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ABSTRACT: A scaling theory of statistical (Markov) polyampho-
lytes is developed to understand how sequence correlations, that is,
the blockiness of positive and negative charges, influences conforma-
tional behavior. An increase in the charge patchiness leads to
stronger correlation attractions between oppositely charged mono-
mers, but simultaneously, it creates a higher charge imbalance in the
polyampholyte. A competition between effective short-range
attractions and long-range Coulomb repulsions induces globular,
pearl-necklace, or fully stretched chain conformations, depending on
the average length of the block of like charges. The necklace
structure and the underlying distribution of the net charge are also
controlled by the sequence. Sufficiently long blocks allow for charge
migration from globular beads (pearls) to strings, thereby providing
a nonmonotonic change in the number of necklace beads as the blockiness increases. The sequence-dependent structure of
polyampholyte necklaces is confirmed by molecular dynamics simulations. The findings presented here provide a framework for
understanding the sequence-encoded conformations of synthetic polyampholytes and intrinsically disordered proteins (IDPs).

Polyampholytes, which carry positive and negative charges,
are often viewed as synthetic analogs of proteins. There is

considerable interest in understanding their conformational
behaviors and their phase behavior in solution, which is
relevant in a wide range of contexts, from the formation of
biological subcellular compartments to the design of under-
water adhesives.1,2 Theoretical advances in statistical
physics2−6 have been successful in describing a number of
important features of intrinsically disordered proteins
(IDPs),7−9 a class of proteins that lack a stable secondary
and tertiary structure and that undergo pronounced size and
shape fluctuations.10,11

IDPs are a pervasive component of the membraneless
organelles (MOs) that exist within living cells;11 the macro-
scopic phase separation (or “self-coacervation”12) that arises in
PA solutions represents a reasonable model with which to
study their formation.13,14 It is now known that the extensive
clustering of opposite charges in the primary structure of IPDs
facilitates the spontaneous self-assembly of MOs in vivo and in
vitro.15 The available experimental results have been
theoretically rationalized, first16 within the random phase
approximation (RPA) following the method of ref 4 and, more
recently, using other theoretical and simulation ap-
proaches.17−19

Less is known about the effects of sequence and charge
distribution or statistics on the single-chain conformations of
PAs and IDPs.20 Alternating PAs have zero net charge and, if
sufficiently long, form globules.4,21−23 However, PAs with an

ideal random distribution of positively and negatively charged
monomers can adopt a necklace-like conformation due to the
statistical deviations of the global PA charge from the
ensemble-average zero value.2,22,24−28 Pearl-necklace confor-
mations are often encountered in hydrophobic polyelectrolytes
(PEs). They were first predicted theoretically and in
simulations29−31 and later observed in experiments.32−35

Necklace formation in PAs and hydrophobic PEs is the
manifestation of the Rayleigh instability36 of the charged
spherical (or elongated cylindrical30,37) globule. The only
difference is that, in PEs, the attractive interactions that
facilitate globular conformations have a hydrophobic nature,
whereas in PAs they are due to sequence-dependent Coulomb
attractions between opposite charges.
In vivo, the mechanism that maintains circadian rhythms is

based on the Rayleigh instability of special IDPs, which serve
as a molecular hourglass.10,38 Their continuous phosphor-
ylation lasts many hours, until the increasing net charge leads
to a conformational transition within them. The latter triggers
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a set of biochemical processes that results in the reset of the
circadian clocks.38

In this work, we develop a scaling theory of statistically
neutral Markov PAs and demonstrate that PA sequence
controls the conformations of the molecules, including
necklace formation and structure. We consider flexible PAs
containing N monomers, each with size a. A fraction f of the
monomers is ionic; they are spaced equidistantly and each
carries a charge ±e. The quenched sequence of positive and
negative charges obeys first-order Markov process statistics
with correlation parameter39,40

λ λ= + − − ≤ ≤++ −−p p 1, 1 1 (1)

Here pij = p(i|j) is the conditional probability to have an ionic
monomer of type i after one of type j (i, j = +, − ), and p++ =
p−− maintains the statistical neutrality of the molecules. By
setting λ = −1 and 0, one recovers alternating and ideally
random statistics of charges, respectively. The limiting case of λ
= 1 corresponds to a stoichiometric mixture of polyanions and
polycations.40 The average charge of the block of consecutive
like charges is 1 + Λ with23,41

λ
λ

Λ = +
−

1
1 (2)

At λ > 0, each block contains (1 + Λ)/f ≃ Λ/f monomers, and
each PA consists of about ≃ ΛfN/bl charge blocks. Due to
the statistical independence of the charge signs, the average
global PA charge (absolute value in e units) is23,41

≃ Λ ≃ ΛQ fNbl (3)

Note that this result is valid for any λ.41 PAs are immersed in a
salt-free Θ solvent with dielectric constant ϵ, and u = lB/a = e2/
ϵakBT is its dimensionless Bjerrum length. A more detailed
description of the PA model can be found elsewhere.23,41

We start our analysis with globally neutral PAs, Q = 0 (see
also ref 23). They form spherical globules whose dimensions
are controlled by the statistics of charges and decrease as the
charge blockiness Λ increases. In brief, an alternating PA (Λ =
0) can be considered as a chain of Nf/2 connected dipoles,
each with dipole moment p ≃ af−1/2, owing to the locally
Gaussian chain conformations within the globule. The energy
of (Keesom) pairwise interactions between the permanent
dipoles is given by W/kBT ≃ −lB2p4/r6, and the corresponding
second virial coefficient is given by Bdip ≃ −a2u2d ≃ −a3u2f−1/2.
Dipole−dipole attractions are balanced by three-body
repulsions between all PA monomers, Bdipnnip

