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Abstract Co-solute paramagnetic relaxation enhance-
ment (PRE) is an attractive way to speed up data acquisi-
tion in NMR spectroscopy by shortening the T, relaxation
time of the nucleus of interest and thus the necessary re-
cycle delay. Here, we present the rationale to utilize high-
spin iron(Ill) as the optimal transition metal for this pur-
pose and characterize the properties of its neutral chelate
form Fe(DO3A) as a suitable PRE agent. Fe(DO3A) ef-
fectively reduces the T, values across the entire sequence
of the intrinsically disordered protein o-synuclein with
negligible impact on line width. The agent is better suited
than currently used alternatives, shows no specific inter-
action with the polypeptide chain and, due to its high
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relaxivity, is effective at low concentrations and in ‘proton-
less” NMR experiments. By using Fe(DO3A) we were able
to complete the backbone resonance assignment of a highly
fibrillogenic peptide from o,-antitrypsin by acquiring the
necessary suite of multidimensional NMR datasets in 3 h.

Keywords Paramagnetic relaxation enhancement -
Intrinsically disordered proteins - Fe(DO3A) - o;-
Antitrypsin - Amyloid beta-peptides - NMR spectroscopy

Introduction

NMR spectroscopy has proven to be the most suitable
methodology to obtain insight into the details of protein
conformational disorder that exists in all branches of life as
multifunctional and flexible interaction domains, proteins
or peptides (Uversky and Longhi 2010). The study of these
intrinsically disordered regions (IDRs) or proteins (IDPs)
imposes technical challenges arising from the low disper-
sion of NMR chemical shifts. The very small differences in
the magnetic environment of the nuclei cause spectral
congestion and resonance overlap, demanding time-con-
suming higher dimensional experiments or specific pulse
sequence designs to resolve signal ambiguities (Bermel
et al. 2006b; Sakhaii et al. 2013; Takeuchi et al. 2010). The
hyperdimensional NMR experiments involve many mag-
netization transfer steps, and are compromised in sensi-
tivity by spin—spin relaxation during successive periods of
coherent evolution. In addition, several unfolded polypep-
tides are inherently unstable or aggregation-prone under
the concentrations necessary for multidimensional NMR
experiments, setting constraints on the available ex-
perimental time. This includes several amyloid peptides,
notoriously known to self-associate and aggregate, where a
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growing interest in the early amyloid conversion processes
and soluble intermediate structures (Schmit et al. 2011)
have created the need for contemporary experimental
strategies that enable NMR spectroscopic studies within
the sample half-life.

To face these challenges, several approaches have been
proposed in the literature that increase the signal per unit
time (Kupce and Freeman 2004; Marion 2005; Schanda
et al. 2006), whereof speeding up nuclear spin relaxation
represents an attractive solution. The longitudinal relax-
ation time (7;) describes the return time of magnetization
along the polarizing field axis. For flexible molecules, this
time constant can be on the order of 1 s, which makes
recycle delays consume most of the NMR recording time.
Ideally, this idle time should be reduced to zero, which
would allow improved sensitivity and resolution through
faster data acquisition. In a number of applications to
proteins, amide proton relaxation rates were increased
through the application of selective 'H pulses (Diercks
et al. 2005; Pervushin et al. 2002; Schanda et al. 2006). An
alternative, and fully tunable strategy would be the use of
paramagnetic co-solutes, as the protein relaxation rates
increase proportionally to the concentration of paramag-
netic agent (Cai et al. 2006; Caravan 2009).

Small polar, neutral paramagnetic chelates are expected
to be best suited, since these minimize the chance of per-
sistent interactions due to hydrophobic and electrostatic
interactions between the PRE co-solute and amino acid
side chains, while at the same time providing excellent
solubility in watery milieus. In addition, the proximity of
the paramagnetic agent to all protein nuclei in unfolded
polypeptide chains and IDPs makes co-solute PRE highly
suitable for speeding up 7 relaxation in these cases. In
contrast, PRE effects in folded proteins are limited to
surface residues. In these cases, fast data acquisition by
reduction of the interscan delay would lead to strong at-
tenuation of signals from the protein core. Previous studies
have shown that neutral nickel(II)-chelate PRE-agents
[such as Ni(DO2A)] enhance longitudinal relaxation rates
with negligible effects on proton line widths (Cai et al.
2006; Theillet et al. 2011). However, due to very short T,
and T, times of Ni(Il), relatively high concentrations
(>30 mM) are necessary to reduce protein 'H T; values
significantly, and, in addition, since the PRE scales with
the square of the magnetogyric ratio, nickel is not suited to
reduce '*C relaxation times in proton-less applications,
which have been demonstrated to be beneficial for NMR
spectroscopy of IDPs close to physiological conditions
(Bermel et al. 2006a; Hsu et al. 2009). At the other ex-
treme, efficient relaxation agents with long electron re-
laxation times, such as Gd3+, are not suited either, as these
produce a preferential increase in R,, and therewith lead to
strong line broadening (Bertini et al. 2001).

