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Abstract Humans cannot synthesize nine of the twenty amino acids that constitute proteins, 
known as essential amino acids. It has been traditionally considered that this inability arose 
because humans could obtain these amino acids in sufficient quantities through their diet. 
However, recent advances in life sciences have shown that all eukaryotic organisms with the 
ability to ingest external protein resources have uniformly lost the ability to synthesize almost 
identical amino acids, including those belonging to branches of the evolutionary tree entirely 
different from humans, such as Dictyostelium and Tetrahymena. Yet, the reasons behind their 
essentiality and the commonality of these essential amino acids remain elusive and unexplained. 
In this paper, I propose a novel and simple explanation that organisms can maintain their 
amino acid balance by solely synthesizing amino acids that are more abundant in 
extracellular proteins compared to intracellular proteins. This explanation is based on two 
previously unrecognized assumptions. The first assumption is that intracellular proteins act as 
amino acid buffers for subsequent protein synthesis, facilitated by the continuous recycling of 
their amino acids during the degradation and synthesis cycle. The second assumption is that 
there are consistent differences in amino acid composition between extracellular and 
intracellular proteins, economically driven by the lower synthesis costs for extracellular 
structures. Despite the limited data available for examining these assumptions, the evidence 
lends support to their validity. Therefore, this "Extracellular Protein Hypothesis" provides a 
novel and convincing explanation to the nearly century-old mystery: the origin of essential 
amino acids. 
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INTRODUCTION 1 

Humans are unable to synthesize nine out of the twenty 2 

amino acids that constitute proteins; these are known as 3 

essential amino acids [1, 2, 3, 4, 5, 6]. The historical and 4 

simplest explanation for this phenomenon is that humans 5 

did not need to synthesize these amino acids due to their 6 

abundance in their diet [3, 4, 5]. However, subsequent 7 

observations and research have revealed that the loss of 8 

synthesis capabilities for these amino acids is not unique to 9 

humans; it is also present in other animals. This suggests an 10 

origin at the level of a common ancestor shared by humans 11 

and these animals, with this trait being inherited by their 12 

descendants [2, 3, 4, 5, 6]. More recent advancements in life 13 

sciences, however, have shown that similar losses of amino 14 

acid synthesis capabilities have independently occurred 15 

across multiple branches of the eukaryotic evolutionary tree 16 

[3, 4, 5, 6]. This indicates that the loss of amino acid 17 

synthesis ability occurred multiple times throughout 18 

eukaryotic evolution, consistently involving similar amino 19 

acids each time [3, 4, 5, 6]. To date, the underlying reasons 20 

for this enigmatic pattern of individual and independent 21 

losses of similar amino acid synthesis capabilities in 22 

different eukaryotic lineages remain elusive and still 23 

unexplained. This paper aims to explore these questions by 24 

proposing a novel hypothesis that seeks to unravel the 25 

complexities behind these observations. 26 

 27 

CURRENT UNDERSTANDING 28 

History and Definition of Essential Amino Acids in Nutrition 29 

The exploration of amino acid nutrition began around the 30 
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mid-19th century, reaching a significant milestone in 1935 31 