2 + Cn3 = 0,

where C ≃ a6 is the third virial coefficient; n and ndip ≃ fn are
the concentrations of all monomers and dipoles. This yields
the equilibrium polymer volume fraction (density) of the
globule formed by alternating PA4,23

ϕ ≃ ≃na u fa
3 2 3/2

(4)

and the correlation length (mesh size, concentration blob) in
it, ξa ≃ aϕa

−1 ≃ au−2f−3/2.
As Λ increases and the charge statistics gradually changes

from alternating to ideally random (Λ = 1), each concentration
blob ceases to be electrically neutral, as shown in Figure 1. Its
charge equals ≃ Λq fg , with g ≃ (ξ/a)2 being the number of
monomers per blob. The interior of the PA globule is a
correlated melt of oppositely charged blobs: The closest
neighbors of the positively charged blob predominantly have a
negative charge and vice versa.2 The energy of Coulomb
correlation attractions per blob equals Fattr/kBT ≃ lBq

2/ξ, and it
is balanced by three-body repulsions with the energy Frep/kBT
≃ ξ3Cn3 ≃ 1. The resulting blob size is given by ξr ≃ a/ufΛ
and the globule density reads23

ϕ ≃ Λufr (5)

The latter increases with increasing sequence correlations as
soon as Λ exceeds

Λ ≃ ufa r/
1/2

(6)

which serves to define the crossover between alternating and
substantially random sequences.23

This picture of the globule formed by essentially random PA
holds until all charged monomers within the concentration
blob are of the same sign, that is, until the block charge Λ is on
the order of their number, fgr ≃ fξr

2/a2. The crossover between
essentially random and highly blocky sequences is defined by23

Λ ≃ ≃− −u f qr/hb
2/3 1/3

e (7)

and qe is the charge of the electrostatic blob.
42−44 At Λ > Λr/hb,

the charge of the concentration blob is equal to q ≃ fg, and the
balance between Coulomb attractions and short-range
repulsions, Fattr ≃ Frep, results in the globule density23

ϕ ≃ uf( )hb
2 1/3

(8)

independent of Λ. The size of the concentration blob is equal
to that of the electrostatic blob, ξhb ≃ a(uf 2)−1/3 ≃ ξe. In other
words, for PA sequences with high charge blockiness, the
globule interior is similar to that of a polyelectrolyte complex

Figure 1. Internal structure (blob picture) of globules formed from globally neutral PAs as a function of the charge blockiness Λ. Three scaling
regimes correspond to (i) almost alternating sequences, Λ < Λa/r; (ii) substantially random sequences, Λa/r < Λ < Λr/hb; (iii) highly blocky
sequences, Λ > Λr/hb.
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coacervate,45,46 as seen in Figure 1 and was first proposed for
the limiting case of diblock PAs.47

We are now in a position to consider the instability of the
spherical PA globule with respect to the necklace formation
induced by its nonzero charge, Q ≠ 0. According to Rayleigh’s
criterion,29,36 the spherical globule splits into the smaller
globules (beads or pearls) connected by the stretched chain
fragments (strings) if the energy of repulsions between the
excess charges FCoul

glob /kBT ≃ lBQ
2/R exceeds the surface energy

of the globule Fsurf
glob. The characteristic global charge of

statistically neutral Markov PAs equals ≃ ΛQ fN and
increases from Q = 0 for alternating sequences, Λ = 0, to Q
≃ f N for block lengths comparable to the chain length, Λ ≃
f N.41 The globule radius equals Rglob ≃ a(N/ϕ)1/3, and its
density ϕ is given by eqs 4, 5, and 8 for the different classes of
sequences (ranges of Λ). The origin of the globule surface
tension is the lower number of Coulomb attractions with
oppositely charged neighbors experienced by any interfacial
blob. The corresponding free energy equals Fsurf

glob/kBT ≃ R2/ξ2

with ξ ≃ a/ϕ.
The ratio I between the free energies that destabilize and

stabilize the spherical globule

l

m

ooooooooooo

n

ooooooooooo

≃ ≃

Λ
Λ

≪

Λ
Λ

≫

I
F

F

1, alternating

1, random

1, highly blocky

Coul
glob

surf
glob

a/r

r/hb (9)

depends on the PA statistics, Λ. Equation 9 shows that (i) for
sequences close to alternating, Λ ≪ Λa/r, the global charge of
the PAs is low and the spherical globule is stable; (ii) for
random sequences, Λa/r ≪ Λ ≪ Λr/hb, (some) globules split
into several beads; (iii) for highly blocky sequences, Λ ≫
Λr/hb, the formation of a necklace consisting of a large number
of beads is expected.
Below we consider the conformations of Markov PAs over

the entire range of charge blockiness, Λ ≥ 0 (i.e., −1 ≤ λ ≤ 1),
and delineate five conformational regimes, including three
corresponding to pearl-necklaces of various types.
Spherical Globule (Regime I). At Λ ≪ Λa/r, PA statistics

are close to alternating, and the global charge is not sufficient
to perturb the spherical globule of the radius

i

k
jjjjj

y

{
zzzzzϕ

≃ ≃ − −R a
N

au f Nglob
a

1/3
2/3 1/2 1/3

(10)

