circular dichroism (CD) spectroscopy. For CD measurements, peptides were 470 

fibrilized, collected by centrifugation, washed and measured. Thus, a flat line (as seen 471 

for P3 and P19) indicates that no fibrils could be collected. Note that the y-axis is 472 

adjusted for each curve for better display. TEM micrographs (image panels) and CD 473 

spectra (graph panels) of representative peptides are shown (complete screen results 474 

in Extended Data Fig. 1). Please note that the region corresponding to the Cdc19 LCR 475 

highlighted in red is by far the most amyloidogenic, and thus defined as the amyloid 476 

core. Data are representative of three independent experiments. Scale bar: 500 nm. 477 

(C) Structural characterization of the Cdc19 amyloid core by AFM. A synthetic peptide 478 

encompassing the amyloid core of Cdc19 (amino acids 376-392) was allowed to form 479 

aggregates by incubation for 2 days at 30 °C. Resulting fibrils were analysed by 480 

atomic force microscopy (AFM) as described in Materials and Methods, and 481 

representative images are shown. The amyloid core of Cdc19 forms fibrils that are 482 

polymorphic, similar to published pathological amyloids
46

. Scale bar: 50 nm. 483 
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(D) Cryo-EM characterization of fibrils formed by the Cdc19 amyloid core. 484 

Representative raw micrograph with a clear non-overlapping filament is shown in D
A
. 485 

A high level of heterogeneity was identified in this dataset: fibrils of various thickness 486 

and cross-over distances (D
A
: 1450 Å – indicated by white arrows, D

B
: 1100 Å; D

C
: 487 

1400 Å), indicating the presence of polymorphism (D
A-C

). All images are raw and to 488 

scale (scale bar: 200 Å). (D
D
) 2D-classification of manually selected particles, 489 

corresponding to thin fibrils (like in D
A
 and D

B
) revealed class-averages with a rise 490 

distance of 4.77   characteristic for separation  etween a β-strands in amyloids. (D
E
) 491 

power spectrum of one of the 2D class-averages (average of the amplitudes of the 492 

particles, contributing to this class). 493 

 494 

  495 
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 496 
 497 

Fig. 2. Formation and disassembly of Cdc19 amyloids is regulated by pH, via protonation of 498 

two specific glutamic acid residues (E380 and E392) in the amyloid core. 499 

(A) Cdc19 amyloid core sequence. The sequence of the Cdc19 amyloid core is represented, 500 

and the biophysical characteristics of the different amino acids are indicated by different 501 

colours. 502 
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(B) Cdc19 amyloid core forms amyloid fibrils only at physiologically low pH. Wild-type 503 

(Core
WT

) or mutant (Core
2A

, mutations: E380A, E392A) Cdc19 amyloid cores were 504 

incubated at pH 5.8 or pH 7.4 for two days and imaged by negative staining TEM. Note 505 

that Core
WT

 forms fibrillar aggregates at physiologically low pH corresponding to the 506 

intracellular pH of stressed cells, while it remains soluble at neutral pH corresponding to 507 

the intracellular pH of growing cells. Core
2A

 peptides are pH-insensitive and form fibrils 508 

under both conditions. n = 3. Scale bar: 200 nm. 509 

(C) Pre-formed amyloids are rapidly dissolved at neutral pH corresponding to the 510 

intracellular pH of growing cells. Core
WT

 and Core
2A

 peptides were allowed to form 511 

fibrils overnight at pH 5.8, and their secondary structure was determined by circular 512 

dichroism (CD) spectroscopy (orange). CD spectra were re-measured after increasing the 513 

pH to 7.4 (green). Note that upon pH increase Core
WT

 transitions from a β-sheet-rich, 514 

amyloid structure to a random coil structure, while Core
2A

 maintains its β-sheet-rich 515 

signature. n = 3. 516 

(D) pH-mediated amyloid disassembly occurs within seconds. Wild-type (Core
WT

, upper 517 

panels) or the pH-insensitive mutant (Core
2A

, lower panels) amyloid cores of Cdc19 were 518 

allowed to aggregate overnight at pH 5.8. Fibrils were then stained with Thioflavin T 519 

(ThT), trapped in a microfluidic device, and flushed with buffers at pH 5.8 or pH 7.4 as 520 

indicated. Aggregates were imaged over time by fluorescence microscopy and 521 

representative images of three independent experiments are shown (image panels). 522 

Aggregate disassembly was quantified as percentage (%) decrease in mean fluorescence 523 

intensity over time (graphs). Characteristic time of aggregate disassembly is reported as 524 
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τ. Note that Core
WT

 amyloids disassembled within a few seconds at pH 7.4, while Core
2A

 525 

amyloids remained stable under these conditions. 526 

(E) pH affects aggregation of full-length Cdc19. Purified full-length Cdc19
WT

 was allowed to 527 

aggregate at different pH conditions, and aggregation kinetics were monitored by ThT 528 

fluorescence. Lower pH strongly accelerated Cdc19 aggregation (n = 3). 529 

(F) Aberrant pH-sensing leads to constitutive aggregates in vivo. Cells expressing GFP-530 

tagged Cdc19
WT

, Cdc19
E380A

 or Cdc19
2A

 were grown in SD-full media and imaged by 531 

fluorescence microscopy. Arrows mark aggregates. Note that introducing one (E380A) or 532 

both (E380A, E392A) pH-insensitive mutations leads to constitutive aggregates 533 

independent of intracellular pH. The intensity of the image showing Cdc19
2A

 was 534 

adjusted for  etter visualization. Scale  ar: 5 μm. The percentage of cells with solu le 535 

Cdc19 or bearing small or large aggregates was quantified by manual counting. Graph 536 

represents mean ± SEM (n = 3, at least 50 cells were counted for each condition). 537 

(G) Maintaining neutral pH during starvation prevents Cdc19 amyloid formation in vivo. 538 

Cells expressing GFP-tagged wild-type (Cdc19
WT

) or the pH-insensitive Cdc19 mutant 539 

(Cdc19
2A

) were grown to stationary phase in SD-full media. The media was either kept at 540 

its normal pH of around 5, or adjusted to pH 7.5, and cells were starved for additional 8 541 

days. The presence of starvation-induced amyloids was analysed by SDD-AGE using an 542 

