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Abstract
From an individual bacterium to the cells that compose the human immune system, cellular

chemotaxis plays a fundamental role in allowing cells to navigate, interpret, and respond to their

environments. While many features of cellular chemotaxis are shared among systems as diverse

as bacteria and human immune cells, the machinery that guides the migration of these model

organisms varies widely. In this article, we review current literature on the diversity of chemoat-

tractant ligands, the cell surface receptors that detect and process chemotactic gradients, and the

link between signal recognition and the regulation of cellular machinery that allow for efficient

directed cellular movement. These facets of cellular chemotaxis are compared among E. coli,

Dictyostelium discoideum, andmammalian neutrophils to derive organizational principles by which

diverse cell systems sense and respond to chemotactic gradients to initiate cellular migration.
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1 INTRODUCTION

1.1 Cell communication andmovement

Biological organisms are open systems, exchanging energy and mat-

ter with the environment during replication, growth, reproduction,

and death. These exchanges of energy and matter play out on the

organismal level as well as the cellular level. Just as ants perceive

and respond to their environments by interpreting and depositing

pheromones, individual cells similarly communicate with their envi-

ronments through the bidirectional exchange of biological informa-

tion across the cell membrane.1–3 To ensure survival, a cell must

be able to not only sense the state of the surrounding extracellular

space (e.g., the presence or absence of nutrients), but to also enact an

appropriate response (e.g., modification of cellular metabolism). Both

prokaryotic and eukaryotic cells have evolved remarkably elegant

communication systems for such purposes, and these sophisticated

systems directly allow for the existence of complex cellular communi-

ties andmulticellular organisms.

Importantly, cells are not static entities. When Robert Hooke

peered through his microscope at a thin piece of cork, and, for the first

time, described the biologic ‘cell’,4 he failed to appreciate the dynamic

capabilities of living cells (the piece of cork he was observing was no
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longer living). The discovery that cells are motile entities was made

contemporaneously by Antoni van Leeuwenhoek, who aptly described

the animate behavior of the ‘little animalcules’ (microorganisms) he

observed.5 Cellular movement is essential for nearly all cell types

and enables diverse biologic phenomena ranging from the sourcing of

nutrients by bacteria to leukocyte recruitment during inflammation.6

1.2 The diversity and complexity of

directedmigration

Directed migration occurs on multiple scales. The migration of

alphaproteobacteria in response to the earth’s magnetic field,7 the

migration of neurons in the developing brain,8 and even the remark-

able seasonal migration of bar-tailed godwits,9 follow a common

process: in each case, the organism interprets and responds to an envi-

ronmental cue to guide its migratory route. In the context of individual

cells, migration can be stimulated by incredibly diverse environmen-

tal cues, including light (i.e., phototaxis10), chemicals (i.e., chemotaxis11),

temperature (i.e., thermotaxis12), stiffness (i.e., durotaxis13), electric

fields (i.e., electrotaxis14), or even gravity (i.e., gravitaxis15). Importantly,

cells do not typically have tactic responses when exposed to constant

levels of environmental stimuli but migrate only in response to tem-

poral or spatial gradients. Though gradient-sensing capabilities exist
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F IGURE 1 A communicationmodel for cellular chemotaxis in prokaryotic and eukaryotic systems. (A) The Shannon-Weavermodel of commu-
nication. The input of the prokaryotic (B) and eukaryotic (C) chemotactic communication system can be considered the interaction of the message
(i.e., chemoeffector) and the transmitter (i.e., chemoattractant receptor). The input is transmitted over a noisy channel (i.e., intracellular signaling
cascades) to a receiver which decodes and reproduces themessage in such away to cause directed cellular movement. Prokaryotic and eukaryotic
chemotactic communication systems use different messages and transmitters to achieve the same outcome (i.e., cellular migration). The objective
of this review is to highlight the similarities and differences of the chemotactic input for prokaryotic and eukaryotic systems

in nearly all cells, the respective mechanisms by which prokaryotic

and eukaryotic cells sense external gradients differ. Due to their

small size, prokaryotes sense gradients temporally by randomly tum-

bling until they stochastically arrive at a region of higher stimu-

lus concentration (i.e., moving “up” the gradient), at which point

they decrease their tumbling rate to prolong movement toward the

stimulus.16–18 In contrast, eukaryotic cells integrate both temporal

and spatial information to sense gradients, utilizing cell surface recep-

tor occupancy and complex intracellular signaling pathways to mea-

sure the stimulant concentration difference between the ends of

the cell.19–21

Chemotaxis, the directed migration of cells in response to a chem-

ical stimulus, is critical for the survival of cells and organisms alike.

Prokaryotic chemotactic mechanisms have been most extensively

studied in Escherichia coli, where a relatively simple signaling cascade

promotes the counterclockwiseor clockwise rotationof flagella to pro-

duce either forwardmotionor tumbles, respectively.18,22,23 Eukaryotic

chemotactic mechanisms have been most extensively studied in the

amoeboidDictyostelium discoideum andmammalian neutrophils, where

chemoattractants trigger intricate signaling cascades contributing to

diverse cellular processes including the establishment of cellular polar-

ity and extension of the cell membrane.17,19,24,25 Both prokaryotic and

eukaryotic cells exhibit unique morphologic modes of migration (e.g.,

swarming for prokaryotes; collective cell migration for eukaryotes)

depending on cell type and environment,26–28 increasing the complex-

ity surrounding the study of chemotaxis.

1.3 Chemotaxis as a cellular communication system

One approach to simplify the complex phenomenon of chemotaxis

is to visualize it as a cellular communication system29–33 (Fig. 1).

Claude Shannon, the father of communication theory, remarked in his

landmark paper A Mathematical Theory of Communication, “The funda-

mental problem of communication is that of reproducing at one point

either exactly or approximately amessage selected at another point”.34

In an effective communication system, a message must be faithfully

encoded by a transmitter, sent over a channel (where it encounters

noise), delivered to a receiver, and then reconstructed into the same (or

approximately the same) message (Fig. 1A). For the cellular communi-

cation system resulting in chemotaxis, the message to be transmitted

is the chemotactic signal, or more specifically the gradient of chemoat-

tractant molecules along which a cell should migrate (Fig. 1B and C).

The fundamental problem then, as Shannon described, is the decoding

and processing of that message by the cell in such a way that it can be

reproduced (i.e., the cell canmove along the chemotactic gradient).