Necklace with a Charge in Beads and Nbead ≃ 1
(Regime II). For substantially random sequences, Λa/r ≪ Λ≪
Λr/hb, the global charge of the PA is close to the threshold
value that triggers necklace formation (see eq 9). Different
realizations of the Markov process correspond to PAs with
different global charges. For long chains, some N-independent
fractions of PAs retain a spherical shape, while another finite
fraction forms necklaces.22,24,25,41 Since the size of the necklace
far exceeds that of the spherical globule, the former provide the
dominant contribution to the ensemble average dimensions of
the PAs.24

The Rayleigh criterion 9 defines the number of monomers in
the bead,29 mbead ≃ N. The necklace consists of several beads

≃ ≃N
N

m
1bead

bead (11)

each with radius

i

k
jjjjj

y

{
zzzzz

i
k
jjjjj

y
{
zzzzzϕ

≃ ≃
Λ

D a
m

a
N

ufr
bead

bead
1/3 1/3

(12)

The length of the string lstr is controlled by the balance
between the Coulomb energy arising from bead repulsions
FCoul
bead−rep and the excess surface energy of the string Fsurf

str :

ξ
≃ + ≃ +

−F l
k T

F
k T

F
k T

l Q

l
l d( )str

B

Coul
bead rep

B

surf
str

B

B bead
2

str

str str

r
2

(13)

The string thickness dstr ≃ ξr provides the energy of its elastic
stretching Fel

str/kBT ≃ lstrξr/dstr
2 that is comparable with the

surface energy Fsurf
str .29 Using ≃ ≃ ΛQ Q N fN/bead bead one

can find the string length

≃l aNstr
1/2

(14)

that minimizes the free energy 13. Each string contains mstr ≃
lstrξr ≃ N1/2/ufΛ monomers and mstr ≪ mbead.

29 The necklace
length2,22

≃ ≃L N l aNnec bead str
1/2

(15)

coincides with the ideal-coil radius of the chain. For the
particular case of ideally random PAs, Λ = 1, eq 15 has been
confirmed in simulations.24

The independence of the necklace structure (Nbead ≃ 1) and
length on the charge statistics Λ in Regime II is remarkable
and stems from the exact compensation of two opposing
tendencies. As the charge blockiness increases, Coulomb
correlation attractions get stronger, ϕr ∼ Λ, thereby providing
a higher surface tension of the globule/bead and a higher
stability against splitting. Simultaneously, a decreasing globule/
bead size (eq 12) and the increasing PA charge, ∼ ΛQ ,
encourage Rayleigh instability. Together, this yields the value
I(Λ) ≃ 1 found in eq 9.

Necklace with a Charge in Beads and Nbead ≫ 1
(Regime III). In the regime of high charge blockiness, Λ ≫
Λr/hb, the strength of correlation attractions and, hence, the
bead density level off (eq 8), while the global charge of the
chain keeps growing. Therefore, the number of beads in the
necklace Nbead and the necklace length Lnec increase with
increasing Λ. The equality between the Coulomb self-energy

≃ ≃
−F

k T

l Q

D
l Q m
D N

Coul
bead self

B

B bead
2

bead

B
2

bead
2

bead
2

(16)

and the surface free energy of the bead

ξ
≃

F
k T

Dsurf
bead

B

bead
2

hb
2

(17)

with ξbh ≃ a/ϕhb defines its size

i
k
jjjjj

y
{
zzzzz≃

Λ
D a

N
ufbead

1/3

(18)

The higher the charge patchiness, the lower the number of
monomers per bead:
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ϕ
≃ ≃

Λ
m

D
a

N
u fbead

bead
3

3
hb

2/3 1/3
(19)

The total number of beads (and strings) in the necklace
increases with Λ linearly, from about unity at the crossover II/
III:

≃ ≃ Λ ≃ Λ
Λ

N
N

m
u fbead

bead

2/3 1/3

r/hb (20)

The long-range Coulomb repulsions between beads, FCoul
bead−rep/

kBT ≃ lBQbead
2 /lstr, are balanced by the elasticity of the stretched

string, Fel
str/kBT ≃ Fsurf

str /kBT ≃ lstr/ξhb, and the string length is
given by

≃
Λ

l a
N

u fstr

1/2

1/3 1/6 1/2
(21)

The string thickness dstr ≃ ξhb ≃ ξe is equal to the electrostatic
blob size. The number of monomers in the string is mstr ≃
N1/2/u2/3f5/6Λ1/2. Contrary to Regime II of random sequences,
the necklace total length

i

k
jjjjj

y

{
zzzzz≃ ≃ Λ ≃ Λ

Λ
L N l au f N aN( )nec bead str

1/3 1/6 1/2 1/2

r/hb

1/2

(22)

is much larger than the Gaussian coil size.
In Regimes II and III, most of the necklace mass is

concentrated in the beads, owing to mstr ≪ mbead. The
distribution of the global charge almost coincides with the
mass distribution, and the charge of the string is small as
compared to the bead charge, Qstr ≪ Qbead. In this respect, PA
necklaces II and III are similar to the necklaces of regular
quenched hydrophobic PEs,29 where the charge is homoge-
neously smeared throughout the chain. However, in Markov
PAs the charge distribution is patchy and the net charge is
provided by just ΛfN/ blocks, while the total number of

