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Abstract: A truly disordered protein lacks a stable fold and its backbone amide protons exchange

with solvent at rates predicted from studies of unstructured peptides. We have measured the
exchange rates of two model disordered proteins, FlgM and a-synuclein, in buffer and in

Escherichia coli using the NMR experiment, SOLEXSY. The rates are similar in buffer and cells and

are close to the rates predicted from data on small, unstructured peptides. This result indicates
that true disorder can persist inside the crowded cellular interior and that weak interactions

between proteins and macromolecules in cells do not necessarily affect intrinsic rates of

exchange.

Keywords: amide proton exchange; intrinsically disordered proteins; in-cell NMR; SOLEXSY; macro-

molecular crowding

Introduction
Cellular processes occur at macromolecule concentra-

tions of 300–400 g/L.1,2 The resulting weak, nonspecific

interactions between macromolecules in the cytoplasm

alter globular protein dynamics and stability.3–6

Disordered proteins are fundamentally different.

Unlike many model, single domain, globular proteins,

whose structures do not change until they denature,7

the properties of disordered proteins depend on solu-

tion conditions.8 Thus, the crowded nature of the cell

could have large effects on protein disorder. Studies

show that the cellular interior can promote structure

formation in proteins that are only transiently struc-

tured in buffer.9 On the other hand, there is a growing

realization from studies of globular proteins that

attractive interactions favor less structure.10–16

To date, knowledge of the atomic-level structure

of disordered proteins inside cells comes from crude

measures: the presence or absence of crosspeaks in
15N-1H HSQC NMR spectra and chemical shifts.9,17

Absence of peaks is caused by chemical exchange and

is explained in contrasting ways: (1) intramolecular

exchange involving the stabilization of particular con-

formations (i.e., folded species) and (2) weak, tran-

sient chemical interactions between the test protein

and cellular components.9,18–20 Here, we take a new

approach by quantifying hydrogen exchange rates for

two proteins possessing different degrees of disorder.

Structure protects backbone amide protons from

solvent exchange.21 Therefore, measuring their

exchange rates inside cells and comparing the val-

ues to those measured in buffer and calculated from

unstructured peptides provides information about

structure. Protection is quantified as the rate in an

unstructured peptide (�0.1 210 s21)22 divided by

the observed rate, kint/kobs. These protection factors
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range from >105 for backbone amide protons in the

core of globular proteins to <5 for denatured pro-

teins.5,10,23 Intrinsic rates in buffer are estimated by

using the online program, SPHERE,24 which calcu-

lates kint based on data from unstructured peptides

and information about the system (i.e., primary

structure, pH, deuterium content, and tempera-

ture).22,25 These calculated rates remain valid in

buffers containing physiologically relevant concen-

trations of globular proteins and cell lysates.11,26

Direct measurement of exchange in cells, how-

ever, is challenging. We investigated the disordered

proteins a-synuclein and FlgM, both of which give

in-cell NMR spectra,9,18,27,28 using the SOLEXSY

experiment26,29 to quantify kobs in Escherichia coli

and buffer. SOLEXSY uses a variable mixing time

(tmix) to monitor hydrogen exchange (Supporting

Information Fig. S1). Short times do not result in a

buildup crosspeak. Longer times allow amide deuter-

ons to exchange for protons and buildup of the ini-

tially deuterated amide crosspeak occurs. Similarly,

a decay is observed from the initially protonated

species. Rates are obtained from fits of peak volume

versus mixing time.

a-Synuclein is a 140-residue protein found at

the presynaptic terminals of neurons.30 Its exact

role is controversial, but the protein is N-terminally

acetylated and thought to play a part in dopamine

trafficking.8 a-Synuclein retains the majority of its
15N-1H correlation crosspeaks inside E. coli, suggest-

ing that the protein remains disordered in

cells.17,18,27,28

FlgM is a 97-residue protein from Salmonella

typhimurium that inhibits r28, a transcription factor

responsible for regulating downstream flagellar and

chemotaxis genes.31,32 The protein shows character-

istics of both a globular and a disordered protein.