The focus of this review is on utilizing an information theoretical

framework to help decode the chemotactic signal. Specifically, we will

consider howprokaryotic (Fig. 1B) and eukaryotic (Fig. 1C) chemotaxis

systems have remarkably diverse inputmessages yet are able to convey

the same meaning, namely cellular movement along the chemoattrac-

tant gradient. Additionally, we will explore how chemoattractants and

receptor systemswork in tandem to generate a signal for transmission

over the channel, and the implications of using a common transmitter
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F IGURE 2 Messages and transmitters in prokaryotic and eukraryotic chemotactic systems.Chemotacticmessages of prokaryotes and eukary-
otes alike can be grouped by “type” (i.e., danger, communication, or nutrient signal) and eachmessage is transmitted through an integral membrane
protein shown here. Comparing the prokaryotic (A) messages shown (phenol, PDB ID: 5KBE;maltose, PDB ID: 1MPD; AI-2, PDB ID: 2HJ9) to their
eukaryotic (B) counterparts (cAMP, PDB ID:5KJY; folate, PDB ID 4QLE; chemokine IL-8, PDB ID: 1IL8; LTB4, PDB ID 3ZUO; fMLP, PDB ID: 1Q7O;
C5a, PDB ID: 5B4P), the increased molecular size and complexity of eukaryotic messages can be appreciated. All messages for Escherichia coli are
transmitted through the common MCP Receptor architecture shown (from top to bottom; ligand binding domain, PDB ID:4Z9H; HAMP domain,
PDB ID: 3ZX6; signaling domain, PDB ID: 3JA6; CheA andCheW, PDB ID: 3JA6)which is considerably larger that of the eukaryotic transmitter (i.e.,
GPCR). No structures are available for Dictyostelium discoideum GPCRs, G proteins, or arrestin domain-containing proteins (ADC), so shown are
mammalian examples (GPCR andG Protein, PDB ID: 3SN6; ADC, PDB ID: 4R7X). Formammalian neutrophils, shown is an example of a chemokine
receptor (CCR5, PDB ID: 4MBS), the heterotrimeric G protein (PDB ID: 3SN6), and 𝛽-arrestin 1 (PDB ID: 4JQI). Arrows shown indicate which pro-
teins are thought to begin transmission through the noisy channel (i.e., begin the intracellular signaling cascades). The arrow below ADC is in light
gray as it is unclear whether or not arrestin domain-containing proteins play a role inDictyostelium discoideum cAMP-mediated chemotaxis

architecture (i.e., methyl-accepting chemotaxis proteins (MCPs) in

bacteria and G protein-coupled receptors (GPCRs) in eukaryotes).

By understanding chemotaxis by analogy to communication the-

ory, we hope to apply principles such as message size, complexity,

and redundancy, as well as transmitter capacity and combinatorial

complexity to extract fundamental principles and paradoxes of diverse

chemotaxis systems.

2 OVERVIEW OF THE MESSAGE

AND TRANSMITTER

2.1 The input for chemotaxis

We begin by discussing general features of the input for chemotaxis,

namely the chemoattractant and chemoattractant receptor systems.

WedrawuponShannon’smodel of communication by considering both

the message that is being conveyed and the transmitter that “oper-

ates on the message in some way to produce a signal suitable for

transmission”.34 For our purposes, we designate the chemoattractant

ligandas themessageand the chemoattractant receptor as the transmit-

ter, and the result of their interaction as the input (Fig. 1). The transmit-

ter (chemoattractant receptor) can be said to “operate” on themessage

(chemoeffector ligand) to initiate complex signal transduction path-

ways (through the noisy channel) that ultimately lead to the output of

chemotaxis. Here, we will compare and contrast the chemotactic input

for prokaryotes (E. coli) and eukaryotes (Dictyostelium discoideum and

mammalian neutrophils) in an attempt to derive general design princi-

ples for the architecture of effective chemotactic signal transmission.

2.2 The chemotactic message and transmitter

for prokaryotes

First, we consider the message driving prokaryotic chemotaxis. As the

most extensively studied prokaryotic chemotaxis systems are bacte-

rial, we restrict our considerations here to bacterial species (specif-

ically, to E. coli), though the archaeal systems that have been studied

are remarkably similar.35 Bacteria are broadly capable of recognizing

diverse chemoattractant and chemorepellant messages including

amino acids, sugars, peptides, toxins, alcohols, and oxygen.23 Bacterial

chemotactic messages can also be grouped according to the “type” of

message they represent, for instance nutrient (e.g., amino acids, sug-

ars), environmental (e.g., pH, temperature), danger (e.g., phenol, lipids,

other repellants), or communication (e.g., AI-2, which choreographs

quorum sensing behaviors)36,37 (Fig. 2A). Finally, bacterial chemotactic

messages can also be grouped according to their receptor-activation

mechanism. Some chemotactic ligands freely diffuse into the periplas-

mic ligand binding domain (LBD) of the chemoreceptor, whereas
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others (e.g., dipeptides, sugars, AI-2) bind first to a periplasmic binding

protein (BP), and the ligand-BP complex then binds and activates

the receptors.38–41

Next, we consider the transmitter that interprets the messages

encoded in bacterial chemoeffectors tomodulate chemotaxis. Bacteria

possess highly conserved machinery for recognizing and responding

to environmental chemoeffectors.42 This machinery includes plasma

membrane-spanning chemoreceptors, known as MCP receptors, and

a cohort of cytosolic kinases and adaptor proteins that relay MCP

chemoattractant recognition signals to the flagellar motor complex to

alter chemotactic direction (Fig. 2A). An MCP receptor core-signaling

unit is composed of a trimer of dimers, and the LBD is commonly

located at the periplasmic dimer interface. Ligand binding induces

conformational and/or dynamic changes that are transmitted through

the plasmamembrane to a cytosolic “signal conversionmodule” known

as a HAMP domain, which in turn transmits these changes to the sig-

naling domain (SD), themost conserved domain ofMCP receptors.36,43

These changes in the SD inhibit autophosphorylation of the histidine

kinase CheA through a cytosolic adaptor, CheW. Decreased CheA

phosphorylation results in decreased phosphorylation of the cytosolic

effector CheY, which directly regulates the flagellar motor complex to

direct chemotaxis. The MCP receptor core-signaling unit complexes

with CheA and CheW to form supramolecular hexagonal arrays

(chemosensory arrays) consisting of thousands of proteins, and these

chemosensory arrays allow for significant amplification (at least 50-

fold) of the chemoeffector stimulus.44–48 While the MCP architecture

described is the best studied and most common architecture, MCP

receptors can adopt alternative architectures, although all contain the

conserved SD.43

The model system E. coli encodes five MCP receptors, each of

which recognizes on the order of 1–2 ligands: Tsr (taxis to serine

and repellants), Tar (taxis to aspartate and repellants), Tap (taxis

to dipeptides), Trg (taxis to ribose and galactose), and Aer (taxis

to oxygen).36 The amino acid-binding MCP receptors (Tsr and Tar)

are approximately 10-fold more abundant than the low-abundance

dipeptide and sugar-biding MCP receptors (Tap and Trg).49 Aer is

an unorthodox MCP receptor50 due to the presence of a cytoplas-

mic N-terminal Per-Arnt-Sim (PAS) sensing domain rather than a

periplasmic LBD.36 Regardless, all five E. coli MCP receptors share

identical trimer contact residues,22 which enable participation in

mixed trimers of dimers or “receptor squads” and allow for complex,

amplified signaling.51

2.3 The chemotactic message for eukaryotes

For D. discoideum, the chemoattractant message is well described for

each stage of its life cycle,52 and is limited to a few players. During

its vegetative growth stage, D. discoideum cells migrate toward food

sources by responding selectively to folate.52,53 Upon starvation, D.

discoideum cells aggregate to form a multicellular structure by selec-

tively responding to cAMP secreted by other D. discoideum cells.54,55

In contrast, the chemoattractant message for mammalian neutrophils

(and even more broadly, for leukocytes) is considerably more complex.