blocks in the chain, ΛfN , is much higher. At increasing
blockiness Λ, these frozen sequence fluctuations allow for the
net charge redistribution from beads to strings via PA
refolding. Bead-to-string migration48 of the net charge
diminishes the Coulomb energy of the necklace because
Dbead ≪ lstr and the Coulomb self-energy of the string is lower
than that of the bead. Already in Regime II, migration may
result in the string charge ≃ ΛQ fmstr str , far exceeding the

mean charge of mstr monomers, ≃ ΛQm N m f N/ /str str . In
Regime III, the increase in Qstr and net charge redistribution
continue. The boundary III/IV between the necklaces with the
most net charge concentrated in beads/string arises when their
charges are commensurate, Qstr ≃ Qbead, and is given by

Λ ≃
f N

ub/s

1/9 1/3

4/9 (23)

At Λ ≃ Λb/s, the bead charge, the block charge, and the
number of ionic monomers in the string are all equal to each
other, Q/Nbead ≃ Λ ≃ fmstr. Boundary III/IV, given by eq 23,
can also be derived via a free energy analysis, as demonstrated
in the Supporting Information. We emphasize that the net
charge migration is due to its inhomogeneous, blocky
distribution in the Markov PAs and cannot take place in
necklaces of regular quenched hydrophobic PEs.

Necklace with Charge in Strings (Regime IV). At Λ ≫
Λb/s, the global charge of the necklace is due to the strings;
beads carry a much lower charge and tend to merge with each
other to diminish the surface energy. This facilitates the
formation of long strings, and the string length is limited by the
block length. Each string is essentially a PE containing mstr ≃
Λ/f monomers that adopts a stretched conformation42−44 with
dstr ≃ ξe and

i
k
jjjjj

y
{
zzzzzξ≃ ≃ Λl

m
g

a
u
fstr e

str

e

1/3

(24)

Here ge ≃ ξe
2/a2 ≃ (uf 2)−2/3 is the number of monomers in the

electrostatic blob. The number of the necklace beads

i
k
jjj

y
{
zzz≃ ≃

Λ
N

Q
m

fN
bead

str

1/2

(25)

decreases with increasing Λ. Each bead comprises

i
k
jjjjj

y
{
zzzzz≃ ≃ Λ

m
N

N
N
fbead

bead

1/2

(26)

monomers and its size equals

i

k
jjjjj

y

{
zzzzzϕ

≃ ≃ Λ
D a

m
a

N
u f
( )

bead
bead

hb

1/3 1/6

1/9 7/18
(27)

The length of the new type of necklace

≃ ≃ ΛL l N au f N( )nec str bead
1/3 1/6 1/2

(28)

obeys the same scaling law as that of the usual necklace in
Regime III, eqs 22. However, these necklaces have different
structures, as seen from eqs 20 and 25, which define the
number of beads.
We note that, in Regime IV, a minor fraction of the necklace

charge is still located in the beads. Using the equality between
the electrostatic potentials of the bead and the string,47 Qbead/
Dbead ≃ Qstr/lstr, one can find the bead charge

≃ Λ
Q

N
u f
( )

bead

1/6

4/9 1/18
(29)

which is much lower than Qstr ≃ Λ.
The crossover to the PE regime occurs at

Λ ≃ fNPE (30)

when the block length Λ/f and the chain length N become
comparable. At Λ ≃ ΛPE, when the PAs comprise several
charge blocks, eq 25 predicts Nbead ≃ 1 and the necklace length
Lnec ≃ au1/3f 2/3N given by eq 28 coincides with the PE chain
size. This is consistent with the tadpole conformations
predicted for length-asymmetric non-neutral diblock PAs
(block lengths N+ ≠ N−).

47 Each tadpole consists of an
almost neutral globular head and an extended PE tail (or two
tails) carrying almost the entire net charge of the PA.47 At |N+
− N−| ≃ N+ ≃ N, the head size and charge found in ref 47
coincide with the results of eqs 27 and 29 for crossover IV/V
given by Λ ≃ ΛPE: Dbead ≃ au−1/9f−2/9N1/3 and Qhead ≃
u−4/9f1/9N1/3. In the language of ref 47, necklace IV with the
charge in the strings is the set of the jointed PA tadpoles.

Stretched Polyelectrolytes (Regime V). If the block is
much longer than the chain, Λ ≫ ΛPE, the probability of each
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PA carrying only positive/negative charges is e−ΛPE/Λ. It is
essentially a PE of length42−44

ξ≃ ≃L
N
g

au f Ne
e

1/3 2/3

(31)

The statistical neutrality of the PAs is manifest in the equal
number of polyanions and polycations in the ensemble.40

The results of our scaling analysis are summarized in Table 1
and Figure 2, which provide illustrative conformations of
Markov PAs in different regimes. Figure 3a represents the
dependence of the ensemble average dimensions of the PAs on
the charge blockiness, R versus Λ. For PAs having sequences
(Markov process realizations) providing the dominant
contribution to R, the number of globular beads Nbead changes
in a nonmonotonic fashion and reaches a maximum at Λ ≃
Λb/s, as seen in Figure 3b.
In our analysis, we have primarily adopted a mean-field

approach that neglects quenched charge fluctuations, except in
regime IV, where blockiness is essential. At the III/IV
transition, the bead charge is found to drop by a factor
(N/ge)