α-GFP antibody. Note that at low pH Cdc19
WT

 develops SDS-resistant structures 543 

indicative of amyloids, while this is prevented at neutral pH conditions. In contrast, 544 

Cdc19
2A

 assembles SDS-resistant amyloids independent of pH (n = 3). 545 

  546 
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 547 
 548 

Fig. 3. Human pyruvate kinase (PKM2) forms pH-dependent reversible amyloids. 549 

(A) PKM2 but not PKM1 forms reversible aggregates in RPE-1 cells upon starvation-induced 550 

intracellular acidification. PKM2 and PKM1 localization was analysed in RPE-1 cells by 551 

immunofluorescence before, during, and after starvation by removing glucose (Glc) and 552 

fetal calf serum (FCS) at the indicated time points. Where indicated, cycloheximide 553 

(CHX) or the pH-lowering drug dimethyl amiloride (DMA) were added during recovery 554 

to prevent de novo protein synthesis or maintain low cytosolic pH, respectively. Scale 555 

 ar: 50 μm. Representative areas (dashed squares) were enlarged x1.5 for better 556 

visualization of foci (inserts). The percentage (%) of cells with cytoplasmic PKM2 foci 557 
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was quantified under the different conditions and indicated as mean ± SEM (n = 3, at 558 

least 50 cells were counted for each condition). 559 

(B) In vivo-formed PKM2 aggregates are insoluble. Extracts of untreated (UT) or Glc/FCS 560 

starved (Starv) RPE-1 cells were centrifuged to separate soluble (Sup) and insoluble 561 

(Pellet) fractions. Input and a fraction of the soluble (Sup) and insoluble samples were 562 

analysed by Western blot with the indicated antibodies (n = 3). 563 

(C) Purified full-length PKM2 forms pelletable aggregates upon stress in vitro, while PKM1 564 

does not. Purified full-length PKM1 and PKM2 were kept at 4 °C or subjected to heat 565 

stress (42 °C, 10 min), leading to mild acidification (around pH 6) of the Tris-based 566 

buffer in which the protein is dissolved. Resulting aggregates (Pellet) were separated 567 

from soluble protein (Sup) by centrifugation, and a fraction of the supernatant and pellet 568 

were analysed by SDS-PAGE and Coomassie blue staining (n = 3). 569 

(D) Purified full-length PKM2 forms amyloids upon stress in vitro. Purified full-length 570 

PKM2 and PKM1 were visualized by negative staining TEM before or after heat stress 571 

(42 °C, 10 min). Note that upon heat stress-induced mild acidification, PKM2 forms 572 

amyloid-like filaments in vitro similar to pathological aggregates, while PKM1 remains 573 

solu le. Scale  ar: 1 μm. 574 

 575 

  576 
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 577 
 578 

Fig. 4. pH-sensing amyloid cores are evolutionarily conserved “amyloid on/off switches”. 579 

(A) Schematic representation of yeast Cdc19 and the human pyruvate kinase homologues 580 

PKM1 and PKM2. PKM1 and PKM2 are produced from a single gene by alternative 581 

splicing and most of their sequence is identical, except for a short region located 582 
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between the two dashed lines. Regions with amyloidogenic properties predicted by 583 

AmylPred2.0 are highlighted in dark blue. The region with highest amyloidogenicity 584 

in Cdc19 and PKM2 overlaps with a predicted low-complexity region (LCR) 585 

highlighted in red, which is absent in PKM1. The amino acid sequence of this region 586 

is listed for PKM2 and PKM1, and different amino acids are highlighted in red and 587 

blue, respectively. The theoretical isoelectric point (pI) of these sequences is 588 

indicated. 589 

(B) The LCR of PKM2 is sufficient to induce reversible aggregation of an otherwise 590 

soluble protein in vivo. The putative amyloid core of PKM2 or its corresponding 591 

region in PKM1 were fused to GFP and expressed in yeast. Cells were then imaged 592 

before, during and after starvation at the indicated time points. Percentage (%) of cells 593 

with GFP-aggregates is indicated in the graph as mean ± SEM (n = 3, at least 50 cells 594 

per time-point per condition were quantified). Scale  ar: 5 μm. 595 

(C) Mutations of H391 result in hyper-aggregating or non-aggregating full-length PKM2. 596 

H391 in full-length PKM2 was mutated to arginine to mimic a positively charged 597 

histidine or to tyrosine to mimic a mutation found in Bloom syndrome patients. Wild-598 

type or mutant PKM2 proteins were purified and either kept at 4 °C or subjected to a 599 

pH-lowering heat stress (42 °C, 10 min). The resulting insoluble aggregates were 600 

separated from soluble protein by centrifugation, and a fraction of the supernatant 601 

(Sup, containing soluble protein) and the pellet (Pellet, containing aggregates) were 602 

analysed by SDS-PAGE and Coomassie blue staining. Band intensity was quantified 603 

using ImageJ and shown as mean ± S.E.M in the bar graphs (n = 3, two-tailed 604 

Student’s t-test, **PWT,Pellet = 0.0031, **PWT,Sup = 0.004, ****PH391R,Pellet < 0.0001). 605 
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Note that the H391R mutation results in a hyper-aggregating PKM2 mutant, while the 606 