Neutrophils respond to a wide variety of chemoattractants including

lipids (e.g., leukotriene B4 (LTB4),56 platelet-activating factor (PAF)57),

peptides (e.g., fMLP,58 LL-3759), protein fragments (e.g., C5a60), and

proteins (e.g., chemokines61–63), each of which orchestrates a unique

migration response critical for efficient neutrophil function.61 Sim-

ilar to their prokaryotic counterparts, eukaryotic chemoattractant

messages can be grouped according to the “type” of message they

represent, whether nutrient (e.g., folate), “danger” (e.g., fMLP, LL-37,

LTB4, PAF, C5a), or communication (e.g., cAMP, chemokines) (Fig. 2B).

Alternatively, eukaryotic chemoattractant messages can be grouped

according to size (Fig. 3), whether small molecule (e.g., folate, cAMP),

lipid (e.g., LTB4, PAF), peptide (e.g., formylated peptides), or protein

(e.g., chemokines, complement products).

Eukaryotic chemoattractant messages are primarily transmitted

through members of the GPCR superfamily. GPCRs share a common

seven transmembrane (7TM) helical architecture with an extracellu-

lar N-terminus, alternating intracellular and extracellular loops, and

an intracellular C-terminus.64,65 Agonist binding to GPCRs leads to

structural and dynamic changes that are transmitted to the intracel-

lular side of the receptor, classically resulting in the activation of het-

erotrimericGproteins.64,65 HeterotrimericGproteins consist of 3 sub-

units, G𝛼, G𝛽 , and G𝛾 . Upon activation, the G𝛼 subunit exchanges GDP

for GTP and the heterotrimer dissociates into 2 functional units, G𝛼-

GTP and G𝛽𝛾 , which then activate a number of distinct downstream

signaling pathways.66,67 In humans, there are 16 genes that express

21 G𝛼 subunits of 4 main classes (G𝛼i/o, G𝛼s, G𝛼q/11, and G𝛼12/13),

grouped according to sequence similarity and the downstream signal-

ing pathways they trigger.67 GPCRs are known to exhibit specificity for

one or more G𝛼 classes,68,69 and while mammalian chemoattractant

responses are largely mediated through G𝛼i/o, most chemoattractant

GPCRs also act through G𝛼q/11 and G𝛼12/1370 (see Fig. 3C). In con-

trast,Dictyostelium discoideum cells express 14 distinct G𝛼 subunits, all

ofwhich share 40–50% identity and aremost similar to themammalian

G𝛼i/o class.19,53,71 D. discoideum chemoattractant GPCRs are associ-

atedwith2 specificG𝛼 subunits, G𝛼2 (for cAMP-mediated chemotaxis)

and G𝛼4 (for folate-mediated chemotaxis) (Fig. 3B).53 Compared to

the G𝛼 subunit, the G𝛽𝛾 subunit shows less genetic diversity, with 5

G𝛽 and 12 G𝛾 subunit genes in humans and only a single G𝛽 and G𝛾

subunit gene in D. discoideum.19,67 Though it was classically thought

that chemotactic responsesweremediated through theG𝛽𝛾 functional

unit (with the G𝛼 acting as a “timer”, controlling the release and conse-

quent activation of G𝛽𝛾), both G𝛼-GTP and G𝛽𝛾 have been shown to

play important roles in directing eukaryotic chemotaxis, each trigger-

ing unique signaling cascades that are necessary for both the establish-

ment of cellular polarity andmigration.72–76

Following activation, GPCRs are phosphorylated at their intracel-

lular loops and C-terminal tail by GPCR kinases (GRKs), facilitating

interactions with 𝛽-arrestins.77 𝛽-arrestins have important roles in

receptor desensitization and internalization, but also act as G protein-

independent signal transducers for GPCRs.77 In the context of mam-

malian cell chemotaxis, 𝛽-arrestins not only modulate receptor G pro-

tein signaling and surface expression, but to also contribute to the

spatial regulation of actin assembly proteins.78 Mammals express 2

nonvisual arrestins (𝛽-arrestin1 and 𝛽-arrestin2), both of which play

important roles in mammalian cell chemotaxis.78–80 𝛽-arrestin1 and
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F IGURE 3 Comparison of communication circuitry among different organisms by message complexity. Chemotactic messages of different
chemical complexity (i.e., small molecule, lipid, peptide, and protein) have different repertoire sizes (i.e., the number of ligands) and utilize unique
circuitry to transmit their message. (A) Escherichia coli is used as an example to show the message, transmitter, and noisy channel architecture of
each circuit.Messages (i.e., ligands) are shownasblueboxes. The transmitters (i.e.,MCPreceptors,Cheproteins) are shownas grayboxes.Messages
are connected to their corresponding transmitters via solid black lines, with uncertain or debated connections shown in gray. (B) Dictyostelium
discoideum utilizes soley small molecule chemoattractant ligands, while (C) mammalian neutrophils utilize lipid, peptide, and proteinmessages. The
G protein specificity of each message-transmitter system is shown. Regardless of the specific message chemical complexity and receptor subtype,
all systems seem to require G𝛼i/o for chemotactic signaling, though most also signal through other G protein subtypes (specifically, through the
G𝛼q/11 family). The role of 𝛽-arrestins in chemotactic signaling for many systems is still being elucidated (shown as gray arrows), but 𝛽-arrestin 1
and 𝛽-arrestin 2 have been shown to be required for chemokine-mediated chemotactic signaling
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𝛽-arrestin2 are required for chemotaxis in some mammalian cell sys-

tems, though their precise role is undefined in many contexts.78

In contrast, D. discoideum is not known to have true arrestins, but

rather contains six distinct arrestin-domain containing proteins (AdcA,

AdcB, AdcC, AdcD, AdcE, AdcF).81,82 Two of these arrestin-domain

containing proteins (AdcB and AdcC) may play a role in cAMP

signaling inD. discoideum, but their role in mediating chemotaxis is still

unclear (Fig. 2B).81,83

2.4 Transmitting unique chemotactic messages

in eukaryotes

To addressmessage (i.e., chemoattractant) diversity present in eukary-

otic systems, we will now consider the chemoattractant messages

for eukaryotic chemotaxis systems in more detail. We will consider

these messages according to their relative size and chemical com-

plexity (small molecule, lipid, peptide, protein fragment, and protein),

and explore their interactions with their respective transmitters (i.e.,

GPCRs, heterotrimeric G proteins, and 𝛽-arrestins) (Fig. 3).