1/9, while other quantities remain continuous. Our
results predict ensemble-averaged properties of PAs, while the
effect of the sequence realization, that is, quenched (frozen)
disorder,27,28,39,40,49−53 on their conformation remains to be
explored. Focused numerical simulations24,25 covering the
vicinity of this transition would help clarify how sequence
disorder smears it out, and affects the cooperativity expected
from the Landau theorem.54 How quenched sequences under
thermal agitation fall (statistically) in Regime III or IV and
whether both structures can follow each other along the same
sequence of a reasonable length are of particular interest.
The set of predicted conformational changes with increasing

Λ is a consequence of two competing tendencies: an increase
in Coulomb correlation attractions and in the global charge
imbalance of a single PA. As an example, one can consider the
series of PAs having increasing charge blockiness, but constant
global charge so as to keep operative only the former factor.
Figure 4 shows that Markov PAs with fixed global charge

become more compact as the charge clustering increases. The
observation of different PA conformations/dimensions along a
similar set of (e.g., sequence-monodisperse) globally charged

Table 1. Scaling Laws for Conformational Properties of PAs: Chain Radius of Gyration, R; Number of Beads, Nbead; Number of
Monomers in Bead, mbead, and Strings, mstr; Bead Size, Dbead; String Length, lstr

a

R/a Nbead mbead mstr Dbead/a lstr/a

I N1/3/u2/3f1/2 =1 =N N1/3/u2/3f1/2

II N1/2 1 N N1/2/ufΛ (N/ufΛ)1/3 N1/2

III u1/3f1/6(NΛ)1/2 u2/3f1/3Λ N/u2/3f1/3Λ N1/2/u2/3f5/6Λ1/2 (N/ufΛ)1/3 N1/2/u1/3f1/6Λ1/2

IV u1/3f1/6(NΛ)1/2 ( f N/Λ)1/2 (NΛ/f)1/2 Λ/f (NΛ)1/6/u1/9f 7/18 (u/f)1/3Λ
V u1/3f 2/3N 0 =N u1/3f 2/3N

aGlobules and stretched PEs consist of 1 bead and 1 string, respectively.

Figure 2. Schematic representation of PA conformations in different conformational regimes. The color of the globular beads represents their non-
neutralized charge. The charge of the red beads is about the critical value triggering their Rayleigh instability, and that of the pink beads is much
below the critical threshold.

Figure 3. Dependencies of (a) the ensemble average radius of
gyration R and (b) the number of the globular beads Nbead on the
charge blockiness Λ.
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PAs could provide a simple way to verify our predictions in
laboratory experiments.
In conclusion, the sequence specificity of Markov PA

conformations has been analyzed, and five conformational
regimes have been delineated. The boundaries between these
regimes are controlled by the interplay between the inherent
sequence scales and the characteristic physical lengths of the
problem.55 When the block charge exceeds that of the
electrostatic blob, Λ > qe, PA necklaces start to stretch, and
the number of beads Nbead, increases (crossover II/III). The
equality between the block and the bead charges defines
boundary III/IV and is accompanied by the migration of the
non-neutralized charge from necklace beads to strings and by
an Nbead decrease with increasing charge blockiness.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00318.

(1) Boundary III/IV between the necklaces with the net
charge in beads and strings: Comparison of the free
energies; (2) The details of molecular dynamics
simulations (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Albert Johner − Institut Charles Sadron, Université de
Strasbourg, CNRS UPR22, Strasbourg 67034, France;
Email: albert.johner@ics-cnrs.unistra.fr

Juan J. de Pablo − Pritzker School of Molecular Engineering,
University of Chicago, Chicago, Illinois 60637, United States;
Center for Molecular Engineering, Argonne National
Laboratory, Lemont, Illinois 60439, United States;
orcid.org/0000-0002-3526-516X; Email: depablo@

uchicago.edu

Author
Artem M. Rumyantsev − Pritzker School of Molecular
Engineering, University of Chicago, Chicago, Illinois 60637,
United States; orcid.org/0000-0002-0339-2375

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmacrolett.1c00318

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
A.M.R. gratefully acknowledges Nicholas Jackson, Heyi Liang,
and Phillip Rauscher for many helpful discussions. This work is

supported by the Department of Energy, Basic Energy
Sciences, Division of Materials Science and Engineering. The
simulations presented here were carried out on the G4 GPU
cluster supported by the National Science Foundation under
grant DMR1828629.