H391Y mutation abrogates PKM2 aggregation.  607 

(D) H391 senses cytosolic pH and regulates PKM2 amyloid formation in vivo. GFP-608 

tagged PKM2, PKM2
H391R

 and PKM2
H391Y

 were overexpressed in RPE-1 cells and 609 

imaged by fluorescence microscopy in untreated cells or cells treated with the pH-610 

lowering drug D A (100 μ ) for 24 h. Note that PK 2 forms pH-dependent 611 

aggregates, while the low pH-mimicking PKM2
H391R

 mutant constitutively aggregates 612 

independently of cytosolic pH. In contrast, PKM2H
H391Y

 does not aggregate upon 613 

stress even if overexpressed. Data are representative of three independent 614 

experiments. Scale  ar: 50 μm. Representative areas (dashed squares) were enlarged 615 

x1.5 for better visualization of foci (inserts). The percentage (%) of cells with 616 

cytoplasmic PKM2 foci was quantified under different conditions and is indicated in 617 

the graph as mean ± SEM (n = 3, at least 50 cells were analysed for each condition, 618 

two-tailed Student’s t-test, **PWT-H391R = 0.0017, **PWT-H391Y = 0.0023). 619 

(E) The basic principle of pyruvate kinase amyloid reversibility is conserved from yeast 620 

to humans. Reversible amyloids of pyruvate kinase are regulated by pH-sensing 621 

amyloid cores, which use protonatable residues (glutamic acids in yeast, and histidine 622 

in human) to sense stress-induced changes in intracellular pH. Their protonation 623 

results in a net charge of 0 of the amyloid cores, which then folds into β-sheet-rich 624 

structures and triggers the formation of amyloids. Deprotonation upon return to a 625 

neutral pH causes electrostatic repulsion, allowing amyloid re-solubilization. The pH-626 

sensing residues have been adapted through evolution to respond to the stress-induced 627 

cytoplasmic pH changes that are characteristic for different organisms. 628 

629 
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Materials and Methods 630 

Protein purification 631 

Protein purification was performed as previously described
1, 2

. Briefly, E. coli cells (Rosetta) 632 

were transformed with plasmids expressing either wild-type or mutant Cdc19, PKM1, or PKM2. 633 

Cells were grown at 37 °C in LB media (1 % peptone, 0.5 % yeast extract, 0.5 % NaCl) 634 

containing 30 µg/ml chloramphenicol and 100 µg/ml carbenicillin until reaching OD600 0.6. 635 

Then, IPTG was added to a final concentration of 0.1 mM to induce protein expression. Cells 636 

were grown at 16 °C for 12 h, harvested by centrifugation, resuspended in cold purification 637 

 uffer (100 m  Tris-HCl pH 7.4, 200 m  NaCl, 1 m   gCl2, 10 % glycerol, 1 m  638 

phenylmethylsulfonyl fluoride (P SF), 1 m  DTT) supplemented with protease inhi itor 639 

ta lets (Roche, 11697498001) and 75 U/ml of Pierce universal nuclease (Thermo Fisher 640 

Scientific, 88700), and lysed by freezer milling (SPEX SamplePrep 6870 Freezer/Mill; five 641 

cycles of 2 min cooling and 2 min grinding at setting 15 CPS). For PK 1, wild-type and mutant 642 

PKM2 purifications, the purification buffer contained 20 % glycerol. After clearing the lysates 643 

by centrifugation (4 °C, 30 min, 48000 g), the supernatant was loaded on a Strep-Tactin 644 

Superflow Plus column (Qiagen) at 4 °C following the manufacturer’s instructions. Proteins were 645 

eluted using purification buffer supplemented with 2.5 mM D-desthiobiotin, their purity was 646 

checked by SDS-PAGE and Coomassie blue staining, and pure aliquots were stored at -80 °C. 647 

Prediction of amyloidogenic regions, peptide selection and fibrils preparation 648 

The amino acid sequence of Cdc19 (Saccharomyces Genome Database SGD identifier: 649 

S000000036, https://www.yeastgenome.org/locus/S000000036 ) was submitted to the amyloid-650 

predicting consensus tool AmylPred2.0 (http://aias.biol.uoa.gr/AMYLPRED2/
3
), and the 651 

structure-based prediction tool ZipperDB (http://services.mbi.ucla.edu/zipperdb/
4
). ZipperDB 652 
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calculates the fibrillation propensities for every possible hexapeptide in the protein sequence of 653 

interest, while AmylPred2.0 combines the prediction of 11 different methods developed to 654 

identify regions likely to form amyloid fibrils. Based on these predictions, we selected 20 655 

hexapeptides, distributed over the whole Cdc19 sequence, which included all regions predicted 656 

to be particularly amyloidogenic and four non-amyloidogenic negative controls. The amyloid 657 

core of Cdc19 corresponding to amino acids 376-392 was defined as the region that was 658 

experimentally validated to readily form amyloids (based on the above-mentioned hexapeptide 659 

screening) and predicted to be an aggregation-prone LCR using the SEG program 660 

(http://mendel.imp.ac.at/METHODS/seg.server.html
5
). The PKM2 amyloid core was defined as 661 

the region predicted to be an aggregation-prone LCR by the SEG program
5
, and correspond to 662 

amino acids 372-402 in PKM2. Also a shorter PKM2 amyloid core (containing only one 663 

histidine instead of two) was analysed, and corresponds to amino acids 382-402 in PKM2. All 664 

above-mentioned peptides were ordered in lyophilized form from GL Biochem, dissolved in 665 

DMSO with 10% formic acid to a concentration of 10 mg/ml, and stored at -20 °C until use. To 666 

prepare fibrils, the hexapeptide stocks were diluted to 2 mg/ml in de-ionized H2O and incubated 667 

over night at 30 °C. To prepare fibrils of the Cdc19 and PKM2 amyloid cores, the peptides were 668 

incubated at the indicated pH (see legends) in PBS 1x or Tris-HCl buffer (100 mM Tris-HCl, 669 

200 m  NaCl, 1 m   gCl2), for two days at 30 °C at a final concentration of 2 mg/ml. 670 

Incubation in PBS or Tris yielded equal fibril morphologies in TEM. For CD measurements, 671 

PBS 1x buffer was used. 672 

Transmission electron microscopy (TEM) 673 

TEM images were acquired on a FEI Morgagni 268 electron microscope at 100 kV using a CCD 674 

1376 x 1032 pixel camera at different magnifications. Peptide fibrils were obtained as described 675 
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a ove and 5 μl of the sample was spotted on non-glow discharged carbon film 300 mesh copper 676 

grids (CF300-CU from Electron Microscopy Sciences) and incubated for 1 min. Purified full-677 

length Cdc19, PKM1 and PKM2 aliquots were thawed on ice and cleared by centrifugation (4 678 

°C, 10 min, 21000 g). Samples were then diluted to 0.3 mg/ml in purification buffer with a final 679 

pH of 6, and 5 μl of the sample was spotted on non-glow discharged grids and incubated for 10 680 

min at 4 °C or 42 °C. For both peptides and full-length proteins, the excess sample was manually 681 

blotted with Whatman filter paper, and the grid was washed twice with the same buffer in which 682 

the proteins or peptides were dissolved. The grid was then negatively stained with two drops of 2 683 