The C-terminus (residues 41–97) forms transient

helices in buffer (between residues 60–73 and 83–

90).33 These helices are stabilized upon binding

r28.34 The absence of crosspeaks from the 15N-1H

correlation spectrum for the C-terminal region in E.

coli has been interpreted as evidence that this

region gains structure in cells.9 The N-terminus

(residues 1–40) appears to remain disordered even

in cells.9,33

Results

Amide proton exchange is base-catalyzed at physio-

logical pH.21,22 In-cell NMR in E. coli is usually per-

formed in dense cell slurries that are inherently low

in nutrients and O2.35,36 These anaerobic conditions

cause acidification of the cellular interior.17,37,38

Thus, the interior pH must be known to compare

data obtained in cells to data obtained in buffer. a-

Synuclein has a single histidine, H50, whose 13Ce1

proton chemical shift depends on pH.39 The C14 pro-

tons of HEPES, which is not cell permeable, were

used as an external pH probe.40,41 13C-1H HSQC

spectra were acquired before and after the

SOLEXSY experiment.

The proton chemical shifts were compared to

those from a standard curve in buffer (Supporting

Information Figs. S2, S3). The cytoplasm and the

extracellular medium acidified over the �16 h

required to acquire a SOLEXSY dataset (Supporting

Information Table S1), and the internal pH was

�0.4 units lower than the external pH (Supporting

Information Fig. S4). The average internal pH of all

a-synuclein datasets is pH 6.7. We corrected the in-

cell rates to pH 6.7 by using the second-order rate

constant for base-catalyzed exchange (Supporting

Information Table S2, footnotes c-e).42 We used this

corrected rate to compare intracellular hydrogen

exchange rates to those measured in buffer and to

drive SPHERE. Since FlgM does not have a pH sen-

sitive probe, we measured the HEPES C14 proton

chemical shift before and after the SOLEXSY experi-

ment, and applied the 0.4 pH unit correction to

determine the internal pH.

During the course of an in-cell experiment the

intercellular pH typically drops below 6.5

(Supporting Information Table S1). Below this pH

(at 288 K) the signal to noise ratio of buildup peaks

is typically too small to allow exchange rates to be

quantified, because hydrogen exchange drops below

0.1 s21 for many residues. This problem is exacer-

bated in-cells, where peaks are inherently broad. To

estimate exchange rates from crosspeaks with weak

buildup curves we used a standard curve of the ratio

of buildup to decay peak volumes at a tmix of 0.3 s

versus the kobs values from the fit obtained in buffer

(Supporting Information Fig. S5). This procedure

allows an exchange rate to be estimated by a

SOLEXSY experiment with one tmix, 0.3 s. The

uncertainty in this measurement was estimated as

the maximum and minimum rates within 0.1 unit of

the ratio.

Hydrogen exchange rates for a-synuclein and

FlgM are compiled in Supporting Information Tables

S3–S7. SPHERE-predicted kint values match kobs

values in buffer for a-synuclein, acetylated a-

synuclein, and FlgM. In addition, rates and protec-

tion factors for a-synuclein in buffer closely match

those measured with CLEANEX (Supporting

Information Table S3).27 The differences likely

reflect differences in buffer composition and extrapo-

lation to pH 6.7.

In buffer, 26 a-synuclein residues give quan-

tifiable exchange rates and seven more rates can be

estimated [Figs. 1(A) and 2(A), Supporting

Information Table S3]. The residues are distributed

throughout the primary structure. Their protection

factors are all similar and less than two. The same is

observed for a-synuclein in buffer supplemented with

150 mM NaCl (Supporting Information Table S3).
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Protection factors this small indicate a lack of

structure.23

In cells, nine a-synuclein residues give quantifi-

able rates, eight more rates can be estimated, and an

additional six qualitatively show exchange [Figs. 1(B)

and 2(A), Supporting Information Tables S2 and S3).

Rates in cells and in buffer are in reasonable agree-

ment with the values predicted by SPHERE. No pro-

tection factor is greater than three [Fig. 2(B)]. There is

no significant difference between the protection factors,

both measured and estimated, in cells and in buffer

(two-tailed t-test with unequal variance,43 q>0.07).