■ REFERENCES
(1) Alfrey, T., Jr.; Morawetz, H.; Fitzgerald, E. B.; Fuoss, R. M.
Synthetic electrical analog of proteins. J. Am. Chem. Soc. 1950, 72,
1864.
(2) Dobrynin, A. V.; Colby, R. H.; Rubinstein, M. Polyampholytes. J.
Polym. Sci., Part B: Polym. Phys. 2004, 42, 3513−3538.
(3) Higgs, P. G.; Joanny, J. Theory of polyampholyte solutions. J.
Chem. Phys. 1991, 94, 1543−1554.
(4) Wittmer, J.; Johner, A.; Joanny, J.-F. Random and alternating
polyampholytes. EPL 1993, 24, 263−268.
(5) Dobrynin, A. V.; Rubinstein, M. Flory theory of a polyampholyte
chain. J. Phys. II 1995, 5, 677−695.
(6) Everaers, R.; Johner, A.; Joanny, J.-F. Polyampholytes: From
single chains to solutions. Macromolecules 1997, 30, 8478−8498.
(7) Müller-Späth, S.; Soranno, A.; Hirschfeld, V.; Hofmann, H.;
Ruegger, S.; Reymond, L.; Nettels, D.; Schuler, B. Charge interactions
can dominate the dimensions of intrinsically disordered proteins. Proc.
Natl. Acad. Sci. U. S. A. 2010, 107, 14609−14614.
(8) Hofmann, H.; Soranno, A.; Borgia, A.; Gast, K.; Nettels, D.;
Schuler, B. Polymer scaling laws of unfolded and intrinsically
disordered proteins quantified with single-molecule spectroscopy.
Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 16155−16160.
(9) Das, R. K.; Pappu, R. V. Conformations of intrinsically
disordered proteins are influenced by linear sequence distributions
of oppositely charged residues. Proc. Natl. Acad. Sci. U. S. A. 2013,
110, 13392−13397.
(10) Wright, P. E.; Dyson, J. H. Intrinsically disordered proteins in
cellular signalling and regulation. Nat. Rev. Mol. Cell Biol. 2015, 16,
18−29.
(11) Uversky, V. N. Protein intrinsic disorder-based liquid−liquid
phase transitions in biological systems: Complex coacervates and
membrane-less organelles. Adv. Colloid Interface Sci. 2017, 239, 97−
114.
(12) Delaney, K. T.; Fredrickson, G. H. Theory of polyelectrolyte
complexation  Complex coacervates are self-coacervates. J. Chem.
Phys. 2017, 146 (22), 224902.
(13) Brangwynne, C. P.; Tompa, P.; Pappu, R. V. Polymer physics of
intracellular phase transitions. Nat. Phys. 2015, 11, 899−904.
(14) Dinic, J.; Marciel, A. B.; Tirrell, M. V. Polyampholyte physics:
Liquid-liquid phase separation and biological condensates. Curr. Opin.
Colloid Interface Sci. 2021, 54, 101457.
(15) Nott, T. J.; Petsalaki, E.; Farber, P.; Jervis, D.; Fussner, E.;
Plochowietz, A.; Craggs, T. D.; Bazett-Jones, D. P.; Pawson, T.;
Forman-Kay, J. D.; Baldwin, A. J. Phase transition of a disordered
nuage protein generates environmentally responsive membraneless
organelles. Mol. Cell 2015, 57, 936−947.

Figure 4.Molecular dynamics simulations of Markov PAs with fixed global charge, Q = 40, and different charge statistics, λ. The ensemble-averaged
gyration radii of PAs with N = 1024 and f = 1 are equal to Rg = 31.6 ± 3.6 for λ = −0.5, Rg = 20.9 ± 2.4 for λ = 0, and Rg = 10.9 ± 2.3 for λ = 0.5.
The PA conformations shown here illustrate that the increasing charge blockiness leads to more compact PA conformations. Simulation details can
be found in ref 23 and the SI.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.1c00318
ACS Macro Lett. 2021, 10, 1048−1054