% uranyl acetate and air dried.  684 

Atomic force microscopy (AFM) 685 

Cdc19 amyloid core fibril solution was obtained as described above and diluted to 0.05 mg/ml. 686 

The freshly cleaved mica was functionalized with 1 % APTES (10 µl) for 1.5 min, rinsed with 687 

Milli-Q water and dried by compressed gas. Then, an aliquot (10 µl) of diluted fibril solution 688 

was deposited on the functionalized mica for 2 min, rinsed with Milli-Q water and dried by a 689 

gentle flow of compressed gas. AFM measurements were carried out using a Bruker multimode 690 

8 AFM (Bruker, U.S.A.) with an acoustic hood to minimize vibrational noise. AFM imaging was 691 

operated in soft tapping mode under the ambient condition, using a commercial silicon nitride 692 

cantilever (Bruker, U.S.A.) at a vibration frequency of 70 kHz. AFM images were flattened 693 

using Nanoscope 8.1 software (Bruker, U.S.A.), and no further image processing was applied. 694 

Cryo-EM sample preparation and data processing 695 

The Cdc19 amyloid core peptide stock was diluted to 0.4 mg/ml in H2O and incubated for 4 days 696 

at 25 °C while shaking at 600 rpm. 4 µl of sample was then applied onto glow discharged 697 

Quantifoil grids and plunge frozen using a Leica Plunge Freezer system at 80 % humidity and 20 698 
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°C in a liquid ethane-propane mixture. Micrographs were acquired on a Titan Krios microscope 699 

(Thermo Fisher Scientific) operated at 300 kV with a Gatan K2 Summit direct electron detector 700 

in counting mode using a slit width of 20 eV on a GIF-Quantum energy filter. 3,356 movies were 701 

collected with a calibrated pixel size of 0.82 Å. Each micrograph was dose-fractionated to 50 702 

frames with a total dose of approximately 54 e- /Å2. The collected movies were aligned with 703 

MotionCor2
6
, followed by the CTF determination in GCTF 1.06

7
. All subsequent image 704 

processing was performed in Relion 3.1
8
. Manual particle picking from non-overlapping narrow 705 

fibrils (Fig. 1D
A
) resulted in extraction of 263,819 segments with an interbox distance of 14.3 Å 706 

and a box size of 352 pixels. The particles were subjected to the reference-free 2D-classification. 707 

One of the classes with characteristic pattern of the strands in β-sheets was used to estimate the 708 

rise of 4.77 Å (by measuring the distance to the peak in the average image of the power spectra 709 

of each class-average member). The estimation of the cross-over distance was hindered by the 710 

sample heterogeneity and lack of non-overlapping straight fibrils, which, in turn, hampered the 711 

3D-analysis. 712 

Solid-state nuclear magnetic resonance  713 

An Applied Biosystems 433 A automated batch peptide synthesizer was used to synthesize the 714 

Cdc19 amyloid core peptide (
376

TSTTETVAASAVAAVFE
392

) with 
13

C/
15

N labelled Glu380. 715 

The synthesis was started from commercial available Fmoc-Glu-Wang resin. The cleavage from 716 

the resin was realized with TFA / TIS / H2O 95:2.5:2.5 (v/v). The TFA was vaporized and the 717 

crude peptide was washed with diethyl-ether. The peptide was dried under vacuum and dissolved 718 

in DMSO and formic acid (10 %). To fibrillize the peptide, the sample was diluted with H2O, the 719 

pH was adjusted to 5.8, and the fibrils were formed over seven days at room temperature. 720 

Subsequently, the fibrils were centrifuged and washed (pH 5.8). Solid-state NMR rotors were 721 
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filled overnight in an ultracentrifuge (16 h at 4 °C at 210’000 g) using home-build rotor-filling 722 

tools
9
. 

13
C solid-state NMR spectra of the only 

13
C-labelled E380 Core

WT
 peptide were recorded 723 

on two samples with pH values of 5.8 and 6.2, respectively. Experiments were performed at 724 

20.0 T in a 3.2 mm triple-resonance probe using a magic-angle spinning frequency of 17.0 kHz. 725 

The spectra were recorded using adiabatic 
1
H,

13
C cross-polarization with radio frequency fields 726 

of 60 kHz (
1
H) and 45/38 kHz (

13
C) for the two samples. The CP contact time was set to 500 μs. 727 

90 kHz 
1
H SPINAL-64 decoupling was applied during detection. The repetition time was set to 728 

2.5 s with an acquisition time of 15 ms. For the pH 4.2 sample, 580 scans (24 min total 729 

measurement time) and for the pH 6.2 sample 2160 scans (90 min measurement time) were 730 

collected. The spectra were recorded at 278 K. Spectra were referenced to 4,4-dimethyl-4-731 

silapentane-1-sulfonic acid (DSS) using the methylene resonance of solid adamantane as an 732 

external standard
10

. Processing of NMR spectra was performed with TOPSPIN (version 3.5, 733 

Bruker Biospin). 734 

Circular dichroism (CD) 735 

CD spectra were recorded on a J-815 CD Spectrometer (Jasco) using a quartz cuvette with 1 mm 736 

path length (HellmaAnalytics, Art. No. 110-1-40) at 25 °C. Fibrils were prepared as described 737 

above, collected by centrifugation (10 min, 21000 g), and washed twice with PBS 1x, before CD 738 

measurements. 739 

Kinetics measurements of amyloid fibrils re-solubilization 740 

To measure the kinetics of fibrils re-solubilization on short time scales, we designed and 741 

fabricated a microfluidic chip containing three inlets: a first inlet to inject ThT-stained, pre-742 

formed fibrils as well as two further inlets for buffer solutions at high (pH 7.4) and low (pH 5.8) 743 

pH values. To trap the pre-formed aggregates, a wide channel containing C-shaped traps has 744 
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been additionally included into the design. The Master wafers and PDMS-based microfluidic 745 

devices have been fabricated as described using standard soft lithography
11

. To operate the chip, 746 

the three aforementioned solutions were filled into 500 µl (buffers) and 100 µl (pre-formed 747 

aggregates) Hamilton glass syringes and the flow rate was controlled by Nemesys syringe pumps 748 