2.4.1 Small molecule chemoattractants

While prokaryotic chemotactic messages are nearly exclusively small

molecules (See Section 2.2, Fig. 3A), eukaryotic chemotactic responses

to small molecule messages are largely limited to the soil-dwelling

amoeba D. discoideum (Fig. 3B). As noted above, D. discoideum cells

primarily respond to two distinct small molecule chemoattractants,

folate and cAMP, and modulate their responsiveness to each molecule

with respect to their current life cycle stage.84 Four cAMP recep-

tors have been identified in D. discoideum (cAR1, cAR2, cAR3, and

cAR4), eachwith unique expression patterns and affinities for cAMP.85

D. discoideum cARs signal through G𝛼2-associated heterotrimeric G

proteins,85,86 and may interact with arrestin-domain containing pro-

teins to modulate cAMP responses.83 To date, only 2 folate receptors

have been identified in D. discoideum (fAR1 and fAR2), and only fAR1

has been shown to be required for folate-induced signaling.87 Further,

recent evidence suggests that the folate receptor fAR1couples toG𝛼4-

associated heterotrimeric G proteins, rather than G𝛼2.87

2.4.2 Lipid chemoattractants

Eukaryotic chemotactic responses to lipids (e.g., LTB4, PAF) are typ-

ically associated with neutrophils (and other mammalian leukocytes)

rather thanwithD. discoideum (Fig. 3C), though there are some reports

of D. discoideum responding chemotactically to LPA.86,88 Leukotriene

B4 (LTB4) is an arachidonic acid derivative produced in response to

inflammation, and is a potent chemoattractant for neutrophils (as

well as for other leukocytes including eosinophils, monocytes, and T

cells).89,90 LTB4 binds 2 highly homologous (45.2% sequence identity)

G protein-coupled receptors, BLT1 andBLT2.90,91 BLT1, expressed pri-

marily on leukocytes, binds LTB4 with higher affinity than BLT2, which

is expressed ubiquitously.91 BLT1 and BLT2 are promiscuous in their

affinities for different heterotrimeric G proteins, signaling through

members of both the G𝛼i/o and G𝛼q/11 classes, though both require

G𝛼i signaling to mediate chemotactic responses.91 Platelet activating

factor (1-O-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine; PAF),92 is

a general term for a group of phospholipid molecules whose chemical

identity is dependent onboth the cell type and the stimulus that lead to

its production.57,93 PAFmediates chemotaxis by interactingwith a sin-

gle GPCR, platelet-activating factor receptor (PAFR).94 PAFR signals

throughbothpertussis toxin (PTX)-sensitiveG𝛼i/o andPTX-insensitive

G𝛼q/11 heterotrimeric G protein classes,95,96 though, similar to BLT1

and BLT2, PAFR-driven chemotactic events are mediated exclusively

through G𝛼i/o signaling.97

2.4.3 Peptide chemoattractants

Forymylated peptides are produced and secreted by bacteria, which

initiate protein synthesis with a formylated methionine. These pep-

tides act as pathogen-associated molecular patterns (PAMPs), alerting

the immune system to bacterial pathogens by triggering chemotaxis of

neutrophils andother immune cells following peptide interactionswith

formyl peptide receptors 1–3 (FPRs 1–3) (Fig. 3C).98 FPR1 and FPR2

respond to formylated peptides of different lengths, with FPR1 prefer-

ring shorter peptides and FPR2 preferring longer peptides.98,99 FPR3

shares ligands with FPR2, but binds fewer peptides than FPR1 and

FPR2, and all 3 receptors are associated with chemotactic responses

of mammalian immune cells.99 FPRs 1 and 2 are unusually promis-

cuous, jointly estimated to recognize over 100,000 different formy-

lated peptides, which, if true, would constitute the largest ligand sets

of any GPCRs.100 Like other mammalian chemoattractant receptors,

FPRs primarily couple to G𝛼i/o proteins, but coupling to other G pro-

teins has been reported.101

2.4.4 Protein chemoattractants

With approximately 45 chemokine ligands and 20 receptors, the

chemokine-receptor system represents the most extensive system of

ligands and receptors for mediating chemotaxis (Fig. 3C). Chemokine

ligands can be subdivided structurally, by the arrangement of a con-

served set of cysteines (i.e., CC, CXC, CX3C, and XC) or by their func-

tional role (e.g., inflammatory versus homeostatic).102 Receptors are

subdivided based upon the type of ligand they bind (i.e., CC recep-

tors, CCRs, or CXC receptors, or CXCRs). While there are no appar-

ent structural features distinguishing CCRs and CXCRs, instances in

which CC chemokines bind CXC receptors and vice versa are rare.103

Members of a third class of chemokine receptors known as atypical

chemokine receptors (ACKRs) do not couple to G proteins (although G

protein coupling has been reported to the atypical receptorCCRL1104)

and are incapable of eliciting chemotaxis. Instead, ACKRs modu-

late extracellular chemokine gradients by internalizing chemokine lig-

ands and targeting them for degradation.104,105 Despite widespread

promiscuity, some chemokines and receptors are monogamous, bind-

ing only one respective partner.106 Receptor promiscuity is regu-

lated at the systems level by the selective expression of different

chemokine receptors on different cell types, and the selective expres-

sion of chemokines in different physiologic and anatomical contexts.