when Rose and his team identified threonine as the last of 32 

the 20 amino acids that make up proteins [7]. In their 33 

pioneering experiments with rats, they were the first to 34 

demonstrate that weight gain could be achieved with a diet 35 

consisting exclusively of amino acids, rather than proteins, 36 

as the nitrogen source. This groundbreaking observation 37 

established the foundation for the field of practical amino 38 

acid nutrition [7]. Further research by Rose on humans 39 

showed that deficiencies in specific amino acids led to the 40 

breakdown of body proteins and disrupted nitrogen balance. 41 

Conversely, the absence of other amino acids did not 42 

produce such effects, thus maintaining nitrogen balance [1]. 43 

Subsequently, amino acids were divided into essential, 44 

necessary for body protein maintenance, and non-essential, 45 

which do not impact this critical balance. 46 

  47 

Hidden Complexities of Essential Amino Acid Evolution 48 

Later genomic analyses have revealed that in humans and 49 

some animals, mutations have inactivated several enzymes 50 

responsible for synthesizing essential amino acids [3, 4, 5, 51 

6]. These genetic discoveries confirm humans' inherent 52 

inability to produce these amino acids internally, and it is 53 

speculated that the loss of these amino acid synthesis 54 

capabilities occurred at the stage of a common ancestor, 55 

with descendants inheriting this trait. However, challenging 56 

previous assumptions, subsequent genomic analyses have 57 

unveiled unexpected revelations. Research indicates that 58 

not only humans but also a wide array of metazoans and 59 

diverse eukaryotic organisms from various phylogenetic 60 

branches, including cellular slime molds (Dictyostelium; 61 

Amebozoa) and Tetrahymena (a protozoan), have similarly 62 

lost the ability to synthesize almost identical sets of amino 63 

acids (Table 1) [3, 4, 5, 6]. Given the evolutionary 64 

divergence of these organisms and humans from common 65 

ancestors before the divergence from plants, which can 66 

synthesize all required amino acids, these observations 67 

suggest independent losses of common amino acid 68 

synthesis capabilities across various evolutionary lineages. 69 

Moreover, as far as we can observe, all current organisms, 70 

without exception, seem to have concurrently lost the 71 

ability to synthesize common essential amino acids upon 72 

acquiring each feeding capability [3]. This concept has not 73 

been proven, but is considered empirically correct. Given 74 

the complexity of this phenomenon, it is no surprise that this 75 

widespread and striking commonality, observed 76 

independently across lineages, remains a significant 77 

mystery even in recent literature [6]. 78 

  79 

Do Dietary Sources Determine the Essentiality of Amino 80 

Acids? 81 

The question of whether an organism's diet dictates the 82 

essential amino acids is one of the initial and simplest 83 

inquiries when considering the factors that define essential 84 

amino acids. This primarily stems from the fact that 85 

autotrophic organisms, such as plants and fungi, which lack 86 

the capability to ingest, do not require amino acids [2, 3, 4, 87 

5, 6, 8], whereas eukaryotic organisms that have gained the 88 

ability to ingest food uniformly demonstrate a common set 89 

of essential amino acids [3]. This suggests a potential 90 

simple correlation between the acquisition of feeding 91 

capabilities and the consequential loss of amino acid 92 

synthesis abilities. However, the dietary sources (food 93 

resources) that organisms consume vary significantly by 94 

species, habits, and environmental contexts, inherently 95 

introducing a diversity (variability) in amino acid 96 

composition. Taking human clinical nutrition as an example, 97 

it underscores the importance of dietary choices in daily life 98 

and as a fundamental concept in nutrition science, 99 

emphasizing the complexity in dietary amino acid sources. 100 

Given these factors, it is highly unlikely that a universally 101 

stable and consistent amino acid composition exists across 102 

the vast diversity of organisms, sufficient to cause a uniform 103 

and universal loss of the ability to synthesize nearly half of 104 

the 20 amino acids. Therefore, it is considered impractical 105 

to define the boundary between essential and non-essential 106 

amino acids solely based on the diet source of organisms. 107 

  108 

Do the Characteristics of Each Amino Acid Determine Its 109 

Essentiality? 110 

The question of whether the characteristics of each amino 111 

acid determine its essentiality is a natural inquiry to follow 112 

the consideration of dietary sources. The 20 amino acids 113 

that constitute proteins each have unique characteristics, 114 

and these underpin the diversity of biological proteins. On 115 

the other hand, these amino acids are composed of elements 116 

that are relatively common in the body. The synthesis of 117 

amino acids takes place using metabolic products within the 118 

body as basic materials, but this synthesis requires energy. 119 

Akashi and Gojobori's paper, which estimates this synthesis 120 

cost in units of high-energy phosphate bonds [9], 121 

demonstrates a disparity of more than sixfold between the 122 

simplest amino acids, glycine and alanine, and the most 123 

complex, tryptophan. Generally, amino acids that are higher 124 

in cost tend to be larger in size, have greater hydrophobicity, 125 

and involve more steps and enzymes in their synthesis. It 126 

has long been observed that essential amino acids are 127 

generally high-cost, whereas non-essential amino acids are 128 

low-cost (Figure 1) [9, 10, 11]. Thus, while the boundary 129 

does not align perfectly with the disparity in synthesis costs 130 

of each amino acid, the hypothesis that the synthesis cost 131 

defines the boundary between essential and non-essential 132 

amino acids seems to maintain a certain level of validity. 133 

The validity will be examined in the following subsection. 134 

  135 

What Makes Essential Amino Acids Essential?: Initial 136 

Insights 137 

What fundamentally renders amino acids essential? 138 

Throughout life's history, evolutionary changes are widely 139 

recognized to be driven by random genetic mutations that 140 

lead to phenotypic diversity. Within this diversity, 141 

phenotypes that fail to adapt are subjected to natural 142 

selection, facilitating evolution through the survival and 143 

reproduction of adaptable phenotypes. Reflecting on animal 144 

evolution, it is notable that the inability of animals to 145 

synthesize essential amino acids has not led to selective 146 

disadvantages, despite being a deficiency phenotype. This 147 

suggests that organisms can survive and reproduce without 148 

synthesizing these essential amino acids. However, these 149 

organisms cannot tolerate the loss of the ability to 150 
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synthesize amino acids termed 'non-essential.' In humans, 151 