(Cetoni, Germany). At first, the fibrils pre-formed in a buffer at pH 5.8 were injected into the 749 

chip and trapped using the integrated C-traps. Subsequently, the chip was flushed with the same 750 

buffer at pH 5.8 to remove non-trapped, residual fibrils from the channels. To then dissolve the 751 

trapped aggregates, the high-pH buffer was flushed at flow rates of 5 µl/min. Aggregate re-752 

solubilization was monitored by recording ThT fluorescence (excitation: 450 nm, emission: 490 753 

nm) over time of at least five trapped aggregates simultaneously using a Nikon TI Eclipse 754 

Microscope equipped with an Andor Zyla camera and an Omicron LED Hub laser source. To 755 

extract the characteristic time  of aggregate dissolution, the intensities of single aggregates 756 

trapped in separate traps were extracted over time by using an in-house written Matlab code. 757 

Briefly, to distinguish the fluorescence signal of the aggregates from the background, the mean 758 

intensity of each image was defined as threshold. The mean background intensity was then 759 

subtracted from each image and the corrected signal was averaged for each image, normalized 760 

and plotted over time. The resulting normalized signal Inorm was fitted to equation (1) to obtain 761 

the characteristic time .  762 

       
   

    
 
 ⁄
      (1) 763 

ThioflavinT (ThT) and Congo Red (CR) staining 764 

Thioflavin T (ThT, Sigma-Aldrich, T3516) or Congo Red (CR, Sigma-Aldrich, 75768) were 765 

dissolved in water to a final concentration of 2.5 mM or 1 mM, respectively, and filtered (0.2 µm 766 

filter, Millipore). Either ThT or CR were then mixed (1:10 dilution) with fibrillized peptide 767 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 21, 2022. ; https://doi.org/10.1101/2022.03.21.484600doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.21.484600
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

39 

 

samples in a 384-well plate (Corning Life Sciences). Full-length Cdc19 in purification buffer 768 

was thawed on ice, cleared by centrifugation (10 min, 4 °C, 21000 g), and adjusted to a 769 

concentration of 0.3 mg/ml and pH as indicated in the figure legend prior to ThT or CR addition. 770 

ThT and CR signals were measured in a CLARIOstar plate reader (BMG Labtech), with 450 nm 771 

excitation and 490 nm emission, and excitation at 560 nm and emission at 614 nm, respectively. 772 

Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE) 773 

The indicated yeast strains were grown in 5 ml at 30 °C, harvested after the indicated growth 774 

period, cells were washed once with water and resuspended in ~300 µl ice-cold lysis buffer (50 775 

mM Tris pH 7.5, 150 mM NaCl, 1 % (vol/vol) TritonX-100, 2.5 mM EDTA, 0.33 mM PMSF, 776 

protease inhibitor tablet (Roche, 11697498001), 6.7 mM NEM). The mixture was added to ice-777 

cold glass beads and the cells were lysed using mechanical disruption (6 m/s for three times 20 s 778 

with 5 min pause). After centrifugation, the supernatant samples were adjusted for equal protein 779 

concentrations and mixed 4:1 with 4 × Sample buffer (40 mM Tris acetic acid, 2 mM EDTA, 780 

20 % glycerol, 4 % SDS, bromophenol blue). Samples were incubated for 10 min at room 781 

temperature and loaded onto a 1.5% agarose gel containing 0.1% SDS in 1 × TAE/0.1% SDS 782 

running buffer. The gel was run at low voltage or in the cold. Proteins were detected by 783 

immunoblotting with a GFP-specific antibody. 784 

Size-exclusion chromatography (SEC) 785 

Purified wild-type or mutant Cdc19 were thawed on ice, and 0.1 mg protein were loaded on a 786 

Superdex 200 10/300 GL size-exclusion column (GE Healthcare) connected to an ÄKTA pure 787 

(GE Healthcare) at 4 °C. The column was previously equili rated in  uffer (100 m  Tris-HCl 788 

pH 7.4, 200 m  NaCl, 1 m   gCl2, 10 % glycerol) and run according to manufacturer’s 789 

instructions. Protein elution was followed by measuring UV absorbance (280 and 215 nm, a.u.). 790 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 21, 2022. ; https://doi.org/10.1101/2022.03.21.484600doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.21.484600
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

40 

 

Pyruvate activity assay 791 

Pyruvate kinase activity was measured as previously described
2
. Briefly, the pyruvate kinase 792 

reaction was coupled to the lactate dehydrogenase reaction and assayed by 793 

spectrophotometrically measuring the conversion of NADH to NAD+ at 340 nm. Purified PKM1 794 

or PKM2 was thawed on ice, cleared by centrifugation (4 °C, 10 min, 21000 g), diluted to 0.2 795 

mg/ml in purification buffer, and either kept on ice (soluble) or heat shocked for 3 h at 45 °C. 796 

Soluble and aggregated protein was diluted in activity buffer (50 mM imidazole pH 7, 100 mM 797 

KCl, 25 mM MgCl2, 10 mM ADP, 0.3 mM NADH, 10 U/ml LDH) to a final protein 798 

concentration of 2 μg/ml. Reactions were started  y adding PEP (final concentration 2 m ), and 799 

decrease in absorbance at 340 nm was monitored over time. 800 

Yeast cell growth and fluorescence microscopy  801 

Yeast strains used in this study are listed in Supplementary Table S3. Cells were grown in 802 

synthetic SD media (2 % glucose, 0.5 % NH4-sulfate, 0.17 % yeast nitrogen base, and amino 803 

acids) at 30 °C. Growth was observed by spotting cells in serial dilutions on SD agar plates, and 804 

imaging the plates after 3 days at 30°C. Fluorescence microscopy was performed using a Nikon 805 

Eclipse Ti-E microscope with MicroManager software. For time-lapse experiments, 806 

exponentially growing yeast cells (OD600 0.4-0.6) were loaded in commercial microfluidic chips 807 

(CellASIC ONIX2, Merck Millipore) as previously described 
2
, and images were recorded every 808 