Broadly speaking, chemokine receptor subsets are expressed on all

major immune cells.107 Like other chemoattractantGPCRs, chemokine
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receptors primarily couple toG𝛼i/o proteins, but havebeen reported to

couple to G𝛼s, G𝛼q/11, and G𝛼12/13.108

Other protein chemoattractants include cleavage products of the

complement system. The complement system consists of a set of

cytosolic proteins that are activated in innate immune responses to

trigger killing, phagocytosis, and clearance of pathogens and infected

cells, as well as recruit immune cells to sites of infection.109,110The

principle complement pathways (i.e., classical, alternative, and lectin

pathways) are activated by different stimuli to initiate generation of a

set of secreted protein fragments. These fragments, in turn, can assem-

ble a lethal pore complex in the pathogen’s membrane (i.e., membrane

attack complex, MAC), signal to immune cells, or opsonize pathogens

for subsequent phagocytosis.109 Two of these secreted complement

protein fragments, C3a (∼9 kDa) and C5a (∼11 kDa), interact with cell
surfaceGPCRs to trigger chemotaxis111,112 (Fig. 3C). C5a binds 2 com-

plement receptors, C5aR and C5L2 which are typically coexpressed

with one another on immune and nonimmune cells.112,113 Whereas

C5aR activation results in the activation of G proteins and 𝛽-arrestins,

C5L2 activation does not activate G protein, functioning exclusively

through 𝛽-arrestin pathways, analogously to ACKRs.113,114 Like other

eukaryotic chemoattractant receptors, C5aR signals through both the

PTX-sensitive G𝛼i/o and the PTX-insensitive G𝛼q/11 heterotrimeric G

protein classes.95,115 C3a binds C3aR on the surface of many immune

and nonimmune cells, and stimulates chemotaxis in both a direct and

indirect fashion.116–119 Though C3aR has also been shown to signal

throughG𝛼i/o,G𝛼q/11, andpotentiallyG𝛼12/13heterotrimericGpro-

tein classes, its intracellular signaling pathways are cell type-specific

and distinct from those stimulated by C5aR.120–122

3 HOW MUCH INFORMATION?

3.1 The information in chemotactic

communication systems

In communication theory, information is the “measure of one’s freedom

of choice when one selects a message”.34 For example, each character

in the Latin alphabet (26 characters) possessesmuchmore information

than each character ofMorse code (3 characters: dot, dash, and space),

because one has significantly more choice in how to express oneself

when choosing from the larger set of Latin characters.123 Indeed, it

takes a sequence of dots and dashes to specify a single letter of the

alphabet, and thus more dots and dashes than letters to specify the

same word, showing how symbols vary in the amount of information

they encode.

Like Morse code and the Latin alphabet, chemoattractant ligands

encode different amounts of information to coordinate chemotaxis in

bacteria,D. discoideum, and immune cells. In this section,we ask the fol-

lowing questions: Howdiverse are the sets of chemoattractant symbols

used by these systems, and howmight that change the amount of infor-

mationeach system is able to convey in the context of chemotaxis?How

diverse are the sets of cell-surface receptors that receive and transmit

themessages encoded in chemoattractants, and howmight their diver-

sity and type alter ability to transmit the full meaning of the encoded

messages to the inside of the cell? How are the chemoattractant alpha-

bets used by these systems strung together into sentences that convey

more complex instructions? Finally, why do bacteria, D. discoideum,

and immune cells use such different alphabets to accomplish the

same task?

In this section, we address these questions with the help of 4 princi-

ples: (1) message alphabet size, (2) message complexity, (3) transmitter

capacity, and (4) combinatorial complexity (Fig. 4). These principleswill

help inform the way we understand how different organisms encode

information to direct complex chemotactic processes. In each subsec-

tion,wewill highlight illustrativeexamplesof howtheseprinciples shed

light on cellular chemotaxis in different systems.

3.2 Understanding chemotactic information

bymessage alphabet size

The idea of information as a function of ‘message alphabet size’

was developed by Ralph Hartley. Hartley developed an equation that

defines the amount of information in a message as the base 2 loga-

rithm of the number of symbols from which it was selected (i.e., the

alphabet size).34,124 For instance, a symbol chosen at random from a

set of 32 symbols carries 5 bits of information per symbol (number

of possible symbols = 2amount of information per symbol, or 32 = 25). With

this equation, we see that larger alphabets contain more information

per symbol (Fig. 4A). If we compare chemoattractant message alpha-

bet sizes of E. coli, D. discoideum, and neutrophils, we find widespread

variation in the information content among chemoattractant ligands or

messages. For E. coli, whose alphabet contains ∼10 messages (see Sec-

tion 2.2), each individual message is estimated to contain only ∼3 bits

of information per ligand. Similarly, the 2 chemoattractant messages

forD. discoideum (i.e., cAMPand folate) each carry only 1bit of informa-

tion. The chemoattractant message alphabet for neutrophils is by far

the largest, withmore than 100,000 estimatedmessages.100 Each neu-

trophil chemoattractant message thus contains ∼17 bits of informa-

tion, significantly more information than either E. coli or D. discoideum

chemoattractant messages.

Chemoattractant message alphabet size can be defined in two

other ways, the number of ligands belonging to a particular class (e.g.,

chemokines vs. formylated peptides, see Fig. 3) or the number of lig-

ands binding a single chemoattractant receptor. Considering thesedef-

initions of message alphabet size, we find that E. coli and D. discoideum

possess restrictive alphabets by all definitions. For example,E. coliMCP

receptors recognize exclusively small molecule chemoeffectors and

each MCP receptor typically interacts with only 1–2 ligands (though

some MCP receptors have been reported to bind upward of 5).36 D.

discoideumprincipally respond to a single nutrient (i.e., folate) and a sin-

gle communication signal (i.e., cAMP), both ofwhich are smallmolecule

chemoeffectors. The alphabet size of ligands shared by a single recep-

tor is similarly limited, with cAMP and folate constituting the only

canonical ligands binding the respective receptors.52

Comparatively, mammalian neutrophils encode significantly larger

chemoattractant alphabets. Formylated peptides, which act as bac-

terial pathogen signals, and chemokines, which act as intercellular

communication signals, have alphabet sizes of >100,000100 and ∼45



366 THOMAS ET AL.

F IGURE 4 Four principles to decode the chemotactic signal. Comparisons of chemoattractant-receptor systems used by E. coli, D. discoideum,
and neutrophils bymessage alphabet size (A), message complexity (B), transmitter capacity (C), and combinatorial complexity (D) demonstrate that
chemoattractant receptor systems differentially encode complex chemotactic outcomes

ligands,103 respectively. In addition to these two large alphabets, mam-

malian neutrophils respond to two small alphabets: LTB4 and PAF,

which encodegeneral-use inflammation signals, and complement path-

way products (e.g., C5a), which encode pathogen danger signals.90

Considering the Hartley principle as above, in which symbols in large

alphabets encode more information than those in small alphabets,

formylated peptides are the most “information-rich” chemoattractant

class for neutrophils, followed by chemokines, then LTB4, PAF, and

complement, which are on par with E. coli and D. discoideum chemoat-

tractant systems. This theoretical information hierarchy agrees with

what is known biologically, as diverse bacterial pathogens encode

highly specific, “information-rich” chemical signals as compared to

broad-utility chemoattractant cues like leukotrienes and complement

products. Chemokines, which have an intermediate information capac-

ity according to Hartley’s principle, are used broadly as a family,

although individual ligand-receptor systems can be employed in highly

specific contexts.