@ Springer

In this work, we put forward a suitably optimized PRE
chelate agent, Fe(DO3A), for the study of peptides and
proteins by liquid-state NMR spectroscopy. The use of
high-spin iron(IIl) as the optimal transition metal for T
relaxation enhancement is theoretically rationalized
through its specific electron spin relaxation time and the
associated contribution to the dipolar relaxation enhance-
ment. We successfully applied the agent to obtain the
complete liquid-state resonance assignment of a highly
fibrillogenic peptide derived from the C-terminal tail of the
serine protease inhibitor o;-antitrypsin, where previous
attempts to determine the solution structure of this peptide
by NMR spectroscopy proved unsuccessful due to sample
instability. The use of Fe(DO3A) presents a rapid and
versatile strategy for the study of this type of short-lived
soluble samples. As many other biologically and medically
relevant peptides and proteins self-associate, reduction of
the experimental time below sample half-life is of funda-
mental importance.

Theory

Theoretical rationale for the optimal PRE agent
to obtain nuclear 7T shortening

The co-solute paramagnetic relaxation enhancement is
critically dependent on the relationship between the elec-
tron spin relaxation rates (R;, and R,) and the molecular
bond vector reorientation time, tg, of the protein of inter-
est. The paramagnetic contribution to relaxation can be
expressed as (Cai et al. 2006):

Ry :R1d+CXR1p (1)
Ry =Ry;+c¢ X Rzp (2)

where R4 and R,4 are the longitudinal and transverse re-
laxation rate in the absence of paramagnetic agent, re-
spectively, Ry, and R, are relaxation contributions due to
the electron—nuclear dipolar interaction, and c is the con-
centration coefficient of the paramagnetic agent. An alter-
native notation is also widespread where the second terms
in Egs. (1) and (2) are replaced with the product of the
concentration (in mM) of the paramagnetic agent, multi-
plied with the ‘relaxivities’ r; and r,, defined as the ex-
perimental relaxation induced by 1 mM of the
paramagnetic compound (Caravan 2009).

The paramagnetic relaxation enhancement through
modulation of the electron—nuclear dipolar coupling, can
be described as dominated by either rotational motion
(inner-sphere relaxation, see Peters et al. 1996), or by the
relative diffusion of the protein atoms and the paramag-
netic compound (outer-sphere relaxation, see Abragam
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1961; Freed 1978). Relaxation equations are available for
both scenarios, with the important difference for the case of
outer-sphere relaxation that (1) the concentration of the
paramagnetic molecules enters the relaxation equations
directly, rather than by a concentration coefficient [the
latter expressing the fraction of molecules experiencing
paramagnetic relaxation enhancement (PRE)] and (2) the
spectral density functions include the relative translation
diffusional motion of the two species. Pintacuda and Otting
(2002) demonstrated that the inner-sphere approximation
appears to be more appropriate for the interaction of
gadodiamide with a globular protein. Cai et al. (2006) have
equally applied this assumption in their description of
Ni(DO2A) with the protein SUMO, and it will also be
assumed in the analysis that follows. However, for the
ensuing discussion, the exact mechanism of modulation of
the electron—nuclear coupling is not important, as the re-
laxation rates show a similar dependence on the electron
spin relaxation times due to either mechanism, albeit that
the finer details of their frequency dependence are different
(Bertini et al. 2001).