1053

https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00318?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00318/suppl_file/mz1c00318_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Johner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:albert.johner@ics-cnrs.unistra.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+J.+de+Pablo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3526-516X
https://orcid.org/0000-0002-3526-516X
mailto:depablo@uchicago.edu
mailto:depablo@uchicago.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artem+M.+Rumyantsev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0339-2375
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00318?ref=pdf
https://doi.org/10.1021/ja01160a532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/polb.20207
https://doi.org/10.1063/1.460012
https://doi.org/10.1209/0295-5075/24/4/005
https://doi.org/10.1209/0295-5075/24/4/005
https://doi.org/10.1051/jp2:1995157
https://doi.org/10.1051/jp2:1995157
https://doi.org/10.1021/ma970947u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma970947u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1001743107
https://doi.org/10.1073/pnas.1001743107
https://doi.org/10.1073/pnas.1207719109
https://doi.org/10.1073/pnas.1207719109
https://doi.org/10.1073/pnas.1304749110
https://doi.org/10.1073/pnas.1304749110
https://doi.org/10.1073/pnas.1304749110
https://doi.org/10.1038/nrm3920
https://doi.org/10.1038/nrm3920
https://doi.org/10.1016/j.cis.2016.05.012
https://doi.org/10.1016/j.cis.2016.05.012
https://doi.org/10.1016/j.cis.2016.05.012
https://doi.org/10.1063/1.4985568
https://doi.org/10.1063/1.4985568
https://doi.org/10.1038/nphys3532
https://doi.org/10.1038/nphys3532
https://doi.org/10.1016/j.cocis.2021.101457
https://doi.org/10.1016/j.cocis.2021.101457
https://doi.org/10.1016/j.molcel.2015.01.013
https://doi.org/10.1016/j.molcel.2015.01.013
https://doi.org/10.1016/j.molcel.2015.01.013
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00318?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00318/suppl_file/mz1c00318_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00318?fig=fig4&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(16) Lin, Y.-H.; Forman-Kay, J. D.; Chan, H. S. Sequence-specific
polyampholyte phase separation in membraneless organelles. Phys.
Rev. Lett. 2016, 117, 178101.
(17) McCarty, J.; Delaney, K. T.; Danielsen, S. P. O.; Fredrickson,
G. H.; Shea, J.-E. Complete phase diagram for liquid-liquid phase
separation of intrinsically disordered proteins. J. Phys. Chem. Lett.
2019, 10, 1644−1652.
(18) Danielsen, S. P. O.; McCarty, J.; Shea, J.-E.; Delaney, K. T.;
Fredrickson, G. H. Molecular design of self-coacervation phenomena
in block polyampholytes. Proc. Natl. Acad. Sci. U. S. A. 2019, 116,
8224−8232.
(19) Madinya, J. J.; Chang, L.-W.; Perry, S. L.; Sing, C. E. Sequence-
dependent self-coacervation in high charge-density polyampholytes.
Mol. Syst. Des. Eng. 2020, 5, 632−644.
(20) Ulrich, S.; Seijo, M.; Stoll, S. A Monte Carlo study of weak
polyampholytes: Stiffness and primary structure influences on
titration curves and chain conformations. J. Phys. Chem. B 2007,
111, 8459−8467.
(21) Victor, J. M.; Imbert, J. B. Collapse of an alternating
polyampholyte: Evidence for tricriticality in 2 and 3 dimensions.
EPL 1993, 24, 189−195.
(22) Moldakarimov, S.; Johner, A.; Joanny, J.-F. Charge relaxation in
polyampholytes of various statistics. Eur. Phys. J. E 2003, 10, 303−
318.
(23) Rumyantsev, A. M.; Jackson, N. E.; Johner, A.; de Pablo, J. J.
Scaling theory of neutral sequence-specific polyampholytes. Macro-
molecules 2021, 54, 3232−3246.
(24) Yamakov, V.; Milchev, A.; Limbach, H. J.; Dunweg, B.;
Everaers, R. Conformations of random polyampholytes. Phys. Rev.
Lett. 2000, 85, 4305−4308.
(25) Lee, N.-K.; Jung, Y.; Johner, A.; Joanny, J.-F. Globular
polyampholytes: Structure and translocation. Macromolecules 2021,
54, 2394−2411.
(26) Kantor, Y.; Kardar, M. Excess charge in polyampholytes. EPL
1994, 27, 643−648.
(27) Kantor, Y.; Kardar, M. Instabilities of charged polyampholytes.
Phys. Rev. E 1995, 51, 1299−1312.
(28) Lee, N.; Obukhov, S. Multiple conformations in polyampho-
lytes. Eur. Phys. J. B 1998, 1, 371−376.
(29) Dobrynin, A. V.; Rubinstein, M.; Obukhov, S. P. Cascade of
transitions of polyelectrolytes in poor solvents. Macromolecules 1996,
29, 2974−2979.
(30) Solis, F. J.; Olvera de la Cruz, M. Variational approach to
necklace formation in polyelectrolytes. Macromolecules 1998, 31,
5502−5506.
(31) Lyulin, A. V.; Dünweg, B.; Borisov, O. V.; Darinskii, A. A.
Computer simulation studies of a single polyelectrolyte chain in poor
solvent. Macromolecules 1999, 32, 3264−3278.
(32) Aseyev, V. O.; Klenin, S. I.; Tenhu, H.; Grillo, I.; Geissler, E.
Neutron scattering studies of the structure of a polyelectrolyte globule
in a water-acetone mixture. Macromolecules 2001, 34, 3706−3709.
(33) Kiriy, A.; Gorodyska, G.; Minko, S.; Jaeger, W.; Stepanek, P.;
Stamm, M. Cascade of coil-globule conformational transitions of
single flexible polyelectrolyte molecules in poor solvent. J. Am. Chem.
Soc. 2002, 124, 13454−13462.
(34) Lee, M.-J.; Green, M. M.; Mikes,̌ F.; Morawetz, H. NMR
spectra of polyelectrolytes in poor solvents are consistent with the
pearl necklace model of the chain molecules. Macromolecules 2002,
35, 4216−4217.
(35) Spiteri, M. N.; Williams, C. E.; Boue, F. Pearl-necklace-like
chain conformation of hydrophobic polyelectrolyte: A SANS study of
partially sulfonated polystyrene in water. Macromolecules 2007, 40,
6679−6691.
(36) Rayleigh, L. On the equilibrium of liquid conducting masses
charged with electricity. Philos. Mag. 1882, 14, 184−186.
(37) Khokhlov, A. R. On the collapse of weakly charged
polyelectrolytes. J. Phys. A: Math. Gen. 1980, 13, 979.
(38) Querfurth, C.; Diernfellner, A. C. R.; Gin, E.; Malzahn, E.;
Höfer, T.; Brunner, M. Circadian conformational change of the

