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Intrinsically disordered proteins (IDPs) are often readily characterized as sol-

uble monomers, whereas their biological and pathological roles frequently

involve transient, heterogeneous, or sparsely populated oligomers. Such

assemblies are often described as ‘invisible’ but invisibility is method-

dependent: Oligomers that escape direct detection by one technique may

remain accessible through indirect or complementary measurements. Solution

NMR is uniquely positioned to exploit exchange between observable mono-

mers and NMR-invisible oligomers, providing residue-specific information on

populations, kinetics, and intermolecular contacts. Other methods report on

mass, stoichiometry, dimensions, morphology, or site-specific distance distri-

butions. Here, we discuss how integrating orthogonal measurements can over-

come method-specific blind spots and yield a self-consistent model that

simultaneously accounts for structure, populations, exchange kinetics, and

morphology, something no single method can provide.
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Intrinsically disordered proteins (IDPs) are particularly

well suited to solution nuclear magnetic resonance

(NMR) spectroscopy [1–5]. Rapid segmental motions

and conformational averaging produce sharp reso-

nances, although limited 1H chemical shift dispersion

and rapid exchange of protons with water can cause

substantial spectral overlap and signal loss, respec-

tively [6–8]. Experiments that directly observe 13C or
15N nuclei can alleviate these limitations when

conventional 1H detection is unfavorable [3,6,8,9].

Local mobility weakens the correlation between molec-

ular weight and linewidth, often keeping a large IDP

observable when a globular protein of comparable

mass would be difficult to study [1,10]. Yet the state

that gives the cleanest spectrum is not necessarily the

one that controls biological function or pathology

[11–15]. Transient self-association has been observed

for a diverse set of IDPs, producing oligomers that
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may be short-lived, sparsely populated [16], structur-

ally heterogeneous [17], or in rapid exchange with

monomer or other assemblies [18–22]. These properties

can render transient oligomers difficult to characterize

directly, even though such assemblies may regulate

activity [14], nucleate further aggregation [16,23–25],
or contribute directly to toxicity [17,26,27].

Here, a transient oligomer refers to a noncovalent

assembly in reversible exchange with monomer or to a

metastable intermediate along a self-association path-

way (Fig. 1A). Transient oligomers can participate in

functional assembly and precede condensate formation

[14,28–32], but here we focus primarily on dispersed

oligomers, particularly those associated with aggrega-

tion pathways. Mature fibrils and large phase-

separated condensates fall outside the main scope of

this Review, except where they clarify an aggregation

pathway or when methods used to study them can also

characterize transient oligomers [28–32].
This creates a recurring problem for structural biol-

ogists: The species of interest may only leave an indi-

rect experimental signature. Oligomers may be too

large or exchange too rapidly for conventional solution

NMR [1,33], too heterogeneous for high-resolution

solid-state NMR (ssNMR) or cryogenic electron

microscopy (cryo-EM) reconstruction [34], too low in

population for ensemble-averaged measurements, or

too dynamic for methods that probe distances or mor-

phology (Fig. 1B). The relevant question is therefore

not whether transient oligomers are visible or invisible

in an absolute sense, or which single technique is opti-

mal, but what each method can ‘see’ and how comple-

mentary observables can be combined into a

quantitative model of the oligomer ensemble.

Fig. 1. Intrinsically disordered protein (IDP) assembly and why transient oligomers can be experimentally ‘invisible’. (A) Disordered

monomers often yield sharp, intense solution 1H-15N HSQC spectra, whereas transient oligomers may produce broad, weak, or

undetectable signals because of slower tumbling, conformational heterogeneity, and chemical exchange. More persistent and sufficiently

ordered fibrils can become accessible to ssNMR. Monomer–oligomer exchange is often reversible and couples all monomeric and

oligomeric populations. Conversion to fibrils is typically much slower and effectively irreversible on the experimental time scale. The

depicted oligomer structures illustrate possible disordered, b-sheet-rich, and a-helical assemblies and do not imply relative populations;

transient oligomers are not necessarily on-pathway to fibrils. (B) Oligomer signals can be lost because line broadening or low population

reduces signal-to-noise, or because heterogeneous populations prevent individual states from being resolved. Under rapid exchange, state-

specific resonances coalesce into a single population-weighted resonance. These sources of invisibility are not mutually exclusive.
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What makes an oligomer ‘invisible’?

Here, ‘invisible’ does not mean absent, unimportant,

or inaccessible to all measurements. It means that a

species is not directly observed or uniquely resolved by

a particular measurement. In solution NMR, the term

is especially literal: Slow tumbling, conformational het-

erogeneity, and chemical exchange can accelerate

transverse relaxation until the oligomer resonances

broaden beyond detection (Fig. 1). The oligomer is

therefore NMR-invisible, often referred to as a ‘dark

state’, but exchange can leave measurable effects on

visible monomer signals [18,33].