Following Peters et al. (1996) the ‘inner-sphere’ elec-
tron—nuclear dipolar contribution to the relaxation rate
under influence of a single paramagnetic center is given by:

_25(S + e’ (ﬂo) du 7%
p 1576 A/ |1+ w? 1+ wsfcz
3)
:M(@)z fg T B
» 1576 4n 1+, 1+t

(4)

Here, S is the electron spin quantum number of the
paramagnetic ion, y; is the magnetogyric ratio of nucleus I,
g is the electron g factor, f§ is the Bohr magneton, @y and
g are the Larmor frequencies of the nucleus I and electron
S, respectively, and 7 is the distance between the electron
and nuclear spin. The effective longitudinal (z.;) and
transverse (1.,) nuclear correlation times are determined by
the rotational correlation time (tg) of the nucleus—electron
vector and the electron relaxation times (7. and T, re-
spectively) of the paramagnetic species, as follows:

1 1 1
S T 5
Tel Tr+Tle ()
1 1 1
o (©)

Te2 Tr TZe

The dominating term in the electron—nuclear relaxation
contribution will thus depend on the effective electron re-
laxation time and varies by several orders of magnitude for
transition metals (Table 1). This gives rise to markedly
different paramagnetic R;, and R, effects as a function of

Table 1 Electron relaxation times for several metal ions (Bertini
et al. 2001)

Metal ions Electron relaxation times (7./ps)
Low-spin Fe®™ ~1

NiZ* ~10

High-spin Fe" ~100

Gd**, Mn**, Cu*t ~1000-3000

T, which is simulated in Fig. 1, assuming a correlation
time of bond vectors of 2 ns. In terms of optimal properties
for T relaxation enhancement, the PRE agent should dis-
play high relaxivity (i.e., strong concentration effect)
without causing a large contribution to R, (line
broadening).

Paramagnetic relaxation contribution as a function
of T 1e

If the electron relaxation times Tj., Tr. < Tp, they will
dominate the effective correlation times (i.e., 7c; ~ Tie
and 7. & Toe). When T, ~ T, and oyt < 1 and wg.
7. < 1, the longitudinal and transverse paramagnetic re-
laxation enhancements, given by Egs. (3) and (4) then
become equal:

208(S + )76 (%o)°r., (7)

Rip ~ Ryp = 15/

In this case, R, becomes proportional to the electron re-
laxation time T.. Therefore, a very short T, leads to a
very low R;, (Fig. 1a, left) necessitating a high concen-
tration of paramagnetic agent for significant PRE effect.
This is the case for Ni*™ and low-spin Fe*" applied to
small proteins or IDPs, where T}, & picoseconds, whereas
TR & nanoseconds.

For high-spin Fe’", the electron relaxation time is
longer than that of Ni*" (see Table 1), but still shorter than
tr. This condition, with a T, around 100 ps, can be ap-
proximated by the following simplification of (3) and (4) as
o7, < 1 and wgt, > 1:

65(S + 1)y28% 8 /1
Ry = 15/6 (47‘5) Te (8)

_ 78(S + )V[g ﬁ
Rzp = 1576 (47‘5) T, (9)

In this regime, proportionality between R;, and R, is
still maintained. Higher relaxivity is achieved with the
longer electron relaxation time at the cost of only a mar-
ginal increase in R, compared to R,. In addition, a higher
spin quantum number will also lead to faster relaxation.

@ Springer
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Fig. 1 a Comparison of paramagnetic relaxation enhancements
¢ X Ry, (=c/T\,) and ¢ x Ry, (=c/T»,), due to co-solutes with
different electron spin relaxation times, calculated using Egs. (3) and
(4). In these calculations the prefactor (square of the interaction
strength) multiplied with the concentration coefficient equals 10'°, the
field strength used is 11.7 T (500 MHz) and the bond vector

For high-spin Fe*", optimal PRE is thus ensured by a large
relaxivity coupled with minimal line broadening (Fig. la,
middle).

As the electron relaxation time becomes even longer, the
proportionality between R;/R, and T, is lost and R, re-
laxation dominates (Fig. la, right). Now, the electron re-
laxation time is larger than tg (for example, when using
Gd**, Mn?*, and Cu®" in protein NMR applications) and
the effective correlation times therefore become dominated
by the rotational correlation times of the nucleus—electron
vector (i.e., T,y & Tr and 7., & Tr). When wytg > 1, the
longitudinal and transverse paramagnetic relaxation en-
hancements become:

28(S + 1)y7g*p* 2 3,
Rlp _ ( )6/Ig B (@) % — (10)
157 4n 1+ wjpts
S(S+ 17787 F (1o 37,
R :—(—) 4o, + —— 11
4 1570 7o) B L g (1

In this situation, R, > R;p, and the addition of such a
paramagnetic agent leads to significant line broadening.
We have verified that this is indeed the case by addition of
gadodiamide to o-synuclein; at 2 mM the NMR spectra

@ Springer

correlation time (t,) is set to 2.0 ns. b Overview of the paramagnetic
relaxation enhancements at field strengths of 500 MHz (solid line) or
1000 MHz (dashed line) with indication of the paramagnetic metal
ions at their respective electron relaxation times. All simulation
parameters, except By, are as in (a)

were significantly broadened with little effect on Rp.
Similarly, nitroxide radicals with a T}, ~ 100 ns (Hocking
et al. 2013) produce an R;,-dominated PRE effect. The
paramagnetic relaxation enhancement maintains the same
overall appearance at different field strengths, although the
contribution to R, is significantly reduced at higher field
strengths (Fig. 1b).