the loss of amino acid degradation capabilities leads to 152 

recognized congenital metabolic disorders, but the failure 153 

to synthesize non-essential amino acids is not categorized 154 

as a disease, indicating that such a loss prevents viable 155 

development. The primary driver of natural selection 156 

against individuals who have lost amino acid synthesis 157 

capabilities would be the deficiency symptoms resulting 158 

from the absence of those amino acids. Therefore, the 159 

distinction between essential and non-essential amino acids 160 

should be based more on their use within the organism 161 

rather than on factors such as synthesis costs or the number 162 

of enzymes involved in their synthesis. We can conclude 163 

that the demarcation between essential and non-essential 164 

amino acids is not determined solely by the individual 165 

properties of each amino acid but significantly by the 166 

characteristic ways in which organisms utilize these amino 167 

acids. The next section will examine how organisms 168 

employ essential and non-essential amino acids distinctly, 169 

reflecting their unique roles and the implications for amino 170 

acid synthesis capabilities. 171 

 172 

HYPOTHESIS DEVELOPMENT 173 

This section explores the question: Why do all eukaryotic 174 

organisms that have acquired the ability to ingest 175 

consistently lose similar amino acid synthesis capabilities? 176 

 177 

Principal Component Analysis of Food Composition Table 178 

Prior to the current study, I conducted a statistical 179 

analysis using Principal Component Analysis (PCA) on the 180 

"STANDARD TABLES OF FOOD COMPOSITION IN 181 

JAPAN" published by the Ministry of Education, Culture, 182 

Sports, Science, and Technology in Japan [12]. 183 

Unexpectedly, I found that the eigenvector of the first 184 

principal component aligned with the boundary between 185 

essential and non-essential amino acids (Figure 2b) [13]. 186 

Foods are broadly classified into animal and plant groups, 187 

known to have significant differences in amino acid 188 

composition. However, the first principal component did 189 

not distinguish between animal and plant foods, and similar 190 

eigenvectors were also observed in the subgroup analyses 191 

of both animal and plant foods (Figures 2a, 2c, and 2d) [13]. 192 

PCA, a statistical method for extracting trends from high-193 

dimensional data in order of their statistical significance, 194 

suggested that the alignment of the first principal 195 

component with the boundary between essential and non-196 

essential amino acids was not coincidental but indicative of 197 

an underlying, yet unknown, correlation. 198 

 199 

Unknown Correlation Between Food Compositions and 200 

Essential Amino Acids 201 

Why then did they align? Foods and their ingredients are 202 

essentially parts of the body of eukaryotic organisms. In the 203 

analysis of the first principal component within animal 204 

foods, meats and gelatins were positioned at each extreme 205 

(Figure 2a). Meats are largely composed of intracellular 206 

proteins, while gelatins are identical to collagen and 207 

represent extracellular matrix proteins. The fact that the first 208 

principal component divides the amino acid composition of 209 

animal foods into meats and gelatins suggests a disparity in 210 

amino acid composition between intracellular and 211 

extracellular compartments. This observation led to the 212 

concept that biological body parts are composed of two 213 

types of proteins: intracellular proteins, which are relatively 214 

rich in essential amino acids, and extracellular proteins, 215 

which are comparatively rich in non-essential amino acids. 216 

 217 

Can the Amino Acid Composition Disparity Between 218 

Intracellular and Extracellular Explain Essential Amino 219 

Acids?: A Hypothesis 220 

If the difference in amino acid composition between 221 

intracellular and extracellular compartments corresponds to 222 

the boundary between essential and non-essential amino 223 

acids, theoretically, it could either represent a cause, a 224 

consequence, or simply a coincidental alignment with the 225 

distinction between essential and non-essential amino acids. 226 

In this context, my speculation leads me to conclude that 227 

this difference acts as a cause and serves as a background 228 

factor in defining the boundary, as detailed below. 229 

Considering the continuous cycle of protein synthesis and 230 

degradation that occurs within cells—the fundamental units 231 

of life—it is reasonable to assume that the primary source 232 

of amino acids for subsequent protein synthesis is derived 233 

from the degradation of intracellular proteins [14]. 234 

Therefore, intracellular proteins would essentially serve as 235 

reservoirs, acting as buffers for the amino acid supply 236 

during subsequent protein synthesis. Under such conditions, 237 

if extracellular proteins consistently exhibit distinct amino 238 

acid compositions, reliance primarily on the degradation of 239 

intracellular proteins for amino acid resources could lead to 240 

a deficiency in certain amino acids during their synthesis. 241 

Consequently, a consistent disparity in amino acid 242 

composition between intracellular and extracellular 243 

compartments could be instrumental in delineating essential 244 

from non-essential amino acids and might be the cause of 245 

their separation. 246 

 247 

Two Essential Assumptions for the Hypothesis 248 

Based on these observations and extrapolations, I 249 

postulate two conditions for the hypothesis: first, that 250 

intracellular proteins act as an amino acid buffer for protein 251 

synthesis; and second, that a consistent set of amino acids 252 

is used more frequently outside the cell than within cellular 253 

proteins. Under these assumptions, I observe a dichotomy 254 

in the need for amino acid synthesis based on the difference 255 

in amino acid composition between the intracellular and 256 

extracellular compartments. This is what I have termed 257 

"Extracellular Protein Hypothesis." 258 

 259 

In this section, I have explained the development and 260 

rationale behind the Extracellular Protein Hypothesis, 261 

which proposes an explanation for the origin of essential 262 

amino acids by focusing on the potential disparities in 263 

amino acid composition between intracellular and 264 

extracellular compartments. In the next section, we will 265 

examine the two underlying assumptions and assess the 266 

validity of the hypothesis itself. 267 

 268 
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HYPOTHESIS VALIDATION 269 