Other techniques can be ‘blind’ in different ways.

Small or flexible oligomers may be visible as particles

but inaccessible to high-resolution cryo-EM recon-

struction [35]. Single-molecule F€orster resonance

energy transfer (smFRET) can detect low-population

oligomers, but its structural information is limited to

distances between selected dyes [36–38]. Native mass

spectrometry can resolve distributions of oligomer stoi-

chiometries, but the results can be biased by ionization

and gas-phase transfer efficiencies [39]. Small-angle

X-ray scattering (SAXS), analytical ultracentrifugation

(AUC) [40], size-exclusion chromatography coupled to

multi-angle light scattering (SEC-MALS) [41], and

mass photometry report on overall dimensions, mass,

or hydrodynamic behavior while leaving residue-level

structure undetermined [42,43]. These various methods

provide complementary rather than interchangeable

views.

‘Visible’ should always be followed by a qualifier:

visible to which measurement, over which timescale,

and at what population? Signal broadening, low popu-

lation, ensemble averaging, heterogeneity, short life-

time, and limited structural resolution are distinct

experimental problems and call for different solutions

(Fig. 1).

NMR sees ‘dark’ oligomer states
through visible monomers

Solution NMR can probe transient oligomers without

directly observing their resonances (Fig. 2A). When an

NMR-visible monomer exchanges with an

NMR-invisible oligomer, exchange can alter the peak

positions, linewidths, or intensities of the monomer

resonances in a residue-specific manner [33]. The sim-

plest clue is often concentration-dependent peak

broadening: resonances from affected residues broaden

or weaken as self-association becomes more favorable

[44]. Such changes can identify residues perturbed by

self-association, but line broadening alone rarely

defines a unique interface, exchange rate, or oligomer

stoichiometry. Those quantities require an explicit

kinetic model and, ideally, independent measurements.

Exchange-based detection also has an important

boundary condition: the dark oligomer must exchange

with the observable state in a regime that measurably

perturbs the monomer signal. The absence of

concentration-dependent broadening or other exchange

effects does not by itself exclude oligomerization.

Carr–Purcell–Meiboom–Gill (CPMG) and rotating-

frame R1q relaxation dispersion experiments are espe-

cially sensitive to exchange on the microsecond-to-

millisecond timescale [33,45]. Both detect a minor state

indirectly by modulating how exchange affects trans-

verse relaxation: CPMG varies the spacing, or fre-

quency, of refocusing pulses, whereas R1q varies the

strength or offset of a continuous spin-lock rf field.

With an appropriate kinetic model, global fitting can

estimate a minor-state population, exchange rate, and

chemical-shift differences even when it has no resolved

resonances [46–48]. Measurements at several protein

concentrations or magnetic fields help separate

otherwise correlated parameters. There is no universal

optimal concentration because concentration itself

shifts the oligomerization equilibrium. Concentration-

dependent CPMG and R1q measurements of

huntingtin-derived peptides revealed sparsely popu-

lated productive and nonproductive dimers and a tet-

rameric intermediate preceding fibril nucleation, with

PRE and DEER data providing further structural

information and validation [16].

Chemical exchange saturation transfer (CEST) and

dark-state exchange saturation transfer (DEST) experi-

ments detect exchange through saturation transfer [49].

In CEST, weak radiofrequency irradiation of a suffi-

ciently long-lived minor state, often with a lifetime of

several to ~100 milliseconds, transfers saturation to the

major state, attenuating its resonance [50]. DEST

instead exploits the broad saturation profile of a rap-

idly relaxing, high-molecular-weight species [51].

Applied to the Alzheimer’s-associated peptide

amyloid-b (Ab), DEST identified residues in direct

contact with protofibril surfaces and yielded monomer-

protofibril exchange kinetics [18]. CEST and DEST

are sometimes grouped together, but the distinction is

useful for a broad audience: one resolves a minor-state

frequency (CEST), whereas the other detects exchange

with a resonance distribution too broad to observe

directly (DEST).

Paramagnetic relaxation enhancement (PRE) intro-

duces a spin label containing an unpaired electron,

which can report on transient intermolecular contacts.