10 min. For glucose starvation experiments, starvation media (i.e. synthetic SD media without 809 

glucose: 0.5 % NH4-sulfate, 0.17 % yeast nitrogen base, and amino acids) was supplemented 810 

with Alexa Fluor 647-Dextran (10,000 MW, Invitrogen) to control successful switch of media. 811 

Molecular biology 812 
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Plasmids used in this study are listed in Supplementary Table S4. DNA mutations were 813 

introduced by site-directed mutagenesis using standard molecular biology protocols. Sequences 814 

of PKM1 and PKM2 were retrieved from p413TEF-PKM1 and p413TEF-PKM2 plasmids 815 

(Addgene, 34607 and 34608), and Gibson assembly was performed to clone PKM1, PKM2 and 816 

PKM2 mutants into pLenti-CMV-MCS-GFP-SV-puro (Addgene, 73582).  817 

Protein levels quantification 818 

To prepare total protein extracts, exponentially growing yeast cells expressing wild-type or 819 

mutant Cdc19-GFP were treated with 10 % trichloroacetic acid (TCA) and incubated on ice for 820 

at least 10 min. Cells were harvested by centrifugation and washed twice with ice-cold acetone. 821 

Then, acetone was removed, pellets were resuspended in 8 M urea sample buffer and boiled for 822 

10 min at 70 °C. Samples were analysed by western blotting using a α-GFP antibody (Roche, 11 823 

814 460 001), and a α-Pgk1 antibody (Invitrogen, 459250) as control. 824 

Human cell culture and RNAi-depletion  825 

RPE-1 cells were maintained in DMEM media supplemented with FCS (10 % final 826 

concentration) and Penicillin Streptavidin-Glutamine (PSG; Gibco, 1 % final concentration). For 827 

starvation, cells were washed once with RPMI medium (Gibco, w/o glucose, FCS and PSG) and 828 

incubated in the same medium for 24 hours. Cells were stimulated with RPMI medium 829 

containing FCS (10 % final) and Glucose (5 mg/ml) as indicated. Where indicated, 830 

cycloheximide (CHX, Sigma-Aldrich, 01810) or dimethyl amiloride (DMA, Sigma-Aldrich, 831 

A4562) were added to the medium at a concentration of 1 μ  or 100 μ , respectively. RNAi to 832 

deplete NHE1 or PKM2 was performed using RNAiMAX transfection reagent (Thermo Fisher 833 

Scientific, 13778100) following the manufacturer’s instructions. siRNA sequences used in this 834 

work were verified as described in 
12

 and are: si_155  (5'-GCC AUA AUC GUC CUC ACC A), 835 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 21, 2022. ; https://doi.org/10.1101/2022.03.21.484600doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.21.484600
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

42 

 

si_156 (5'-CC AUA AUC GUC CUC ACC AA), si_27 (5'-AGG CAG AGG CUG CCA UCU 836 

A).  837 
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Lentivirus generation and transduction 838 

Lentivirus generation was conducted following a standard protocol. Briefly, HEK293T cells 839 

were co-transfected with a plasmid encoding the lentiviral envelope (pMD2.G), a second-840 

generation lentiviral packaging plasmid (psPAX2), and the target plasmid using 841 

Lipofectamine2000. 6-8 h post-transfection, the media was changed, and the lentivirus was 842 

harvested by filtering the supernatant with a 45 µm filter. For transduction, the lentivirus was 843 

added to the cell line of interest at a 1:100 dilution. Then, cell lines were passaged 5 times and 844 

sorted for equal GFP-levels using fluorescence-activated cell sorting FACS.   845 

Immunofluorescence  846 

Immunofluorescence was performed essentially as previously described
13

. In brief, cells were 847 

grown on glass coverslips, washed with PBS 1x, fixed in 4 % paraformaldehyde for 20 min at 848 

room temperature. Permeabilization was performed adding 0.1 % Triton-X100 in PBS 1x for 10 849 

min at room temperature, followed by 3x washes in 0.01 % Triton-X100 in PBS 1x (washing 850 

buffer). The cells were then incubated with 3 % BSA in washing buffer (blocking buffer) for 20 851 

min to 1 hour at room temperature. Primary α-PKM1 antibodies (Cell Signaling Technologies, 852 

(D30G6) XP® Rabbit mAb #7067), and α-PKM2 antibodies (Cell Signaling Technologies, 853 

(D78A4) XP® Rabbit mAb #4053) were diluted (1:3000) in blocking buffer and incubated for 1 854 

hour at room temperature. After 3x washes with washing buffer, the cells were incubated with 855 

secondary antibody (Alexa Fluor-conjugated anti-rabbit/or anti-mouse IgG (Thermo Fischer 856 

Scientific) diluted in blocking buffer for 1 hour at room temperature. Nuclei staining was 857 

performed by applying 0.2 µg/ml DAPI (Sigma-Aldrich, D9542) in washing buffer for 10 min at 858 

room temperature. After 3x washes in washing buffer, the coverslips were mounted onto 859 

microscopy slides using Immu-Mount (Thermo Fischer Scientific). The images were captured on 860 
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an inverted Ti-Eclipse microscope (Nikon) with either 40x oil objectives or 60x objectives and 861 

MicroManager, V 1.4. Images were analyzed using FIJI (ImageJ V 2.0.0).   862 

Pelleting assays  863 

Purified proteins were thawed on ice and cleared by centrifugation (4 °C, 10 min, 21000 g), and 864 

diluted to a final protein concentration of 0.5 mg/ml in 100 m  Tris/HCl pH 7.4, 200 m  NaCl, 865 

1 m   gCl2, 10% glycerol, 1 m  DTT, 1 m  P SF. Proteins were kept on ice or heat 866 

shocked at 42 °C for 10 or 20 min, as indicated in the legends. Aggregates were pelleted by 867 

centrifugation (4 °C, 10 min, 21000 g), and separated from the supernatant containing soluble 868 

protein. Aggregation was quantified by loading pellet and supernatant on a SDS-PAGE gel. 869 