The same is observed for acetylated a-synuclein. There

is no significant difference between protection factors

in cells and buffer (Supporting Information Fig. S6,

Tables S4 and S5, two-tailed t-test with unequal var-

iance, q> 0.5). These observations along with chemical

shift data from the protein in cells17 indicate that

a-synuclein, with or without acetylation, remains disor-

dered in the crowded bacterial cytoplasm.

The activation energy of amide proton exchange

was also measured (Supporting Information Table

S8). The means and their standard deviations are

15 6 3 kcal/mol in buffer and 17 6 1 kcal/mol in cells.

The activation energy used in SPHERE is 17 kcal/

mol.22,24 These observations lend further support

our to conclusion that a-synuclein has the properties

of a disordered peptide in the E. coli cytoplasm.

Turning to FlgM, 24 residues give quantifiable

exchange rates in buffer [Figs. 3(A) and 4(A),

Figure 2. a-Synuclein exhibits similar backbone amide hydrogen exchange rates in cells and in buffer (pH 6.7, 288 K). (A) Rates

from prediction (red),22,24,25 and from SOLEXSY data (blue, buffer; green, cells). Uncertainties in buffer are the standard deviation

of 20 Monte Carlo noise simulations.29 Uncertainties for the in-cell data are the standard deviation of the mean from three or more

trials (For T81 and G93, the uncertainties are the range of two experiments.). Asymmetric error bars are shown for rates derived

from the data in Supporting Information Figure S5, as described in the text. In-cell rates without error bars are for residues that

exchange too slowly for reliable fits, or have overlapped decay peaks, and were assigned a rate of�0.2 s21, the lower limit of

SOLEXSY. (B) Protection factors (kint, predicted/kobs, buffer and kint, predicted/kobs, cells). Uncertainties are from propagation of the uncer-

tainties shown in panel A unless the rate was derived from Supporting Information Figure S5. For those residues, the uncertainty

reflects a range, as described in the text. The arrows denote residues for which only a maximum value can be assigned.

Figure 1. 15NH/D-SOLEXSY spectra of a-synuclein in (A)

buffer and (B) E. coli. Each panel is an overlay of the 0 ms

(black) and 300 ms (red) mixing times. The contour levels in

panels A and B are the same.
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Supporting Information Table S7). Significantly

larger protection factors (q<0.002, two-tailed t-test

with unequal variance) are observed for the 13

C-terminal residues compared to the 11 N-terminal

residues (means and their standard deviations of

1.6 6 0.3 and 0.5 6 0.1, respectively). This observa-

tion suggests the existence of some structure in the

C-terminal region, consistent with chemical-shift

data showing that the C-terminus forms transient a-

helices in buffer.33,34 However, the protection factors

from the C-terminal region were all <5, indicating

an absence of persistent structure.23 In summary,

the agreement between the chemical-shift data and

the hydrogen exchange data show that protection

factors are a sensitive measure of sparsely populated

secondary structure.

In cells, seven FlgM residues give quantifiable

rates and four more qualitatively show exchange

[Figs. 3(B) and 4(A), Supporting Information Tables

S6 and S7]. The rates in cells are similar to those in

buffer. For the N-terminus seven residues can be

quantified in cells and 11 in buffer. Protection fac-

tors for these residues [Fig. 4(B)] are the same in

cells as they are in buffer (two-tailed t-test with

unequal variance, q>0.1).

Discussion

Our data for a-synuclein and the N-terminal region

of FlgM indicate that disorder can persist in E. coli

irrespective of the existence of hard-core repulsions,

i.e. macromolecular crowding.3,4 We cannot directly

compare cell and buffer data from the C-terminus of

FlgM because C-terminal crosspeaks disappear in

cells.9 However, the smaller exchange rates in buffer

and the absence of crosspeaks are both consistent

with the existence of a nascent C-terminal structure.