Because the resulting relaxation enhancement depends
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steeply on the electron-nucleus distance, with an r�6

dependence, rare close contacts can dominate the mea-

sured relaxation enhancement [52]. Mixing isotopically

labeled monomers with separately spin-labeled mono-

mers allows intermolecular effects to be isolated. The

measurement is highly sensitive to weak encounter

complexes, but its interpretation depends on label

position and mobility and generally describes a

dynamic ensemble rather than a unique struc-

ture [53,54]. In the Parkinson’s-associated IDP a-
synuclein, intermolecular PREs detected weak N-to-C-

terminal interchain contacts at neutral pH and

stronger C-terminal contacts at low pH, illustrating

how the transient contact ensemble can shift with solu-

tion conditions [55]. Intramolecular PREs have also

mapped long-range contacts in unstructured a-
synuclein that influence its aggregation propensity

[56,57].

These equilibrium measurements cover overlapping

parts of the association process, with their sensitivity

depending on population, exchange rate, chemical-shift

differences, and relaxation. Concentration-dependent

NMR signal broadening maps where the observable

state responds to association; relaxation dispersion and

Fig. 2. Solution NMR and complementary measurements provide different views of transient oligomers. (A) At equilibrium, transient

oligomers can be probed through concentration-dependent broadening of visible monomer resonances, CPMG or R1q relaxation dispersion,

CEST or DEST saturation transfer, and intermolecular PRE. Non-equilibrium pressure-jump NMR instead encodes relaxation, chemical-shift,

or NOE information while the oligomer is populated at atmospheric pressure and reads that information from sharp monomer resonances

after a jump to high pressure. The melting period allows the oligomer population to dissociate sufficiently into dynamic monomer before the

readout. Varying the intervals between pressure changes controls the time available for oligomerization or dissociation. The oligomer

encoding period and readout can be positioned at defined time points relative to these pressure changes to follow the oligomer population

and encoded observables over time. (B) Representative orthogonal measurements address complementary questions. SEC-MALS, native

MS, and mass photometry report the masses or stoichiometries present; smFRET and DEER provide selected distance distributions; SAXS,

EM, and AFM report overall dimensions or morphology; ssNMR and cryo-EM can reveal internal structure and packing when an oligomer is

sufficiently ordered and persistent or can be enriched, trapped, or rapidly frozen.
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saturation transfer constrain populations and exchange

kinetics over different timescale windows; and intermo-

lecular PREs report where chains make transient con-

tacts. The most convincing mechanistic interpretation

is one in which a single thermodynamic and kinetic

model accounts simultaneously for all of these

observables.

Whereas the preceding methods exploit equilibrium

exchange, pressure-jump NMR actively perturbs the

equilibrium population distribution [58–60]. For sys-

tems that oligomerize at atmospheric pressure and dis-

sociate reversibly at high pressure [61,62], relaxation,

chemical shift, or NOE information can be encoded

while the oligomer is populated. A rapid jump to high

pressure then shifts the equilibrium toward monomer,

allowing the encoded information to be read from

intense, sharp monomer resonances (Fig. 2A) [62].

Varying the delays within the pressure-jump sequence

allows assembly or dissociation to be followed from

milliseconds to minutes and, in principle, longer

[58,60,63]. The method requires pressure to shift the

population reversibly toward a detectable state, and

the sample must tolerate repeated cycling without irre-

versible aggregation [64–66].
For Ab40, whose disease-implicated oligomers dissoci-

ate reversibly at high pressure, pressure-jump NMR

enabled residue-specific measurements of oligomer

relaxation [62] and long-range NOE contacts [66]. For

amelotin, an intrinsically disordered enamel protein

involved in mineralization, oligomer chemical shifts and

long-range NOEs were measured using the same strat-

egy [67]. For melittin, a non-amyloid peptide whose dis-

ordered monomer to helical tetramer equilibrium

kinetics have been extensively studied, global fitting of

pressure-jump kinetics with CPMG relaxation disper-

sion data identified a dimeric intermediate whose popu-

lation never exceeded 1.6% but that was required for

tetramer formation [63]. The value of the combination is

more than the sum of its parts: the nonequilibrium

pressure-jump data define the overall population trajec-

tory, while equilibrium relaxation dispersion is particu-

larly sensitive to the minor intermediate (Fig. 2A).

Complementary methods address
what solution NMR misses

Solution NMR is strongest when residue-specific

exchange, dynamics, or contacts are tied to mecha-

nism. It is less direct for particle mass, stoichiometry,

and morphology. Complementary methods are best

chosen according to the missing observable (Fig. 2B).

Single-molecule fluorescence can detect rare oligo-

mers and give information on their heterogeneity.