This section examines the Extracellular Protein 270 

Hypothesis, which posits that the disparity in amino acid 271 

composition between intracellular and extracellular 272 

proteins correlates with the necessity to maintain amino 273 

acid synthesis capabilities. To evaluate the validity of this 274 

hypothesis, it is necessary to investigate the typical amino 275 

acid compositions of both intracellular and extracellular 276 

proteins. This section discusses four main aspects: the 277 

amino acid composition of intracellular proteins, the amino 278 

acid composition of extracellular proteins, the recycling of 279 

intracellular amino acids, and the amino acids required for 280 

the synthesis of extracellular proteins. 281 

 282 

Intracellular Protein Amino Acid Composition 283 

The amino acid compositions of intracellular and 284 

extracellular proteins are determined by the nucleotide 285 

sequences of genes within the organism's genome. While 286 

some genes are responsible for synthesizing extracellular 287 

proteins, the majority encode intracellular proteins. 288 

Analysis of amino acid residues in the proteomes of various 289 

organisms, representing the complete list of proteins 290 

encoded by an organism's genome, shows that amino acid 291 

distributions typically follow bell-shaped, single-peaked 292 

normal distributions, also similar to binomial distributions 293 

[14, 15]. I speculated that this pattern suggests that the 294 

distributions may be constrained by the composition of the 295 

organism’s intracellular protein degradation products [14]. 296 

Conversely, the actual amino acid (residue) composition of 297 

intracellular contents would be inevitably constrained by 298 

the amino acid composition of protein genes within the 299 

proteome. Given the supposed mutual constraints between 300 

proteome genes and cellular amino acid compositions, it 301 

naturally follows that the proteome's composition induces 302 

convergence and leads them within a narrow range, which, 303 

I hypothesized, might account for the bell-shaped 304 

distributions observed [14]. Moreover, the universal genetic 305 

code shared by all organisms, along with their genome's 306 

adherence to Chargaff's second parity rule [16,17], is 307 

hypothesized to impose additional constraints on the 308 

proteome’s composition. As a result, these constraints 309 

likely ensure that the composition of intracellular proteins' 310 

amino acids remains within a certain range across different 311 

organisms, and consequently, cells universally maintain a 312 

specific level of essential amino acids within themselves. 313 

 314 

Extracellular Protein Amino Acid Composition 315 

Extracellular proteins are synthesized inside the cell and 316 

then localized outside the cell membrane or secreted from 317 

the cell. While all proteins can serve as valuable amino acid 318 

resources when broken down, these proteins will not easily 319 

be recycled back into the cell or repurposed as resources for 320 

new proteins as intracellular proteins. Therefore, it is quite 321 

plausible that extracellular proteins are composed of amino 322 

acids that are less costly to synthesize. In fact, analyses of 323 

protein genes in various bacteria species have shown that 324 

extracellular proteins uniformly utilize amino acids with 325 

lower synthesis costs [18]. Similarly, in humans, major 326 

components of the extracellular matrix, such as collagen, 327 

elastin, and keratin-related proteins that constitute body hair, 328 

exhibit a pronounced preference for non-essential amino 329 

acids, which have lower synthetic costs, in their amino acid 330 

composition [19]. For several years, I have been searching 331 

for studies that specifically examine the amino acid 332 

composition in both intracellular and extracellular 333 

compartments. Ultimately, I found only one such 334 

publication. This study presented data on the amino acid 335 

composition of chicken muscle in both compartments [20]. 336 

A comparison of these data, despite being limited, revealed 337 

that the disparity in amino acid composition between 338 

intracellular and extracellular compartments aligns almost 339 

completely with the boundary between essential and non-340 

essential amino acids (Table 2). Considering these 341 

observations, it would be reasonable to infer that the amino 342 

acid composition of the extracellular compartment, in 343 

comparison to that of intracellular compositions, 344 

consistently contains a higher proportion of non-essential, 345 

lower-cost amino acids. 346 

 347 

Recycling of Intracellular Amino Acids 348 

Studies using radioactive isotopes have estimated and 349 

reported that humans synthesize about 200g of protein per 350 

day while consuming about 40g of protein [21]. Thus, even 351 

if the ingested proteins are entirely utilized for the synthesis 352 

of new proteins, the source for the synthesis of the 353 

remaining 160g difference must rely either on the synthesis 354 

of new amino acids or the degradation of self-proteins. In 355 

the process of recycling these self-proteins, it is believed 356 

that cells continuously degrade and resynthesize their own 357 

proteins, maintaining a state known as proteostasis. During 358 

this process of continuous amino acid recycling, 359 

intracellular proteins are likely used as a buffer to enhance 360 

the efficiency of protein synthesis. Simultaneously, it is 361 

probable that cells have evolved under selective pressure to 362 

minimize amino acid wastage in protein synthesis. 363 

Therefore, it is hypothesized that intracellular proteins are 364 

utilized as an amino acid resource buffer during protein 365 

synthesis, and the efficiency of amino acid recycling has 366 

been maximally optimized through evolution. 367 

 368 

Amino Acids Required for Synthesis of Extracellular Proteins 369 

On the other hand, if such a highly optimized system for 370 

the recycling of intracellular proteins were to synthesize 371 

proteins with an extremely biased amino acid composition 372 

in large quantities, it would encounter a discrepancy in 373 

amino acid resource supply. This is particularly true for 374 

extracellular proteins, which are often required in 375 

significant amounts for the structural composition outside 376 

the cell and generally have a composition that is biased 377 

compared to somatic proteins. This can be inferred from 378 

data in studies comparing the amino acid composition of 379 

eggs and pre-hatching chicks [22]. Compared to eggs, 380 

chicks consistently have more glycine and proline, with 381 

glycine increasing more than twofold and proline over 1.5 382 

times (Table 3). These amino acid changes are speculated 383 

to be associated with the massive synthesis of extracellular 384 

proteins such as collagens. Therefore, particularly during 385 

the transition from egg to chick, these amino acids are 386 

thought to be newly synthesized from their precursors, and 387 
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their synthetic capabilities appear essential for successful 388 