Using communication theory to compare chemoattractant sys-

tems among E. coli, D. discoideum, and neutrophils highlights the

following question: Why do neutrophils need larger, more diverse

alphabets than their eukaryotic D. discoideum counterparts, despite

sharing much of the same receptor and intracellular machinery? The

answer to this question may be understood by comparing the context-

specificity afforded by small versus large chemoattractant alphabets.
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Large chemoattractant alphabets allowneutrophils toundergo chemo-

taxis to serve functionally diverse roles as a major arm of the innate

immune system, whereas D. discoideum undergo chemotaxis in only

two contexts. Thus, while both organisms utilize similar machinery,

differences in message alphabet size between neutrophils and D. dis-

coideum emphasize the difference in complexity between the two

eukaryotic organisms, illustrating the need for amore complete under-

standing of organism- or cell type-specific (e.g., mammalian rather than

broadly eukaryotic, neutrophil rather thanmacrophage) chemotaxis.

3.3 Understanding chemotactic information

bymessage complexity

The amount of information encoded in a chemoattractant ligand can

also be evaluated in terms of chemical complexity. To demonstrate this

principle, we borrow a concept developed by Hann and colleagues, in

which ligands and receptors are depicted by strings of “+” and “–“ signs
(e.g., receptor: – –+ –+ – –+ –; ligand:++ –) (Fig. 4B).125 In thismodel,

binding events only occur when ligand and receptor contain strings of

complementary signs,which represent the combination of interactions

(e.g., shape, electrostatics, van der Waals, H bonding, etc.) that create

binding specificity. Intuitively, the larger the ligand, the more require-

ments there are for it to make complementary interactions across a

more distributed receptor surface. While the authors use this analysis

to derive strategies for optimizing drug discovery efforts, it is useful to

consider the effect of increasing ligand complexity in instances where

nature has already provided specific ligand–receptor pairs.

The chemical complexity of chemoattractant messages for the

mammalian immunesystemvarydrastically byboth composition (small

molecules, modified peptides, lipids, and proteins) and size (∼330 Da

for cAMP vs. 9,000–12,000 Da for chemokines). Comparatively, the

composition and size of bacterial chemoattractant (or chemorepel-

lant) ligands is more limited, with the best studied bacterial ligands

(e.g., serine, aspartate, dipeptides, O2)< 500 Da (although it should be

noted that some chemoattractants bind periplasmic binding proteins

which then bindMCP receptors, see section 2.2). ThoughD. discoideum

is a eukaryotic system, the canonical D. discoideum chemoattractants

are much closer in size to prokaryotic (i.e., E. coli) chemoattractants

than to those of mammalian neutrophils, with cAMP at ∼330 Da and

folate at ∼440 Da. Thus, based on chemical complexity, mammalian

neutrophil chemoattractants have the potential to encode much more

information and conceivablymore complex outcomes than either E.coli

or D. discoideum. In effect, whereas E.coli and D. discoideum ligands

would be represented by short strings of +’s and –‘s, neutrophil lig-

ands would be represented, on average, by much longer strings of

+’s and –‘s.
What are the functional implications of utilizing “information-rich,”

complex ligands to organize chemotaxis? The comparatively complex

structure of chemokines, for one, allow many of them to encode sig-

naling specificity (i.e., biased signaling) at a given receptor, demon-

strating how a more chemically complex message enables complex

cellular outcomes.106 Interestingly, despite their structural complex-

ity, chemokines possess a highly conserved tertiary structure, which

constrains their chemical diversity to some extent. Moreover, the

high degree of chemokine structural similarity suggests that among

chemokines, complexity is encoded by substituting residue identi-

ties on a structurally conserved scaffold. It should be mentioned that

beyond receptor-interactions, the ligand complexity of chemokines

allows them to encode numerous other functions, some of which

are associated with chemotaxis, like GAG binding and homo-/hetero-

dimerization, as well as non-chemotactic functions, such as antimicro-

bial activity.126–128

Formylated peptides, which have lengths between 3 and 10 amino

acids on average, demonstrate much less individual complexity than

chemokines, but with >100,000 approximated members, they have

the potential to encode significantly more information by way of

combinatorial complexity.100 Nevertheless, molecular modeling stud-

ies suggest that formylated peptides, like chemokines, share a con-

served structure, despite divergent amino acid sequences. Bufe and

colleagues demonstrated the formation of a common “clawlike” fold,

stabilized by residues at only 3 peptide positions, which allows for con-

siderable sequence diversity at other peptide residues.100 Interest-

ingly, substitution of peptide residues outside of 3 conserved positions

had little effect on chemotaxis.100 In the context of the Hann model,

formylated peptide structural conservation and sequence constraints

may functionally limit their complexity such that instead of being rep-

resented by >100,000 unique strings of +/– symbols, apparently dif-

ferent formylated peptides may in fact be redundant, such that a com-

mon string of +/– symbols may more appropriately represent their

chemical complexity.

The chemical complexity framework highlights the following para-

dox: how do small, low-complexity chemoattractants, such as LTB4

maintain receptor specificity, while larger, high-complexity ligands,

such as chemokines, demonstrate widespread promiscuity? Regard-

ing the chemokine system, we speculate that chemokines sharing

common receptors are more evolutionarily related to one another

than those binding different receptors. Consequently, even though

all chemokines would be represented by long strings of +/– symbols

that should, in principle, be highly specific for an individual receptor,

chemokines sharing a common receptor would have closely related

+/- strings. While numerous structural studies of unique chemokine-

receptor interactions have highlighted how chemokines recognize

their receptors for specific ligand–receptor pairs, structures of dif-

ferent chemokines bound to the same receptor (and vice versa) and

new bioinformatics approaches will be needed to understand how

chemokines are able to be so promiscuous despite highly complex

interactions with their receptor counterparts.

3.4 Understanding chemotactic information

by transmitter capacity

In our discussion of information content of chemotactic systems,

we must also consider how the chemoattractant message is encoded

by the transmitter (i.e., receptor) (Fig. 4C). Transmitters may vary (1)

in the ways in which they encode different messages, and (2) the

extent to which they can encode the full complexity of the message.

In other words, while complex (i.e., “information-rich”) ligands can,

in principle, relay more information to the cytosol than can simple



368 THOMAS ET AL.

ligands (i.e., “information poor”), ligand complexity may be lost when

the signal is passed through the receptor such that the output signal

contains less information than the original ligandmessage. Thus, while

message alphabet size and message complexity are significant when

considering the information content of chemotactic systems, the

transmitter of the chemotactic message (i.e., the chemoattractant

receptor) plays a significant role as well. In this section, we summarize

this significance using the concept of “transmitter capacity.”