Materials and methods
Fe(DO3A) synthesis

1,4,7-Tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane
(H3DO3A) was prepared according to the method de-
scribed by Huskens et al. (1997). Briefly, Tri-tert-butyl
2,2/,2"-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triac-

etate (0.5 g, 0.97 mmol) was dissolved in 16 mL of 20 %
HCI and refluxed for 1 day. HCl was removed under re-
duced pressure, to yield a white solid. Absolute ethanol
(8 mL) and diethylether (2 mL) were added, and the white
precipitate was filtered over a glass filter, washed with an
ethanol-ether (1:1) mixture (3.5 mL) and with diethylether



J Biomol NMR (2015) 62:129-142

133

(3 x 3.5 mL), and then dried in a stream of dry nitrogen
gas to yield 0.35 g (80 %) of a white solid. The complex
Fe(DO3A) was synthesized based on the procedure de-
scribed by Chang et al. (1993) Briefly, Fe(OH); (1 mmol)
was prepared by reacting 1 mmol FeCl; and H,O with
3.1 mmol NaOH. Fe(OH); was then reacted with 1 mmol of
H3DO3A in water at 90 °C for 1 h under stirring. The re-
sulting clear yellow solution was evaporated under reduced
pressure to give a yellow-green solid. The compound was
crystallized by dissolving the solid in 18 mL boiling ethanol
containing 1 % water and cooling the solution slowly to
0 °C. The yellow crystals were collected, washed with
2.5 mL ethanol and subsequently 2.5 mL acetone. The
sample was checked using elemental analysis procedure.
Anal. Cald. for C4Hy3FeN4,O4: C = 40.79, H = 5.98,
N = 13.59. Found C = 40.56, H = 5.78, N = 13.56. The
Fe(DO3A) powder was solubilized in 20 mM phosphate to
stock solutions of either 100 or 300 mM and spun 15,000 g
for 10 min to remove any Fe(OH); precipitate. Insufficient
buffering of the weakly acidic Fe(DO3A) material was de-
tected by small pH-induced chemical shift changes in the
NMR spectra of o-synuclein, and stocks were subsequently
prepared by (1) solubilization in 250 mM ammonium bi-
carbonate, (2) spinning to remove Fe(OH); preciptitate, and
(3) freeze-drying of the supernatant and resolubilization in
20 mM phosphate buffer. Concentrations were based on dry
weight of freeze-dried powder. Small (estimated <5 %)
batch-dependent amounts of uncomplexed DO3A were ob-
served in 1D proton NMR traces.

Protein NMR samples
U-[BC, 15N] a-synuclein

The chemically synthesized gene of a-synuclein was cloned
into a pET25b vector, and the protein was overexpressed in
E. coli BL21(DE3). Cells were grown in M9 minimal
medium containing 1 g/L '*C-glucose and 2 g/L ""NH,4Cl at
37 °C with 100 pg/mL ampicillin and the expression was
induced using 1 mM IPTG (isopropyl-thiogalactoside) at an
ODggg ~ 0.6. Cells continued growing for 4 h until they
reached their plateau (ODggy ~ 0.8-0.9).

To purify U-['*C,"’N] a-synuclein, cell pellets were re-
suspended in 100 mL buffer containing 50 mM Tris—HCI
(pH 8), 0.1 mM DTT, 5 mM EDTA, 1 mM PMSF (poly-
methanesulfonyl fluoride) and lysozyme (2 mg/g of bacterial
cells). The suspension was incubated for 15 min and
sonicated. After sonication, the cells were centrifuged
(44,000¢, 30 min and 4 °C) and streptomycin was added to
the cell lysate slowly up to 5 % (w/w) at low temperature.
The suspension was centrifuged (44,000xg, 30 min and
4 °C) and the supernatant was heated at 80 °C for 20 min.
During the heating process, most of the proteins were