hatching. This phenomenon reflects and supports the notion 389 

that the ability to synthesize amino acids, which correspond 390 

to non-essential amino acids in extracellular proteins, needs 391 

to be maintained and is evidence thereof. 392 

 393 

This section demonstrates that a disparity in amino acid 394 

composition exists between intracellular and extracellular 395 

compartments, and this disparity is likely a determining 396 

factor for the necessity of maintaining amino acid synthesis 397 

capabilities, thereby forming the basis for the division 398 

between essential and non-essential amino acids. These 399 

considerations demonstrate that the Extracellular Protein 400 

Hypothesis has substantial validity. 401 

 402 

DISCUSSION 403 

Introduction of the Extracellular Protein Hypothesis 404 

In this paper, I propose the Extracellular Protein 405 

Hypothesis, which suggests that the disparity in amino acid 406 

composition between intracellular and extracellular 407 

compartments across multiple organisms could explain the 408 

basis for essential amino acids. Previous theories did not 409 

adequately explain how the boundary between essential and 410 

non-essential amino acids originated. My hypothesis 411 

introduces a novel perspective by considering this amino 412 

acid composition disparity between the inside and outside 413 

of cells. 414 

 415 

Re-evaluation of Amino Acid Essentiality 416 

Since the introduction of Rose's concept of essential 417 

amino acids, their importance has been widely recognized 418 

in nutrition, while non-essential amino acids have received 419 

less attention. Recent reports, however, have begun 420 

acknowledging the nutritional importance of non-essential 421 

amino acids [8]. Nevertheless, the focus on essential amino 422 

acids remains predominant in clinical nutrition. In contrast 423 

to this traditional view, the Extracellular Protein Hypothesis 424 

posits that non-essential amino acids are crucial for the 425 

synthesis of extracellular proteins, suggesting a new 426 

paradigm in understanding amino acid essentiality. 427 

 428 

The Ideals and Realities of the Extracellular Protein 429 

Hypothesis 430 

This paper introduced the Extracellular Hypothesis. 431 

However, upon examination, several discrepancies between 432 

the ideals proposed by this hypothesis and the realities 433 

revealed by analysis have been identified. Initially, the 434 

hypothesis assumed that low-cost amino acids are more 435 

frequently used extracellularly. Although the analysis 436 

showed a significant correlation between the boundary of 437 

intracellular and extracellular compartments and the 438 

gradient of their cost disparities, it was not a complete 439 

match (Figure 1, Table 2). This suggests the presence of 440 

factors other than cost that dictate the amino acid 441 

compositions inside and outside the cell. Furthermore, 442 

analysis has consistently shown that the distinctions 443 

between essential and non-essential amino acids, as inferred 444 

from the disparities in amino acid compositions inside and 445 

outside the cell, differ notably for two specific amino acids. 446 

Arginine, typically classified as essential in many 447 

organisms except humans, was found to fall within the non-448 

essential group in this study (Figure 1, Figures 2b, 2c, 2d, 449 

and Table 2). In contrast, tyrosine, which is generally 450 

considered a non-essential amino acid, consistently 451 

appeared within the essential amino acid group (Figure 1, 452 

Figures 2b, 2c, 2d, and Table 2). 453 

Considering the increase in arginine levels during the 454 

transition from egg to chick (Table 3), it is possible that the 455 

synthetic capability for arginine is not completely lost. If so, 456 

the classification of arginine as essential may not stem from 457 

a lack of synthetic capability but rather from the increased 458 

demand within the urea cycle for processing ammonia, a 459 

byproduct of extensive protein degradation during events 460 

such as starvation or development. This excess demand 461 

might underscore their functional essentiality under such 462 

physiological conditions. 463 

Regarding tyrosine, its classification as non-essential 464 

might be misleading due to its synthesis pathway being 465 

contingent upon phenylalanine, an essential amino acid. 466 

This dependency on phenylalanine suggests that tyrosine 467 

already lacks its independent synthetic capability. Although 468 

tyrosine was not deemed essential in Rose's 'minus one' 469 

experiments—a methodology used to determine essential 470 

amino acids—theoretically, if tyrosine, along with all nine 471 

essential amino acids, were removed from the diet, then 472 

tyrosine, despite being considered a non-essential amino 473 

acid, would also become deficient. On the other hand, from 474 

my own incidental observations, which are neither frequent 475 

nor extended over long periods, a reduction in pigmentation, 476 

such as in hair, presumably due to a deficiency of tyrosine 477 

leading to decreased melanin production, has been noted in 478 

children receiving total parenteral nutrition. These 479 

explorations and personal observations lend support to the 480 

argument. Therefore, taking into account the results of 481 

testing the hypothesis, it might be considered plausible to 482 

reclassify tyrosine as an essential amino acid. 483 

 484 

Domain-Specific Amino Acid Requirement Profiles: A 485 

Comparative Discussion 486 

The Extracellular Hypothesis finds key evidence in the 487 

nearly uniform composition of essential amino acids in 488 

feeding eukaryotes. However, this uniformity is absent in 489 

prokaryotes, such as bacteria, which exhibit varied amino 490 

acid requirements [23]. This variability likely stems from 491 

differences in amino acid utilization among biological 492 

domains. While eukaryotic organisms lose consistent and 493 

similar amino acid synthesis capabilities, prokaryotic 494 

organisms can adaptively lose the ability to synthesize 495 

amino acids that are abundant in their environment, serving 496 

as an environmental adaptation. This adaptability in 497 

prokaryotes might be attributed to their smaller cell size and 498 

the absence of autophagy capabilities, leading to an 499 

insufficient function as amino acid reservoirs for 500 

intracellular proteins. Furthermore, prokaryotic organisms 501 

are less inclined to produce extracellular proteins, including 502 

the extracellular matrix found in animals. In contrast, 503 

eukaryotic organisms, with their larger size and acquisition 504 

of autophagy capabilities alongside normal protein 505 

degradation pathways, are believed to possess enhanced 506 
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amino acid storage abilities [24]. This enhanced capacity 507 