RPE-1 cells were seeded on 15 cm plates and allowed to attach overnight. Then, two plates were 870 

washed with 1x PBS or RPMI media without supplements, and cultured in RPMI without 871 

supplements for 24 h (starved sample), while the rest was left untreated. Subsequently, cells were 872 

washed with PBS 1x prior to collection by centrifugation (500 g, 5 min, room temperature). 873 

Pellets were resuspended in lysis buffer, and lysed on ice for 30 min. Resulting lysates were 874 

cleared  y centrifugation (10 min, 10’000 rpm, 4 °C), and protein concentration was adjusted in 875 

untreated and starved samples by Bradford measurements. Cleared lysates were centrifuged (20 876 

min, 14’000 rpm, 4 °C), supernatant was separated from pellet, and analysed  y Western 877 

blotting. 878 

Antibodies and reagents 879 

For western blotting, the following antibodies were used (all at 1:3000 dilution): α-GFP (Roche, 880 

11 814 460 001), α-Pgk1 (Invitrogen, 459250), α-Vinculin (Sigma-Aldrich, V9131), HRP-881 

coupled secondary antibody (Biorad, 170-6516), α-PKM1 (Cell Signaling Technologies, 882 

(D30G6) XP® Rabbit mAb #7067), α-PKM2 (Cell Signaling Technologies, (D78A4) XP® 883 
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Rabbit mAb #4053). For immunofluorescence, the above-mentioned α-PK 1 and α-PKM2 884 

antibodies were used. 885 

Statistics and Reproducibility 886 

All data are representative results from at least three independent experiments, unless differently 887 

specified in the figure legends. GraphPad Prism was used to analyse and plot the results, and 888 

whenever possible mean ± S.E.M. and individual data points of individual experiments are 889 

shown. No outlier tests were performed and no data were excluded from the analyses. Statistical 890 

tests used and P values are indicated in the respective figure legends. 891 

Data availability 892 

Yeast strains, human cell lines, plasmids and reagents, as well as detailed experimental 893 

procedures and additional data supporting the findings of this study are available from the 894 

corresponding authors upon request. 895 

Code availability 896 

No custom code was used in this work. 897 

  898 
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Extended data figures and tables 947 

 948 

 949 

Extended Data Fig. 1. Peptide-based screening to identify the amyloid core of Cdc19. 950 

(A) - (B) Identification of amyloidogenic regions within Cdc19. Based on the amyloid 951 

prediction tools ZipperDB
10

 and AmylPred2.0
9
, 16 hexapeptides corresponding to the 952 
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regions with highest amyloidogenicity (+ 4 negative controls) were selected and 953 

screened for their ability to form amyloids by Thioflavin T (A) and Congo Red (B) 954 

staining (n = 2 independent experiments). 955 

(C) Validation of screen hits by negative staining TEM. ThT- and/or CR-positive peptides 956 

were visualized by negative staining TEM to confirm their ability to form fibrillary 957 

amyloid-like structures (n= 3). Scale bar: 500 nm.  958 
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 959 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 21, 2022. ; https://doi.org/10.1101/2022.03.21.484600doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.21.484600
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

52 

 

Extended Data Fig. 2. E380 and E392 in the Cdc19 amyloid core sense pH and regulate pH-960 

dependent amyloid formation. 961 

(A) Cdc19 amyloid core peptides forms amyloid fibrils only at physiologically low pH. 962 

Cdc19 wild-type (Core
WT

) or mutant (Core
2Q

, mutations: E380Q, E392Q) amyloid 963 

core peptides were incubated at the indicated pH for two days and imaged by negative 964 

staining TEM. Note that Core
WT

 forms fibrillar aggregates at physiologically low pH 965 

(corresponding to the intracellular pH of stressed cells), while it remains soluble at 966 

neutral pH (corresponding to the intracellular pH of growing cells). Core
2Q

 instead is 967 

pH-insensitive and forms fibrils under both conditions. n = 3. Scale bar: 200 nm. 968 

(B) 13
C-solid-state NMR spectra of the Core

WT
 peptide at pH 5.8 or pH 6.2. The pH-969 

sensing glutamic acid E380 is protonated in the amyloid Cdc19 core at pH 5.8 and 970 

gets partially deprotonated upon pH increase to 6.2 as judged by chemical-shift 971 

changes of the carboxyl carbon atom. The chemical structure of the peptide is shown, 972 

and the relevant peak of the carboxyl carbon sensitive to protonation of the 
13

C-973 

labelled E380 residue is highlighted. 974 

(C) Purified full-length Cdc19 mutants (Cdc19
E380A

 and Cdc19
2A

) rapidly form amyloid 975 

fibrils independently of pH. Cdc19
E380A

 and Cdc19
2A 

were recombinantly expressed 976 

and purified from E. coli. The yield was very low compared to wild-type controls as 977 

most of the protein aggregated during purification. In contrast to wild-type controls, 978 

the small amounts that could be purified rapidly formed large oligomers (black arrow 979 

heads) or fibrils (white arrow heads) already at 4 °C, pH 7.5 (n = 3). Scale bar: 500 980 

nm. 981 
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(D) Purified full-length pH-insensitive Cdc19 mutants (Cdc19
E380A

 and Cdc19
2A

) are 982 

aggregation-prone independently of pH. Size-exclusion chromatography (SEC) of 983 

freshly purified Cdc19
WT

, Cdc19
E380A

 and Cdc19
2A

 indicates that Cdc19
WT

 is present 984 

as a mixture of stable tetramers and monomers, while Cdc19
E380A

 and Cdc19
2A

 are 985 

exclusively present in the aggregation-prone monomeric form, and tend to form large 986 

aggregates even at pH 7.5 and 4 °C. n = 3. 987 

(E) Cdc19 mutants with impaired pH-sensing exhibit growth defects. Yeast cells 988 

expressing wild-type (Cdc19
WT

) or the Cdc19
E380A

 or Cdc19
2A

 mutants were grown at 989 

30 °C. Serial dilutions were then spotted on agar plates and grown at 30 °C for 3 days 990 

to observe their growth rate (n = 3). 991 

(F) Quantification of Cdc19 protein levels. Cells expressing GFP-tagged wild-type 992 

(Cdc19
WT

) or Cdc19
E380A

 or Cdc19
2A

 mutants were lysed and immunoblotted with 993 

antibodies against GFP (top panel) or for control Pgk1 (bottom panel). Mean Cdc19-994 