precipitated and a-synuclein, which was in the supernatant,
was separated by centrifugation (44,000xg, 30 min and
4 °C). The proteins in the supernatant were precipitated us-
ing 70 % (NH4),SO4. The precipitated proteins were
separated from the supernatant by centrifugation (44,000 x g,
30 min and 4 °C). The pellet was dissolved in 20 mL buffer
(50 mM Tris—HCI (pH 7.2), 1 mM PMSF, and 2 mM
EDTA) and the solution was desalted using a NAP-20 col-
umn. The protein was then purified using anion exchange (Q-
trap column) followed by gel filtration. The solvent of the
sample was exchanged with 20 mM phosphate buffer (pH
7.4) containing 100 mM NaCl and 0.02 % azide. The purity
of U-["*C,""N] a-synuclein was confirmed using 12.5 %
SDS-PAGE.

U-[BC, ]5N], ’H a-synuclein

To produce U-[BC,15 N], ’H a-synuclein, E. coli BL21(DE3)
cells were grown in M9 minimal medium containing 2 g/L
3C-p-glucose and 1 g/ ""NH,CI at 37 °C and ~ 100 %
D,0. The expression was induced using 1 mM IPTG (iso-
propyl-thiogalactoside) at an ODggg ~ 0.6. Cells continued
growing for 4 h until they reached their plateau
(ODgop ~ 0.7-0.8). Purification of U-['*C,'>N], *H o-
synuclein followed the same procedure as described above
for U-["*C," N] a-synuclein. The use of protonated glucose
and D,0 results in proteins that are ~85 % deuterated on
average, but where Ca positions are nearly 100 % deuterated
as the attached atom originates directly from the medium.

u-r'’c, °nj c-36

The C-36 DNA sequence was cloned into the SUMO Cham-
pion™ vector (Life Technologies) by TA cloning of an am-
plified PCR fragment from the full-length o; AT sequence.
The in-frame fusion to the SUMO gene gives expression of
SUMO-C36 from which C-36 can be liberated by treatment
with the SUMO protease, resulting in a native N-terminus.
The fusion protein was expressed by induction of E. coli
BL21(DE3) cells with 1 mM IPTG, grown in M9 minimal
medium containing 2 g/L *C-glucose and 1 g/L >NH,CI.
After 4 h at 37 °C, the cells were harvested and the bacterial
pellet from 1 L was incubated with 60 mL of denaturing lysis
buffer (6 M GdnHCl, 20 mM phosphate buffer, 500 mM
NaCl, pH 7.8) for 30 min at RT on a rotating table. The so-
lution was then sonicated for 2 x 5 min using 0.5 s on/off
pulse. After spinning at 15,000x g for 20 min, the supernatant
was filtered through a 0.22 pm filter and loaded onto a pre-
packed Ni-NTA column equilibrated in the same buffer. After
washing 5 column volumes (CV), the buffer was changed to
8 M urea buffer (§ M urea, 20 mM phosphate, 500 mM
NaCl, pH 7.8) and washed for 10 CV. A low pH wash step was
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conducted in 10 CV of urea buffer equilibrated to pH 6.3 and
elution of the target protein was then done with urea buffer
equilibrated to pH 4.5. The low-pH fractions were pooled,
trifluoroacetic acid (TFA) was added to a final concentration
of 0.5 %, and the fractions were spun for 10 min at
15,000 g and then loaded onto a reverse-phase RP300 Octyl
C8 HPLC column (Brownlee 250 x 10 mm), equilibrated in
0.1 % TFA with 20 % B solution (90 % Acetonitrile, 10 %
0.1 %-TFA). Elution from the column was done using a
gradient of 0.4 % B/min from 35 to 60 % B. The main peak
fractions containing SUMO-C-36 were pooled and lyophi-
lized. The dry powder was solubilized in 20 mM Tris buffer
(pH 8.0) containing 100 mM NaCland 1 mM DTT. Cleavage
of the fusion protein was performed o/n at RT by adding 4
U/mg target protein of the SUMO protease. During this in-
cubation period, heavy aggregation/fibrillation took place.
The sample was then added GdnHCI salt to final 6 M for
complete solubilization of the aggregated protein. After
acidification with 0.5 % final TFA, the sample was spun
15 min at 15,000x g and re-loaded onto the RP300 column.
Elution was done by applying a gradient of 0.35 % B/min.
This elution procedure resulted in separation of the C-36
peptide peak. The purity was checked by SDS-PAGE using
15 % Tricine gels and the peptide mass was validated by mass
spectrometry and showed a labeling efficiency >99 %. The
denaturant-assisted purification procedure was developed for
C-36 to ensure minimal loss, as the peptide was very prone to
aggregation. Non-cleaved SUMO-36 could be lyophilized
again and subjected to a new round of cleavage. Of note, in this
procedure, the SUMO protein fusion partner acts as a fast-
folding solubility enhancer that makes the cleavage site ac-
cessible to the SUMO protease in the short time before ag-
gregation takes place. Recombinant labeled C-36 (SIPPEV
KFNKPFVFLMIEQNTKSPLFMGK-VVNPTQK) was
solubilized from lyophilized powder in dH,O, quantified
and stored in stocks of 2 mg/mL at —80 °C. Immediately
before the NMR experiments, a solution of 200 pM was
prepared with a final composition of 20 mM NaH,PO,/
Na,HPO,4, pH 7.0, 8 % D,0O and 10 mM Fe(DO3A). The
peptide solution was carefully transferred by use of a thin
plastic pipette and all solutions were cooled to 4 °C prior to
mixing to keep aggregation at a minimum. NMR experiments
were run at 275 K on Bruker 500 MHz spectrometer.