Shannon discusses encoding as a process of “operating on a mes-

sage” to change its format in a way that is “suitable for transmission

over the channel,” for instance encoding words into Morse code or

encoding speech into a digital signal to send over a telephone wire.34

In chemotactic signal transduction, the receptor (e.g., MCP receptor

or GPCR) encodes the message of the chemoattractant by undergo-

ing conformational anddynamic changes in the ligand-bound state, and

these changes are interpreted by cytosolic signaling molecules (e.g.,

CheA/W proteins in bacteria or G proteins/𝛽-arrestins in eukaryotes)

which relay the convertedmessage to the interior of the cell. Transmit-

ter capacity, or the ability of chemoattractant receptors to adequately

decode the complexity of chemoattractant messages for transmission

to the intracellular environment, is functionally constrained (1) at the

structural level, in the extent to which a given receptor can interpret

the differences of its numerous chemoattractant binding partners (i.e.,

receptor promiscuity), and (2) at the signaling level, in the extent to

which the same receptor can initiate complex outcomes through any

number of cytosolic effectors (i.e., biased signaling).

Considering first transmitter capacity at the structural level, bacte-

ria and eukaryotes have evolved vastly different receptor systems to

transmit information encoded in chemoattractant ligands to cytosolic

effectors that can regulate chemotaxis. Comparing the structures

used by prokaryotic and eukaryotic chemoattractant receptors, the

E. coli MCP receptors are >3000 kDa (i.e., as trimer-of-dimers) and

span ∼350 Å, whereas GPCRs are typically 40–50 kDa and span ∼
50 Å.129,130 It is interesting to consider the size discrepancy of the

two systems, relative to the sizes of their respective ligands. MCP

receptors are on the order of 104 times larger than their ligands by

mass, whereas GPCRs range from ∼1–10 times the mass of their

ligands. Despite this size difference, receptor promiscuity, or the

ability of a chemoattractant receptor to respond to more than one

chemoattractant ligand, is common to both bacterial MCP receptors

and eukaryotic GPCRs. However, the number of chemoattractantmes-

sages that a single receptor can transmit (i.e., the degree of receptor

promiscuity) differs for each organism. The∼10 chemotacticmessages

for E. coli are transmitted through only 5 MCP receptors, with each

MCP receptor transmitting 1–2 messages (or 10–20% of the total), on

average. In contrast, the 6 chemoattractant GPCRs (4 cAMP, 2 folate)

for D. discoideum transmit only 2 chemotactic messages, with a given

GPCR only transmitting 1 of the 2 messages (or 50% of the total).

Mammalian neutrophils are considerably more complex than either

E. coli or D. discoideum, with ∼30 chemoattractant GPCRs to interact

with >100,000 potential messages (see Section 3.2). For mammalian

neutrophils, however, it is perhaps more valuable to consider the

transmitter fidelity for each chemoattractant class (e.g., chemokines

vs formylated peptides) rather than the group together. For exam-

ple, we say that mammalian neutrophils have >100,000 potential

chemoattractant messages, but most of these are of the formylated

peptide class which are transmitted through only 2 (or possibly 3)

receptors (Fig. 3).

Further, the activation mechanisms of GPCRs and MCP receptors

share both “piston” type movements (e.g., at TM2 in MCP receptors

and at TM5 in GPCRs) as well as large scale dynamic alterations,

although the structural differences between the two receptors make

the dynamic changes very different.129,131,132 In both cases, long

clusters of alpha helices allow the receptor systems to amplify the

small changes occurring at the ligand binding pocket into much larger

changes intracellularly, although despite their increased length, con-

formational changes in MCP receptors are subtle and localized to the

distal CheA and CheW contact sites.133 Despite their distinctive size

advantage, bacterial MCP receptors are much more limited than D.

discoideum ormammalian neutrophil GPCRs in the amount of informa-

tion they can transmit to the cytosol, and eventually, to the chemotaxis

machinery. As discussed above, bacterial MCP receptors alter chemo-

taxis by modulating the rate of autophosphorlation of the cytosolic

effector CheA, which directly interacts with the flagellar motor com-

plex.While the rate ofCheAautophosphorylation canbemodulated by

additional proteins (e.g., methyltransferase CheR and methylesterase

CheB), the information encoded in individual chemoattractant ligands

is limited to altering the function of a single effector in CheA.

Contrastingly, GPCRs are capable of eliciting activation of numer-

ous cytosolic effectors, including but not limited to G proteins, G

protein-coupled receptor kinases (GRKs), and 𝛽-arrestins. Moreover,

GPCRs exhibit widespread biased signaling, in which different ligands

preferentially activate a subset of the available effectors to elicit

ligand-specific outcomes.134 Biased signaling is widespread in the

chemokine system, with different chemokine ligands eliciting unique

signaling profiles at the same receptor.106 Whilemuch less established,

biased signalingmay also play a role in the formylated peptide receptor

system.98,99,135–137 Although biased signaling has not been explicitly

described in D. discoideum, D. discoideum nevertheless has numerous

cytosolic effectors available to initiate complex signaling outcomes

that are adaptable in different environmental circumstances.138

In effect, eukaryotic chemoattractant receptor systems are better

equipped to initiate diverse outcomes. In other words, the large,

diverse, and complex chemoattractant messages used by eukaryotes

are in many cases transformed into complex downstream outcomes.

Comparatively, the diverse E. coli chemoattrantant messages are

funneled into activation of a single cytosolic effector, thus limiting the

extent to which diversemessages can encode diverse processes.

A close inspection of GPCR-chemoattractant interactions sheds

some light on theways inwhich eukaryotic signals are capable of elicit-

ing such complex intracellular pathways. Recent structural studies of

chemokine–receptor interactions demonstrate an enormous ligand–

receptor interface, spanning asmuchas1700 Å2.139 Importantly, other

recent studies suggest that differences in chemokine-receptor inter-

actions far from the traditional receptor binding pocket influence how

a single receptor can mediate alternative functional responses.140,141

In one example, CXCL12 provokes and arrests chemotaxis in a

monomeric and dimeric form, respectively, and structures of CXCL12
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bound to its receptor CXCR4 in both forms demonstrate mutually

exclusive interactions that may influence CXCL12’s opposing effects

on chemotaxis.141 Comparison of three chemokine-receptor crystal

structures demonstrates diverse binding orientations, suggesting that

in addition to making unique ligand–receptor contacts, ligand orienta-

tion may also contribute to signal transmission.139,142,143 These and

other examples demonstrate the ways in which eukaryotic chemoat-

tractant receptors, which transmit messages encoded in generally

large and diverse chemoattractants, are high “capacity” transmitters

insofar as they convey the full extent of the encodedmessages by acti-

vating diverse functional responses.