could contribute to improved starvation resistance and 508 

stability in amino acid supply for protein synthesis. It is this 509 

optimized buffering function that is thought to have spurred 510 

the development of the Extracellular Protein Hypothesis, 511 

identified exclusively in eukaryotic organisms. 512 

 513 

The Evolutionary Basis of Amino Acid Essentiality: A 514 

Theoretical Exploration 515 

In this paper, I hypothesize that the disparity in amino 516 

acid composition between intracellular and extracellular 517 

protein compartments is the origin of amino acid 518 

essentiality, a trait consistently observed in all eukaryotic 519 

organisms capable of ingestion. To understand the 520 

background of this phenomenon, I propose the following 521 

speculation: Initially, by acquiring the ability to ingest 522 

external nutrients, organisms gained the potential to utilize 523 

external amino acid resources, potentially reducing their 524 

need to synthesize all amino acids. However, ingestion 525 

required coordination with locomotion abilities, 526 

necessitating the development of extracellular protein 527 

structures. Primarily due to economic constraints, these 528 

extracellular proteins differed in composition from 529 

intracellular proteins, favoring amino acids with lower 530 

synthesis costs. According to the extracellular protein 531 

hypothesis, the synthesis capabilities for amino acids 532 

predominantly used in extracellular proteins could not be 533 

lost. Paradoxically, this speculation explains the origin of 534 

essential amino acids: The evolutionary process likely first 535 

optimized intracellular protein synthesis, followed by the 536 

acquisition of heterotrophy and an increase in extracellular 537 

protein synthesis. This sequence suggests that the loss of 538 

synthesis capabilities for common essential amino acids 539 

was not an accident but a natural consequence of 540 

evolutionary adaptations. This might also explain why 541 

organisms across various branches of the evolutionary tree 542 

have convergently lost the ability to synthesize nearly 543 

uniform sets of amino acids. 544 

 545 

Limitations of the Study 546 

This study is primarily limited by two significant 547 

deficiencies. The first deficiency is the lack of empirical 548 

data on the specific amino acid compositions within the 549 

intracellular and extracellular compartments. The absence 550 

of detailed data makes it challenging to accurately assess 551 

the variations in amino acid compositions between these 552 

two compartments. The second deficiency involves our 553 

limited understanding of the overall flow of amino acids 554 

within and across cellular boundaries. These deficiencies 555 

complicate our efforts to evaluate whether the disparities in 556 

amino acid compositions between the intracellular and 557 

extracellular spaces indeed act as the decisive factor in 558 

distinguishing between essential and non-essential amino 559 

acids. 560 

 561 

The Extracellular Protein Hypothesis: Future Research 562 

Considerations 563 

The scarcity of research on the disparity in amino acid 564 

composition between intracellular and extracellular 565 

compartments highlights a gap in our current scientific 566 

understanding. To validate and confirm the Extracellular 567 

Protein Hypothesis, future research will likely need to 568 

accurately measure the specific amino acid compositions of 569 

these compartments or simulate entire biological cell 570 

systems computationally, both of which pose significant 571 

challenges due to the current limited focus in this area. 572 

Moving forward, such research endeavors could deepen our 573 

understanding of amino acid essentiality and provide 574 

comprehensive verification of the Extracellular Protein 575 

Hypothesis. 576 

 577 

CONCLUSION 578 

In this paper, I have presented the Extracellular Protein 579 

Hypothesis, which explains that the need to synthesize non-580 

essential amino acids for extracellular proteins has 581 

paradoxically led to the common "essential amino acids" 582 

found in eukaryotic organisms that have acquired the ability 583 

to ingest. This hypothesis challenges the traditional concept 584 

of amino acid nutrition, which has been heavily biased 585 

toward "essential" amino acids. It has the potential to 586 

initiate a paradigm shift, influencing not just our current 587 

understanding of amino acid nutrition, but also redefining 588 

how we perceive the roles of amino acid composition within 589 

the broader context of biology. 590 

 591 

 592 

 593 
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Table 1. Essential Amino Acids in Representative 

Organisms 
 

Table 1 compiles the essential amino acids for selected 
organisms from various evolutionary backgrounds, as 
documented in the referenced studies [3, 4, 5, 6, 23]. 
Despite their phylogenetic differences, the species listed 
exhibit remarkably similar profiles of essential amino 
acids. Notably, the organisms at the bottom of the table, 
Cellular Slime Mold and Tetrahymena, belong to 
completely distinct evolutionary lineages compared to 
the others listed. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 
 
 

Figure 1. Correlation between Amino Acid Synthesis 
Cost, Hydrophobicity, and Essentiality 

 
Figure 1 depicts the relationship between the synthesis 

cost and hydrophobicity of amino acids, along with their 
classification as essential or non-essential. The vertical 
scale represents the amino acid synthesis cost, measured in 
units of high-energy phosphate bonds [9], whereas the 
degree of hydrophobicity for each amino acid is quantified 
on the horizontal axis [10, 11]. Essential amino acids are 
denoted with ringed plots. Arginine, however, is marked 

with a dashed ring to reflect its status as essential in most 
organisms but not in humans. The plot reveals a moderate 
correlation between synthesis cost and hydrophobicity. 
There is also a related trend concerning amino acid 
essentiality. However, this boundary between essential and 
non-essential amino acids does not perfectly correlate with 
these factors.  

Note: The hydrophobicity value for proline, not available 
in the primary literature [10], was sourced from an alternate 
study [11]. 