Two-color coincidence reports whether differently

labeled molecules co-assemble into the same oligomer

[36]. smFRET adds one or more selected interdye dis-

tance restraints for additional structural or kinetic

information [37,68–71]. In mixtures of Ab40 and Ab42,
donor- and acceptor-labeled peptides revealed hetero-

geneous oligomers with extensive co-assembly of the

two isoforms [38]. In the functional eIF4B intrinsically

disordered domain, fluorescence correlation spectros-

copy (FCS) and single-molecule fluorescence character-

ized oligomer growth and millisecond exchange, while

nanosecond FCS (nsFCS) measured ~100–150 ns chain

reconfiguration times; NMR, EM, and simulations

linked these dynamics to oligomerization and subse-

quent condensate formation [72]. These approaches

require fluorescent labels, which may perturb weak

equilibria.

Electron paramagnetic resonance (EPR), specifically

double electron–electron resonance (DEER), measures

selected inter-spin-label distance distributions in frozen

samples and is therefore not limited by slow molecular

tumbling [73]. Inversion-modulated DEER can quan-

tify relative monomer and oligomer populations [74],

and helped establish transient huntingtin oligomers

[16]. T1-edited DEER further separates monomer- and

dimer-specific distance distributions within mixed sam-

ples [75]. As with fluorescence, interpretation depends

on the choice and flexibility of the spin-labeling sites.

Freezing conditions must also be considered for

DEER.

Native mass spectrometry and mass photometry

address stoichiometry and particle mass from different

directions. Native mass spectrometry can resolve oligo-

meric states, while ion mobility adds gas-phase colli-

sion cross sections. Applied to the diabetes-associated

peptide amylin, this combination detected oligomers

up to hexamers and distinguished their elongated con-

formations [76]. Ionization efficiency, gas-phase trans-

fer, and dissociation of fragile assemblies can

nevertheless bias apparent relative populations [39].

Mass photometry instead measures the scattering con-

trast of individual unlabeled particles as they land on

a glass surface [43]. It yields a particle-mass distribu-

tion and has followed changes in low-order

Alzheimer’s-and-CTE-associated tau protein oligomers

during aggregation [77], although its concentration

range, lower mass limit, and surface dependence mat-

ter for weak equilibria.

AUC and SEC-MALS provide distinct solution-

phase views of oligomerization. Sedimentation-velocity

AUC reports distributions of sedimentation coeffi-

cients and supports quantitative models of reversible

self-association [40]. SEC-MALS reports molar mass
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across chromatographically separated peaks [41], but

dilution and separation may perturb rapidly intercon-

verting monomer-oligomer equilibria.

SAXS measures ensemble-averaged dimensions and

low-resolution shape and can provide global restraints

complementary to local NMR measurements

[42,78–80], whereas dynamic light scattering (DLS)

reports apparent hydrodynamic-size distributions but

is disproportionately sensitive to larger particles [81].

Heterogeneous mixtures may therefore be difficult to

deconvolve by either method. Electron microscopy

(EM) and atomic force microscopy (AFM) provide

direct views of morphology and sample heterogeneity,

although grid preparation or surface adsorption can

favor selected species [34].

Solid-state NMR and cryo-EM become especially

informative when an oligomer is sufficiently persistent,

enriched, trapped, or rapidly frozen (Fig. 2B). ssNMR

has resolved a ~7% population of dynamic, largely

disordered Ab40 oligomers that yielded only four sharp

peaks in a solution 1H-15N HSQC spectrum [82], fol-

lowed freeze-trapped Ab40 assemblies during early

aggregation [83], and, together with super-resolution

microscopy and simulations, characterized a toxic

lipid-associated a-synuclein tetramer [84]. Cryo-EM

has likewise revealed kinetically trapped a-synuclein
oligomers [85] and, in combination with cryo-electron

tomography and AFM, visualized Ab oligomers, curvi-

linear protofibrils, and annular assemblies [86]. These

methods can provide substantially greater structural

detail than global size or mass measurements, but

enrichment or trapping may bias the sampled ensemble

and alter the populations present under native solution

conditions.

At the persistent end of the assembly landscape,

solid-state NMR has yielded high-resolution structures

of brain-derived Ab fibrils [87], monomorphic Ab42
fibrils [88,89], the nonhelical filament tau fibril [90],

and pathogenic a-synuclein fibrils [91]. Cryo-EM has

similarly determined the structures of patient-derived

tau filaments [92] and both in vitro and brain-derived

Ab42 fibrils [93,94]. These fibril structures do not

directly describe transient oligomers; rather, they illus-

trate the structural detail that may become accessible

when an oligomer is sufficiently persistent, homoge-

neous, or trapped.