3.5 Understanding chemotactic information

by combinatorial complexity

Bacterial and eukaryotic cells navigate through complex environments

in which they integrate multiple chemoattractant messages to devise

a resultant chemotactic route. In an analogous way, Shannon demon-

strates how one can construct complex sentences resembling English

by semi-randomly choosing letters from the alphabet with the help of

transition probability tables, which define the frequency at which each

letter follows all other letters.34 In both Shannon’s stochastic English

sentence algorithm and in chemotactic organisms, individual sym-

bols or messages are “strung together” to create more complex

outcomes. We will discuss this principle in the context of

chemoattractant-receptor systems as “combinatorial complexity”

(Fig. 4D).

Prokaryotes and eukaryotes are both capable of “stringing

together” numerous chemoattractant messages to “build up” more

complex chemotactic routes. In the case of prokaryotes, specifically E.

coli, cocktails of environmental stimulimust be continually synthesized

into a single, binary response (i.e., clockwise or counterclockwise

rotation of flagella). As previously discussed (see Section 2.2), bacteria

use the same machinery to sense and transmit diverse chemoeffector

messages. Expansive chemoreceptor arrays, composed of mixed or

uniform trimers of MCP receptor homodimers, work cooperativity to

both amplify the chemotactic signal and to integrate diverse chemoat-

tractant and chemorepellant messages.144–147 Consequently, the net

chemotactic response of a bacterium in a complex environment has

been shown to be dependent on the relative abundance of the MCP

receptor types,148 the sum of agonistic or antagonistic responses

elicited by environmental stimuli at each MCP receptor,149,150 as well

as the methylation status or adaptation of each MCP receptor.32,151

MCPs adapt to (or retain “memory” of) previous signaling events

through the alteration of methylated glutamate residues by the

methyltransferase CheR and the methylesterase CheB.151 The slow

methylation–demethylation adaptation process allows for the tempo-

ral gradient sensing necessary for both efficient bacterial chemotaxis

and for maintaining MCP receptor sensitivity over a wide range of

concentrations (from nanomolar to millimolar, in some cases).144,152

Furthermore, although MCP receptors display cooperativity in the

chemoreceptor arrays, methylation “memory” at MCP receptors is

specific and thus allows for complex signal integration and signal

prioritization.153

Eukaryotic cells similarly navigate through remarkably complex

chemotactic environments. For example, mammalian neutrophils

must navigate through the bloodstream, exit the vasculature via

transendothelial migration, and subsequently migrate to the pre-

cise site of infection to perform their phagocytic function. In order

to accomplish such a complex task, neutrophils (and other mam-

malian immune cells) utilize remarkably elegant systems to inte-

grate and prioritize various chemotactic signals. As discussed in

Section 3.2, eukaryotic immune cells recognize at least 4 different

alphabets that evoke chemotaxis at different stages of an immune

response (i.e., chemokines, complement fragments, formylated pep-

tides, leukotrienes). Previous studies have demonstrated that neu-

trophils prioritize these different alphabets, utilizing “regulatory”

(non-dominant) chemoattractants (i.e., chemokines and leukotrienes)

to migrate to the vicinity of an infection and prioritizing “end tar-

get” (dominant) chemoattractants (i.e., at the site of the pathogen,

complement fragments and formylated peptides) to home to the

pathogen site, likely through a process of heterologous receptor

desensitization.154,155 Furthermore, studies have shown that neu-

trophils can integrate signals from competing non-dominant chemoat-

tractants (e.g., the chemokine IL-8 and lipid LTB4) and migrate along

their vector sum (e.g., between the 2 agonist sources).156 Similar to

bacteria, neutrophils navigate through complex chemotactic environ-

ments utilizing “memory” of their environment, though neutrophils do

not encode their “memories” via methylation–demethylation adapta-

tion but rather through a proposedmechanism of long-lived intracellu-

lar asymmetry of cytoskeletal elements.157 To this end, a recent study

by Prentice-Mott and colleagues demonstrated moesin, actomyosin,

and microtubules to be among the key cytoskeletal elements mediat-

ingmemory in neutrophil-like cells.157

4 CONCLUSION

In utilizing an information theoretical framework to compare the

chemotactic signal processing of prokaryotic and eukaryotic cells, the

unifying significance of directed cellular movement can be readily

appreciated. Thoughprokaryotes (i.e.,E. coli) andeukaryotes (i.e.,D. dis-

coideum and mammalian neutrophils) use their respective chemotac-

tic machinery to navigate through unique and diverse environments,

common principles including message transmission, signal amplifica-

tion and capacity, andmemory are shared.

As discussed in this review, the chemotactic inputs for E. coli and

D. discoideum are arguably simpler than that of mammalian neu-

trophils. Mammalian neutrophils (as well as other leukocytes) need

to be able to migrate through considerably more complex environ-

ments than either E. coli or D. discoideum to mediate effective bio-

logic responses. To do this, neutrophils utilize a large (>100,000

chemoattractants, see Section 3.2) and chemically diverse (i.e., lipids,

peptides, and proteins, see Section 3.3) message alphabet. Fascinat-

ingly, the entire alphabet for stimulating neutrophil chemotaxis (i.e.,

every chemoattractant ligand) is encoded or transmitted through the

same receptor architecture (i.e., GPCRs, see Section 3.4), which is

also shared with D. discoideum. Furthermore, the common transmitter
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architecture extends beyond the cellmembrane,with nearly all chemo-

tactic responses being at least partially mediated through G𝛼i/o or

G𝛼i/o-like heterotrimeric G proteins (see Section 2.4). This remarkable

“funneling” phenomenon allows mammalian neutrophils to chemotac-

tically respond to an incredibly diverse repertoire of ligands, but com-

plicates our understanding of how neutrophils are able to integrate a

plethora of signals to orchestratemovement through complex environ-

ments (see Section 3.5). Moreover, as aberrant cell migrationmediates

a variety of pathologies, the common transmitter architecture is signif-

icantwhen considering therapeutic targeting of the chemotactic input.

Indeed, GPCRs are among the most popular proteins for pharmaco-

logic modulation, with∼40% of approved drugs targeting GPCRs.158

It is interesting to compare the inherent information capacity

of prokaryotic and eukaryotic chemotactic outputs (i.e., chemotac-

tic mechanism). The output of prokaryotic chemotactic systems (i.e.,

clockwise or counterclockwise flagellar rotation) can be thought of as

a simple binary response corresponding to one bit of information,33

while the output of eukaryotic chemotactic systems is considerably

more complex. As eukaryotic cell migration requires the successful

integration of a plethora of cellular events that are still being eluci-

dated including directional sensing, establishment of cellular polarity,

and movement by pseudopod extension,159 the corresponding infor-

mation capacity of eukaryotic chemotactic systems is considerably

greater. Though here we focused primarily on the input of chemotactic

systems (i.e., the chemoattractant and chemoattractant receptor), we

refer an interested reader to a number of recent reviews detailing the

current understanding of the complexities of the output of eukaryotic

chemotactic systems.21,138
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