GFP levels normalized with Pgk1 are shown (n = 3).  995 
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 996 

Extended Data Fig. 3. Decreasing cytosolic pH triggers PKM2 aggregation, which 997 

inactivates the protein.  998 

(A) Formation of PKM2 but not PKM1 foci upon DMA-induced decrease of cytosolic pH. 999 

RPE-1 cells were left untreated or treated with the pH-lowering drug D A (100 μ ) for 1000 

24 h. The localization of PKM2 and PKM1 was analysed by immunofluorescence and the 1001 

percentage (%) of cells with cytoplasmic PKM2 foci was quantified as mean ± SEM (n = 1002 

3). At least 50 cells were analysed for each condition. Scale  ar: 50 μm. 1003 

(B) Artificially lowering cytosolic pH by siRNA-depleting NHE1 triggers aggregation of 1004 

PKM2 but not PKM1. RPE-1 cells were subjected to siRNA against NHE1 or control 1005 

siRNA. PKM2 and PKM1 localization was analysed by immunofluorescence and the 1006 
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percentage (%) of cells with cytoplasmic PKM2 foci was quantified as mean ± SEM of 1007 

three independent experiments. At least 50 cells were analysed for each condition. Scale 1008 

 ar: 50 μm.  1009 

(C) Lowering pH causes aggregation of purified full-length PKM2. Full-length PKM2
WT

 was 1010 

purified at pH 7.4. Then pH was either kept constant or lowered to pH around 6 by 1011 

adding HCl, and samples were incubated overnight at 4 °C. Soluble protein (Sup) was 1012 

separated from aggregates (Pellet) by centrifugation, analysed by SDS-PAGE and 1013 

quantified after Coomassie blue staining. The graph shows normalized PKM2 amounts as 1014 

mean ± SEM (n = 3, two-tailed Student’s t-test, *P = 0.0113, **P = 0.0036). 1015 

(D) Soluble PKM1 and PKM2 are catalytically active, while aggregated PKM2 is inactive. 1016 

Pyruvate kinase activity was measured using a lactate dehydrogenase-coupled activity 1017 

assay before (soluble) or after (heat shocked) 2 h heat shock at 50 °C. Briefly, active 1018 

pyruvate kinase converts phosphoenolpyruvate (PEP) into pyruvate, which in turn is 1019 

reduced to lactate by lactate dehydrogenase. The concomitant conversion of NADH to 1020 

NAD
+
 is assayed as decrease in absorbance at 340 nm over time, and is used as a measure 1021 

of pyruvate kinase activity
7
. Mean ± SEM (n = 3 independent experiments) is shown.  1022 
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 1023 

Extended Data Fig. 4. Formation and disassembly of PKM2 amyloids is regulated via 1024 

protonation of histidine 391 (H391) in its amyloid core. 1025 

(A)  - (B) H391 in the amyloid core of PKM2 regulates pH-dependent aggregation. PKM2 1026 

wild-type (Core
WT

) or the Core
H391R

 mutant peptides (amino acids 382-402) were 1027 

incubated at pH 5.8 overnight. Then, pH was either kept constant, or increased to pH 7.4. 1028 

Samples were centrifuged and the resulting pellets photographed (A) (n = 3) or visualized 1029 

by negative staining TEM (B). Note that amyloid fibrils of Core
WT

 re-solubilize at high 1030 

pH (no fibrils visible by TEM), while the pH-insensitive mutant Core
H391R

 presents fibrils 1031 

regardless of pH (n = 3). Scale bar: 200 nm. 1032 
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(C) Expression analysis of endogenous and ectopically expressed GFP-tagged wild-type and 1033 

mutant PKM proteins in the indicated cell lines. GFP-tagged wild-type PKM1, PKM2 or 1034 

the indicated PKM2 mutants (PKM2
H391R

 or PKM2
H391Y

) were overexpressed in RPE-1 1035 

cells. Cells were lysed and immunoblotted with antibodies against PKM2 (top panel), 1036 

PKM1 (middle panel) or for control Vinculin (bottom panel). Note that expression levels 1037 

of endogenous and GFP-tagged PKM2 are comparable, while GFP-tagged PKM1 is 1038 

strongly overexpressed compared to endogenous PKM1.   1039 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 21, 2022. ; https://doi.org/10.1101/2022.03.21.484600doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.21.484600
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

58 

 

Fibril characteristics Cdc19 

(376-392) 

α-syn (1-121) 

(2018) 

Aβ(1-42) 

(2015) 

Aβ(1-42) 

(2017) 

Fibril diameter [Å]  23 ± 4 

(n = 35) 

100 100 70 

Helical rise [Å]  4.77 2.45 - 4.67(C2)/2.34 

Spacing between subunits [Å]  4.77 4.9 4.7 assumed 4.67 

Helical twist [°]  Left-

handed 

179.5 (azimuthal) −0.769 per 

subunit 

-179.3 (azimuthal) 

Crossover distance [Å]  Variable: 

1010 ± 180 

(n = 35) 

- 1100 - 

Staggered protofibrils  yes yes Yes and not 

found 

yes 

Extended Data Table 1. Structural features of the Cdc19 amyloid core, compared with 1040 

different pathological amyloids (i.e. α-syn
47

 and Aβ
15

). Data describing the characteristics of 1041 

the Cdc19 amyloid core are shown as mean ± S.E. , “n” is indicated.  1042 
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 Gly % Asn + Gln % Tyr + Ser + Thr % Val + Ala + Ile + Leu % 

Cdc19 

(functional) 

0.0 0.0 35.0 47.1 

PKM2 0.0 6.5 3.2 48.4 

HnRNPA2-

LCD 

(functional) 

35.1 22.8 22.8 0.0 

FUS-LCD 

(functional) 

19.7 18.0 59.1 0.0 

Aβ42 

(pathogenic) 

14.3 4.8 7.2 35.7 

Tau PHFs 

(pathogenic) 

12.3 8.2 15.1 24.4 

Extended Data Table 2. Sequence composition of Cdc19 and PKM2 amyloid cores and 1043 

comparison with other functional or pathological amyloid cores
20

. 1044 
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