Likewise, for both acetylated and non-acetylated a-

synuclein, crosspeaks from the first 12 residues and

residues 37–41 show peak broadening inside cells

(Supporting Information Fig. S7). This broadening is

likely due to conformational exchange involving a

helical form that is populated in buffer to �17% for

Figure 3. 15NH/D-SOLEXSY spectra of FlgM in (A) buffer and

(B) E. coli. Each panel is an overlay of the 0 ms (black) and

300 ms (red) mixing times. The contour levels in panels A

and B are the same.

Figure 4. FlgM exhibits similar backbone amide hydrogen exchange rates in cells and in buffer (pH 6.7, 298 K). See the caption

to Figure 2 for further information.
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acetylated a-synuclein and slightly less for the non-

acetylated form.44,45 This conformational exchange

is likely slowed in cells causing broadening. A simi-

lar observation has been made for a folding interme-

diate of the FF domain in cell lysates.6

We have shown that measured exchange rates

in E. coli agree with both those obtained in buffer

and those calculated based on exchange rates of

small, unstructured peptides. Data for the C-termi-

nal region of FlgM in buffer show that even small

protection factors can be useful indicators of

sparsely populated structured states in disordered

proteins. This work also has implications for deter-

mining the stability of globular proteins in living

cells. Specifically, the data indicate that predicted

rates from model peptides can be applied to hydro-

gen exchange studies of globular proteins inside E.

coli.5 Most importantly, we have shown that protein

disorder can persist under physiological conditions

and that the crowded cellular interior need not

affect the structure of disordered proteins.

Materials and Methods

Protein expression for in-cell NMR

Plasmids harboring the gene encoding FlgM (ampi-

cillin resistance) or a-synuclein (ampicillin resist-

ance) were transformed into Agilent BL21 DE3 Gold

cells by heat-shock. For acetylated a-synuclein, plas-

mids harboring pNatB (chloramphenicol resistance)

and a-synuclein were co-transformed into Agilent

BL21 DE3 Gold cells by electroporation. A single col-

ony was used to inoculate a 5 mL culture of Luria-

Bertani media supplemented with 100 lg/mL ampi-

cillin (FlgM or a-synuclein) or 100 lg/mL ampicillin

and 25 lg/mL chloramphenicol (pNatB/a-synuclein).

The culture was grown at 37�C. After 8 h, 50 lL of

the saturated culture was used to inoculate 50 mL

of supplemented M9 media as described next.

For uniform labeling, M9 media (50 mM

Na2HPO4, 20 mM KH2PO4, 9 mM NaCl) was supple-

mented with 2 mg/mL 13C-glucose, 1 mg/mL
15NH4Cl, 100 lM CaCl2, 2 mM MgSO4, 10 lg/mL

thiamine and 10 lg/mL biotin, and 150 lg/mL ampi-

cillin (100 lg/mL ampicillin and 25 lg/mL chloram-

phenicol for pNatB/a-synuclein). For glycine or

threonine “unlabeling,” the media described above

was also supplemented with 1 mg/mL natural abun-

dance glycine or 1.5 mg/mL natural abundance

threonine.46,47

For selective lysine/threonine enrichment, natu-

ral abundance glucose and NH4Cl were used in the

M9 media, which was also supplemented with

0.1 mg/mL uniformly enriched 13C/15N threonine,

0.2 mg/mL uniformly 13C/15N enriched lysine and

0.2 mg/mL natural abundance glycine.48,49

The 50 mL cultures were shaken (New

Brunswick Scientific Innova I26, 225 rpm) at 37�C

overnight. The culture was diluted to 100 mL with

supplemented M9 media and shaken until the opti-

cal density at 600 nm was at least 0.8. Isopropyl b-

D-1-thiogalactopyranoside (1 mM) was used to

induce expression. After 4 h cells were pelleted at

1000g and washed 3 times with 30 mL NMR buffer

(100 mM HEPES, 35 mM bis-tris propane,50 50 lg/

mL chloramphenicol, 100 lg/mL ampicillin, 50%

D2O). For pNatB/a-synuclein the buffer contained

half the amount of chloramphenicol and 15 lg/mL

rifampin. Chloramphenicol or rifampin are required

to halt protein expression prior to NMR. (Rifampin

is required because the pNatB plasmid confers chlor-

amphenicol resistance.) Cell pellets were resus-

pended in 100–200 lL of NMR buffer and loaded

into a standard 5 mm NMR tube. Typical cell slur-

ries were 70% wet cells by volume.