 
 

 

 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
  

Common name Scientific name Essential Amino Acids
Human Homo sapiens Met, Phe, Lys, His, Trp, Ile, Leu, Val, Thr
Green spotted puffer Tetraodon nigroviridis Met, Phe, Lys, His, Trp, Ile, Leu, Val, Thr
Vase tunicate Ciona intestinalis Met, Phe, Lys, His, Trp, Ile, Leu, Val, Thr, Arg
Fruit fly Drosophila melanogaster Met, Phe, Lys, His, Trp, Ile, Leu, Val, Thr, Arg
African malaria mosquito Anopheles gambiae Met, Phe, Lys, His, Trp, Ile, Leu, Val, Thr, Arg
Nematode worm Caenorhabditis elegans Met, Phe, Lys, His, Trp, Ile, Leu, Val, Thr, Arg

Cellular Slime Mold Dictyostelium discoideum Met, Phe, Lys, His, Trp, Ile, Leu, Val, Thr, Arg, Ser

Tetrahymena Tetrahymena thermophila Met, Phe, Lys, His, Trp, Ile, Leu, Val, Thr, Arg
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Figure 2. PCA Plots of Food Amino Acid Compositions 
and Their Eigenvectors 

 
Figure 2a: Principal component analysis (PCA) plot of the 

amino acid composition of food items (n=1558) from a 
food composition table [12, 13]. The horizontal axis 
represents the first principal component, and the vertical 
axis represents the second principal component, with 
animal foods plotted in red and plant foods in green. The 
general areas for Meats, Eggs, and Gelatins are 
demarcated. 

Figure 2b: Eigenvectors from the PCA of the amino acid 
composition of food items (n=1558) are displayed [12, 
13]. The horizontal axis corresponds to the first principal 
component (PC1), and the vertical axis to the second 
principal component (PC2). The direction and length of 
each amino acid's eigenvector are plotted, and essential 
amino acids are marked with rings for distinction. 
Arginine is marked with a dashed ring to denote its 
conditional essentiality in most organisms. Essential 
amino acids tend to cluster towards the positive end of 
PC1. Notably, tyrosine, while not an essential amino acid, 
is also located in proximity to this cluster of essential 
amino acids, yet it is not marked differently to reflect its 
non-essential status. 

Figure 2c and 2d: Eigenvectors for plant and animal foods 
(n=657 and n=569, respectively) from the food 
composition table are presented [12, 13], following the 
format of Figure 2b. In both plots, essential amino acids 
are oriented towards the positive direction of the first 
principal component, indicating their commonality in the 
dataset. Tyrosine is included within this essential amino 
acid group without special marking, reflecting its position 
in the dataset. 

Note: Other food items, including processed foods, are not 
displayed in these figures. 
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Table 2. Difference in Amino Acid Composition between 

Intracellular and Extracellular Compartments of 
Avian Skeletal Muscles 

This table presents the molar composition of amino acids 
within the intracellular and extracellular compartments of 
leg and breast skeletal muscle tissues in chickens at 6 
months and 1.2 years of age. The data, derived from 
referenced literature [20], have been converted from mass 
to molar quantities, with the total molar composition of 
amino acids in each compartment normalized to equal one. 
The analysis compares intracellular and extracellular 
profiles using the natural logarithm of their ratios, and the 
amino acids are ordered such that the average logarithmic 
ratios for all four tissues are presented in descending order. 
Furthermore, the rightmost column displays the amino 
acids' essentiality with a plus sign. Arginine, marked with a 
plus sign in parentheses, indicates its essentiality for 
chickens but not for humans. Except for arginine and 
tyrosine, there is a complete agreement between the average 
differences in amino acid composition within cellular 
compartments and the delineation between essential and 
non-essential amino acids. 

 
Note1: The blue/red bars for each logarithmic value in this 

table are specifically biased to demarcate their 
essentiality threshold. 

Note2: Glutamine and asparagine are reported as glutamic 
acid and aspartic acid, respectively, due to the processing 
methods used at the time of measurement. As a result, the 
analysis is based on 18 amino acids, reflecting these 
substitutions. 

 

  

Intracellular compositions Extracellular compositions LN(Extra/Intra)
Amino Acids 6mo Leg 1.2yr Leg 6mo Breast 1.2yr Breast 6mo Leg 1.2yr Leg 6mo Breast 1.2yr Breast 6mo Leg 1.2yr Leg 6mo Breast 1.2yr Breast Averages(⇓) Essentiality