The most useful combination is usually a small set

of measurements that resolves a specific ambiguity

(Table 1). Exchange rates do not define structure,

selected distances do not establish stoichiometry, mass

does not specify morphology, and a trapped high-

resolution structure does not determine its native pop-

ulation or lifetime. Orthogonal measurements become

decisive when they force the same model to account

Table 1. What different measurements contribute to an integrated model of transient oligomers.

Question

Representative

measurements

Contribution to the integrated

model What remains unresolved

Which states are populated,

how long-lived are they, and

how rapidly do they

interconvert?

CPMG, R1q, CEST,

DEST, pressure-jump

NMR relaxation and

kinetics

Residue-specific exchange rates,

relative populations, lifetimes,

chemical shift differences

Mass, stoichiometry, morphology, and

detailed structure

What oligomeric species are

present, and what are their

masses?

SEC-MALS, AUC,

mass photometry,

native MS, and ion

mobility

Molar mass and distributions of

sedimentation coefficients,

particle masses, and collision

cross sections

Interfaces, structure, and method-dependent

biases in apparent populations

Which residues or sites

contact one another?

smFRET, DEER, PRE,

pressure-jump NOE

Selected distance distributions

and residue-specific contacts

Stoichiometry, global structure, population,

lifetime, and ambiguity among models

consistent with sparse restraints

What are the overall

dimensions and shape?

EM, AFM, SAXS, DLS Overall morphology, ensemble-

averaged dimensions,

hydrodynamic size

Residue-level structure, preparation bias, and

quantitative populations of minor species

Where does an oligomer lie

along the assembly

pathway?

CPMG, R1q, CEST,

pressure-jump NMR

kinetics

Constrains kinetic connectivity

among populated states

Pathway assignments may not be unique;

orthogonal measurements of mass,

structure, or morphology are needed to

identify the modeled states

What structural information

can be determined for a

sufficiently persistent or

trapped state?

ssNMR, cryo-EM Local structural restraints or

three-dimensional reconstruction

Lifetime, exchange kinetics, and whether the

selected state accurately represents the

solution ensemble
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for these distinct observables (Fig. 2). A recent study

of the ALS-associated TDP-43 disordered C-terminal

domain illustrates this principle: AUC constrained

concentration-dependent multimerization, intermolecu-

lar NMR contacts localized the helical interface, and

AlphaFold-Multimer combined with molecular dynam-

ics simulations generated and tested compatible oligo-

mer models [95–97].

What no method sees alone

Like disordered monomers [98–101], transient oligo-

mers are best understood as ensembles rather than sin-

gle static structures. For transient oligomers, that

ensemble description must additionally include popula-

tion, stoichiometry, lifetime, and exchange with mono-

mer. A structural model without population or lifetime

can overemphasize a rare species. A kinetic curve with-

out residue-level information can miss the molecular

event that controls assembly. Mass alone cannot dis-

tinguish whether an oligomer is compact or elongated,

or identify the contacts that stabilize it. Indeed, mor-

phologically similar oligomers can differ in internal

packing and toxicity [26]. Likewise, a high-resolution

structure of an enriched or trapped state may accu-

rately describe one member of the ensemble while fail-

ing to represent the populations and exchange

processes that dominate under native solution condi-

tions [34].

An informative oligomer model should link popula-

tion, lifetime, stoichiometry, residue-level contacts,

dynamics, morphology, and position along the assem-

bly pathway (Fig. 2, Table 1). Work on disordered

monomers provides a useful precedent: combining

complementary NMR observables with SAXS and

smFRET has yielded quantitative ensemble descrip-

tions that no single technique could provide [102–108].
For transient oligomers, orthogonal observables

should similarly narrow the set of plausible models

rather than be expected to produce one unique

structure.

Meaningful integration also requires samples and

conditions to be matched as closely as possible, with

unavoidable differences included explicitly in the

model. Concentration, buffer, temperature, labeling,

surface interactions, and sample age may each shift a

weak equilibrium, so nominally complementary experi-

ments may probe different ensembles. Even under

matched conditions, a model that reproduces all fitted

data need not be unique because sparse, ensemble-

averaged restraints may be satisfied by different combi-

nations of populations and conformations [109,110].

Validation against independent observables withheld

from fitting therefore provides a more rigorous test

than agreement with the fitted data alone [109]. For

transient oligomers, an additional test is whether the

model predicts the effects of mutations and the

response to changes in concentration, pressure, or

temperature.

Transient oligomers are invisible only to particular

measurements, not beyond the reach of structural biol-

ogy. Their characterization therefore depends on inte-

grating complementary observables into ensemble

models that account simultaneously for structure,

populations, exchange kinetics, and conformational

dynamics. For IDPs, the sharp monomer spectrum

often provides an experimental window through which

otherwise invisible oligomer populations can be

detected and characterized.
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