Protein purification

Cell pellets were frozen after in-cell NMR experi-

ments. For a-synuclein (with or without acetylation)

cells were lysed by boiling. Cell debris was removed

by centrifugation at 16,000g. Using a GE AKTA

FPLC, anion exchange (GE Q column, 50 mM Tris

wash buffer, 50 mM Tris/1M NaCl elute buffer, 10–

90% gradient) and subsequent size exclusion chro-

matography (GE Superdex 75 column eluted with

non-supplemented M9) were used. Purified protein

was dialyzed against 17 MX cm21 H2O for 4 h at

room temperature or overnight at 5�C. After dialy-

sis, the sample was flash frozen in a dry-ice/ethanol

bath and lyophilized.

FlgM was purified in a similar fashion except

the cells were sonicated (Fisher Scientific Sonic

Dismembrator Model 500, 15% amplitude, 20 s, 67%

duty cycle). FlgM does not bind to anion exchange

media.

LC-ESI-MS

Purified samples of a-synuclein were resuspended in

17 MX cm21 H2O and subjected to LC-ESI-MS using

a Restek Viva C4 column (linear gradient from 0.1%

aqueous formic acid, 5% acetonitrile to 0.1% aqueous

formic acid, 95% acetonitrile over 15 m, followed by

5 m in the 95% eluant) coupled to an Agilent 6520

Accurate-Mass Q-TOF running in positive ion mode.

Deconvoluted masses of 15240 Da and 15280 Da

were found for 13C/15N a-synuclein and 13C/15N ace-

tylated a-synuclein, respectively. This mass differ-

ence corresponds to the addition of an acetyl group

(�40 Da). No unmodified a-synuclein was observed

when the protein was co-expressed with pNatB, indi-

cating 100% acetylation, consistent with previous

work.51

pH determination
Purified a-synuclein was suspended in 50 mM

citrate, 50 mM bis-tris propane, 50 mM HEPES,
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50 mM borate, 5% D2O, containing 0.1% DSS at var-

ious pH values. Data were acquired at 288 K (pH:

3.0, 4.2, 5.3, 5.7, 6.0, 6.4, 6.6, 6.8, 7.0, 7.5, 7.8, 8.9)

and 298 K (pH: 5.3, 6.1, 6.6, 7.0, 7.4, 7.9, 8.9) on

either a 600 or 700 MHz Bruker Avance III HD

spectrometer equipped with a Bruker TCI cryoprobe.
13C-HSQC spectra were acquired using sweep

widths of 12 ppm in the 1H dimension and 200 ppm

in the 13C dimension. Four transients were collected

using 512 complex points in t2 and 64 complex incre-

ments in t1. Spectra were referenced to DSS at 0

ppm. Data were processed with Topspin 3.2. The 1H

chemical shifts of H50 13Ce1-1H and 13Cd2-1H of a-

synuclein and HEPES were followed as a function of

pH. The data were fit to a modified Henderson-

Hasselbach equation, d5dlow2
dlow2dhigh

1110n pKa2pHð Þ, where dlow

is the low pH chemical-shift plateau and dhigh is the

high plateau, n is the number of protons, and pKa is

the negative logarithm of the dissociation con-

stant.52–54 Our pKa values (6.7 for H50 and 7.5 for

HEPES) are similar to literature values.39,40

Using a glass electrode, buffers containing 5%

and 50% D2O and a-synuclein were adjusted to a pH

reading of 6.9. The solutions gave nearly identical

proton chemical shifts for e1 (7.984 ppm and 7.983

ppm) and d2 (7.074 ppm and 7.073 ppm), for 5 and

50% D2O. Thus, the H50 13Ce1 and 13Cd1 protons are

insensitive to the H/D isotope effect and 0.2 pH units

were added to the value obtained from the standard

curve in solutions containing a 1:1 H2O:D2O mixture

to account for the H/D isotope effect on the electrode

for a 50% D2O solution.55,56 The C14 protons of

HEPES, however, exhibit an isotope effect. In 5%

D2O the proton chemical shift is 3.117 ppm while in

50% D2O the chemical shift is 3.134 ppm. For this

reason, a correction of 20.017 ppm was applied to

values obtained in 50% D2O to account for the devia-

tion from the conditions used to acquire the standard

curve, then the 0.2 pH unit correction was added to

the value obtained from the standard curve.