Neurospora clock protein FREQUENCY triggered by clustered
hyperphosphorylation of a basic domain. Mol. Cell 2011, 43, 713−
722.
(39) Fredrickson, G. H.; Milner, S. T. Thermodynamics of random
copolymer melts. Phys. Rev. Lett. 1991, 67, 835−838.
(40) Fredrickson, G. H.; Milner, S. T.; Leibler, L. Multicritical
phenomena and microphase ordering in random block copolymer
melts. Macromolecules 1992, 25, 6341−6354.
(41) Johner, A.; Joanny, J.-F. Translocation of polyampholytes and
intrinsically disordered proteins. Eur. Phys. J. E 2018, 41, 78.
(42) de Gennes, P.-G.; Pincus, P.; Velasco, R. M.; Brochard, F.
Remarks on polyelectrolyte conformation. J. Phys. 1976, 37, 1461−
1473.
(43) Barrat, J.-L.; Joanny, J.-F. Theory of polyelectrolyte solutions.
Adv. Chem. Phys. 2007, 94, 1−66.
(44) Dobrynin, A. V.; Rubinstein, M. Theory of polyelectrolytes in
solutions and at surfaces. Prog. Polym. Sci. 2005, 30, 1049−1118.
(45) Rumyantsev, A. M.; Zhulina, E. B.; Borisov, O. V. Complex
coacervate of weakly charged polyelectrolytes: Diagram of states.
Macromolecules 2018, 51, 3788−3801.
(46) Rubinstein, M.; Liao, Q.; Panyukov, S. Structure of liquid
coacervates formed by oppositely charged polyelectrolytes. Macro-
molecules 2018, 51, 9572−9588.
(47) Shusharina, N. P.; Zhulina, E. B.; Dobrynin, A. V.; Rubinstein,
M. Scaling theory of diblock polyampholyte solutions. Macromolecules
2005, 38, 8870−8081.
(48) Since the charge sequence is quenched, net charge migration
implies PA refolding to conformations providing its different
distribution between beads and strings. This should not be confused
with the charge migration in annealed PAs, which changes the primary
sequence of ionic monomers.
(49) Dobrynin, A. V.; Erukhimovich, I. Y. Fluctuation theory of
weak crystallization in disordered heteropolymer systems. JETP Lett.
1991, 570−572.
(50) Panyukov, S. V.; Kuchanov, S. I. New statistical approach to the
description of spatial inhomogeneous states in heteropolymer
solutions. J. Phys. II 1992, 2, 1973−1993.
(51) Erukhimovich, I. Y.; Dobrynin, A. V. Conditions for the
existence of a glass phase in disordered systems described by a weak-
crystallization Hamiltonian of a general type. JETP Lett. 1993, 57,
125−129.
(52) Dobrynin, A. V.; Erukhimovich, I. Y. Phase diagram of
disordered systems described by a generalized weak-crystallization
Hamiltonian. JETP 1993, 77, 307−314.
(53) Pande, V. S.; Grosberg, A. Yu.; Joerg, C.; Kardar, M.; Tanaka,
T. Freezing transition of compact polyampholytes. Phys. Rev. Lett.
1996, 77, 3565−3568.
(54) Landau, L. D.; Lifshitz, E. M. Statistical Physics, Part 1;
Pergamon Press: New York, 1970.
(55) Perry, S. L.; Sing, C. E. 100th anniversary of macromolecular
science viewpoint: Opportunities in the physics of sequence-defined
polymers. ACS Macro Lett. 2020, 9, 216−225.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.1c00318
ACS Macro Lett. 2021, 10, 1048−1054

1054

https://doi.org/10.1103/PhysRevLett.117.178101
https://doi.org/10.1103/PhysRevLett.117.178101
https://doi.org/10.1021/acs.jpclett.9b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1900435116
https://doi.org/10.1073/pnas.1900435116
https://doi.org/10.1039/C9ME00074G
https://doi.org/10.1039/C9ME00074G
https://doi.org/10.1021/jp0688658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0688658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0688658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1209/0295-5075/24/3/006
https://doi.org/10.1209/0295-5075/24/3/006
https://doi.org/10.1140/epje/i2002-10115-0
https://doi.org/10.1140/epje/i2002-10115-0
https://doi.org/10.1021/acs.macromol.0c02515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.85.4305
https://doi.org/10.1021/acs.macromol.0c02413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1209/0295-5075/27/9/002
https://doi.org/10.1103/PhysRevE.51.1299
https://doi.org/10.1007/s100510050196
https://doi.org/10.1007/s100510050196
https://doi.org/10.1021/ma9507958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9507958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma971767n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma971767n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma981818w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma981818w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0016331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0016331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0261168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0261168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma020212b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma020212b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma020212b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma060896d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma060896d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma060896d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/14786448208628425
https://doi.org/10.1080/14786448208628425
https://doi.org/10.1088/0305-4470/13/3/030
https://doi.org/10.1088/0305-4470/13/3/030
https://doi.org/10.1016/j.molcel.2011.06.033
https://doi.org/10.1016/j.molcel.2011.06.033
https://doi.org/10.1016/j.molcel.2011.06.033
https://doi.org/10.1103/PhysRevLett.67.835
https://doi.org/10.1103/PhysRevLett.67.835
https://doi.org/10.1021/ma00049a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00049a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00049a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1140/epje/i2018-11686-7
https://doi.org/10.1140/epje/i2018-11686-7
https://doi.org/10.1051/jphys:0197600370120146100
https://doi.org/10.1002/9780470141533.ch1
https://doi.org/10.1016/j.progpolymsci.2005.07.006
https://doi.org/10.1016/j.progpolymsci.2005.07.006
https://doi.org/10.1021/acs.macromol.8b00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b02059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b02059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma051324g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1051/jp2:1992246
https://doi.org/10.1051/jp2:1992246
https://doi.org/10.1051/jp2:1992246
https://doi.org/10.1103/PhysRevLett.77.3565
https://doi.org/10.1021/acsmacrolett.0c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