Pro 0.0429 0.0410 0.0425 0.0413 0.2064 0.2117 0.2077 0.2006 1.572 1.642 1.587 1.581 1.595 
Gly 0.0559 0.0561 0.0572 0.0547 0.2638 0.2851 0.2702 0.2689 1.552 1.626 1.553 1.592 1.580 
Ala 0.0763 0.0785 0.0771 0.0776 0.0967 0.1011 0.0979 0.0940 0.237 0.253 0.240 0.192 0.231 
Arg 0.0537 0.0544 0.0545 0.0535 0.0556 0.0554 0.0522 0.0505 0.034 0.018 -0.043 -0.058 -0.012 (+)
Ser 0.0491 0.0500 0.0492 0.0499 0.0354 0.0331 0.0375 0.0403 -0.327 -0.413 -0.271 -0.214 -0.306 
Glu 0.1422 0.1384 0.1401 0.1404 0.0912 0.0891 0.0904 0.0961 -0.444 -0.440 -0.438 -0.379 -0.425 
Asp 0.0964 0.0982 0.0985 0.0970 0.0582 0.0553 0.0562 0.0603 -0.503 -0.573 -0.560 -0.475 -0.528 
Cys 0.0112 0.0067 0.0069 0.0111 0.0061 0.0033 0.0069 0.0043 -0.612 -0.728 0.011 -0.936 -0.566 
Thr 0.0521 0.0517 0.0515 0.0522 0.0242 0.0211 0.0244 0.0271 -0.767 -0.894 -0.746 -0.657 -0.766 +
Phe 0.0344 0.0330 0.0339 0.0336 0.0163 0.0154 0.0165 0.0145 -0.745 -0.763 -0.720 -0.837 -0.767 +
Lys 0.0872 0.0874 0.0872 0.0873 0.0382 0.0390 0.0353 0.0391 -0.825 -0.807 -0.903 -0.803 -0.835 +
Val 0.0629 0.0675 0.0659 0.0644 0.0285 0.0232 0.0299 0.0265 -0.792 -1.067 -0.789 -0.889 -0.884 +
Leu 0.0899 0.0898 0.0896 0.0900 0.0349 0.0308 0.0349 0.0346 -0.946 -1.068 -0.943 -0.956 -0.978 +
Ile 0.0555 0.0563 0.0557 0.0560 0.0190 0.0153 0.0185 0.0183 -1.070 -1.301 -1.101 -1.116 -1.147 +

Met 0.0266 0.0270 0.0263 0.0273 0.0083 0.0073 0.0065 0.0086 -1.163 -1.313 -1.405 -1.156 -1.259 +
Tyr 0.0300 0.0291 0.0302 0.0288 0.0093 0.0071 0.0077 0.0085 -1.172 -1.406 -1.365 -1.220 -1.291 
His 0.0256 0.0277 0.0267 0.0266 0.0078 0.0065 0.0071 0.0077 -1.187 -1.446 -1.324 -1.235 -1.298 +
Trp 0.0081 0.0074 0.0071 0.0084 - - - - - - - - - +
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Table 3. Difference in Amino Acid Quantities between 
Eggs and Chicks 

This table provides a comparison of amino acid quantities 
in chicken egg contents and chicks, based on molar amounts. 
The original data, reported as mass amounts in the 
referenced literature [22], have been converted to molar 
quantities for this analysis. Measurements were made for 
both high-weight and low-weight strain lines within the 
chicken species, and the data are presented as average molar 
quantities of each amino acid per egg and per chick. The 
comparison between the amino acid quantities of eggs and 
chicks was performed by calculating the logarithmic ratios 
to identify significant differences. Amino acids in the table 
are sorted in descending order based on the average 
logarithmic values for both high-weight and low-weight 
strains. Similar to Table 2, the rightmost column displays 
the amino acids' essentiality with a plus sign. Additionally, 
arginine, which is essential in chickens but not in humans, 
is indicated with a parenthesized plus sign. The ordering did 
not show a strong correlation with the essential amino acids 
in chickens; however, it is notable that glycine and proline 
levels, both non-essential amino acids, significantly 
increased in both strains, which is believed to result from 
extensive synthesis of collagen in the extracellular matrix. 
Additionally, the transition from egg to chick demonstrated 
an increase in the quantities of arginine and histidine, which 
are considered essential amino acids in chickens, 
suggesting that while these amino acids are classified as 
essential, there may be a retained capacity for their 
synthesis within the organism. 
 
Note: Consistent with the measurement methods used, 

glutamine and asparagine were reported as glutamic and 
aspartic acids, respectively, due to the processing methods 
used at the time of measurement. As a result of these 
conversions and the absence of threonine measurements 
in this study, the analysis is based on 17 amino acids 
instead of the standard set of 20. 

 

 

High Weight Line Low Weight Line
Amino Acids Eggs Chicks LN(Chick/Egg) Eggs Chicks LN(Chick/Egg) Averages (⇓) Essentiality

Gly 0.186 0.402 0.770 0.145 0.355 0.894 0.832 
Pro 0.233 0.366 0.449 0.184 0.321 0.557 0.503 
Arg 0.353 0.448 0.238 0.322 0.382 0.172 0.205 (+)
Glu 0.751 0.776 0.033 0.585 0.676 0.145 0.089 
His 0.144 0.166 0.138 0.130 0.133 0.023 0.081 +
Ala 0.328 0.333 0.015 0.265 0.302 0.132 0.073 
Tyr 0.174 0.180 0.035 0.142 0.154 0.077 0.056 
Lys 0.416 0.432 0.038 0.376 0.373 -0.008 0.015 +
Thr 0.250 0.243 -0.028 0.205 0.214 0.044 0.008 +
Leu 0.498 0.491 -0.015 0.417 0.429 0.028 0.006 +
Asp 0.575 0.532 -0.077 0.483 0.477 -0.013 -0.045 
Phe 0.321 0.285 -0.118 0.263 0.253 -0.039 -0.079 +
Val 0.390 0.340 -0.136 0.328 0.320 -0.023 -0.080 +
Ile 0.324 0.276 -0.159 0.282 0.261 -0.077 -0.118 +
Cys 0.076 0.062 -0.207 0.065 0.062 -0.060 -0.133 
Ser 0.339 0.271 -0.227 0.277 0.244 -0.126 -0.177 
Met 0.156 0.092 -0.529 0.148 0.091 -0.479 -0.504 +