NMR

In-cell samples were prepared as described above.

For the buffer experiments purified 13C-, 15N-

enriched protein (final protein concentration of �500

lM as judged by a Lowry assay using bovine serum

albumin as the standard) was added to NMR buffer

(pH 6.7, minus antibiotics). One buffer experiment

with a-synuclein used NMR buffer plus 150 mM

NaCl, to ensure minimal salt dependence of

exchange. In-cell data were acquired at 288 K (a-

synuclein, acetylated a-synuclein), and 298 K (FlgM,

a-synuclein) with a 700 MHz Bruker Avance III HD

spectrometer running Topspin Version 3.2 and

equipped with a Bruker TCI cryoprobe. Buffer data

were acquired at 288 K (a-synuclein, acetylated a-

synuclein), 293 K (a-synuclein), and 298 K (FlgM, a-

synuclein). An interleaved, modified26 SOLEXSY29

experiment with mixing times (tmix) of 0, 70, 140,

210, 300, 500, and 800 ms was used to measure

hydrogen exchange rates. One in-cell exchange

experiment with a-synuclein used tmix of 0, 70, 150,

300, 700 ms in an attempt to shorten the acquisition

time and minimize pH changes. Sweep widths were

7000 Hz and 2500 Hz in the 1H and 15N dimensions,

respectively. 512 complex points were collected in t2

with 128 TPPI points in t1 at each tmix. In buffer, 32

transients were acquired per increment. Forty tran-

sients were acquired for the in-cell NMR experi-

ments. Data acquisition required �16 h per sample.
15N-1H and 13C-1H HSQC spectra were acquired

before and after the SOLEXSY experiment to assess

sample integrity and pH. Four or eight transients

were collected using 512 complex points in t2 with

64 complex points in t1 for each experiment. The

sweep widths were 8500 Hz in 1H and either 2500

Hz or 34500 Hz in the 15N or 13C dimension, respec-

tively. For the in-cell samples, the cell slurry was

removed after the experiment and gently pelleted.

The supernatant was removed, diluted two- to three-

fold, and placed in the spectrometer. A 15N-1H

HSQC was acquired to assess protein leakage.57 No

leakage was observed.

To ensure the pH associated with an in-cell

SOLEXSY experiment was the average of the values

obtained from the bracketed 13C-1H HSQC spectra, an

experiment using a-synuclein was performed where
13C-1H HSQC spectra were acquired as a function of

time. These HSQC spectra bracketed a short SOLEXSY

(only tmix 0.3 s) experiment and an 15N-1H TROSY-

HSQC experiment. This regimen not only allowed us to

determine that the pH drop was linear but also allowed

collection of single-plane SOLEXSY experiments where

the pH drop was only averaged over �2.5 h instead of

the �16 h required for a complete SOLEXSY experi-

ment. This protocol allowed us to assess hydrogen

exchange at discreet pH values, instead of exchange

averaged over a �0.5 pH unit range.

Data processing

Data were processed with NMRPipe.58 t2 data were

subjected to a cosine squared bell function (512 com-

plex points for buffer solutions and 256 complex

points for in-cell experiments) before zero-filling to

2048 points and Fourier transformation. t1 data

were linear predicted to 256 points before applica-

tion of a cosine squared bell function. Subsequent

zero-filling to 1024 points and Fourier transform

yielded the final spectra. Spectra were peak picked

and integrated using the built-in nlinLS routine.

Peak volumes were fitted as described.29 Published

assignments were used.33,34,59,60
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