NMR experimental details

Saturation-recovery experiments for determination of T;
for water, amide and methyl protons

The 'H T relaxation time of water was probed by satura-
tion recovery with a series of delays following a pre-
saturation sequence. After a given delay, only a fraction of
the water magnetization was brought into the transverse
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plane for detection by application of a short tapping pulse,
resulting in a small tilt angle. 7 values were fitted by the
Topspin 3.2 relaxation module (Bruker). Amide proton
envelope relaxation times were probed by 1D versions of
the standard '"H-">N HSQC experiment with a series of
recycle delays ranging from 8 ms to 4 s. For methyl pro-
tons, a 1D version of 'H-"3C HSQC with a constant time
period set to a minimum value (0.2 ms) was used to keep
all magnetization in-phase. Amide and methyl proton en-
velope intensities were plotted as a function of total re-
covery time (recycle delay + acquisition time). The T}
value was derived by parameter fitting using Kaleidagraph
(fitting to the equation M(t)/M(o0) = A(l — B * exp(—t/
T)). T, determination was done at Fe(DO3A) concentra-
tions of 0, 2.5, 5, 7.5, and 10 mM. The relaxivity
(s7' mM™") of Fe(DO3A) was estimated by doing linear
regression on the R; values plotted as a function of con-
centration. All these experiments were performed on the
same U-['"N,'*C] a-synuclein sample on a 500 MHz
Bruker spectrometer at 275 K.

1 . .
H T, relaxation across the sequence of a-synuclein

Residue-specific amide 'H 7T, relaxation at 600 MHz
(Fig. 2) was measured on an o-synuclein sample contain-
ing 0, 5 and 8 mM Fe(DO3A) using saturation recovery
with a standard sensitivity-enhanced 2D 'H-'N HSQC
pulse sequence (Kay et al. 1992). Proton saturation was
achieved using a train of 300 120° proton pulses. All
spectra were recorded with 24 scans per increment and
with 160 increments in the indirect domain using spectral
widths of 8000 Hz ('H) and 1650 Hz (*°N). The ex-
periment was performed on a Varian Unity INOVA
600 MHz spectrometer equipped with a z-field-gradient
probe at 283 K.

Residue-specific amide 'H T, relaxation at 500 MHz
(Figs. 4, 5) was measured on an o-synuclein sample at
three concentrations (0, 5 and 10 mM) of Fe(DO3A), and,
for each concentration, at three temperatures (275, 283 and
293 K). Amide inversion recovery experiments were car-
ried out as follows: Inversion of protein proton magneti-
zation was achieved with a pulse sequence element that (1)
selectively flipped the water signal to the xy-plane, (2)
applying a non-selective 180° pulse, (3) returning the water
magnetization to +Z, (4) waiting a variable delay time, and
(5) acquisition by a standard water flip-back SE-HSQC
experiment. This left the water state untouched during the
inversion recovery delay. The spectra were recorded with 4
scans per increment sampling 2 K and 256 points in the
direct (‘H) and indirect dimension (°N), respectively, us-
ing spectral widths of 8013 Hz (‘H) and 1166 Hz ("°N). A
total of 9 delay points were used to sample the recovery
curve (from 12.5 ms to 3.2 s).
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Fig. 2 a Structure of the Fe(DO3A) PRE agent. b Average amide
proton longitudinal relaxation rates (R; = 1/T;) for a-synuclein upon
the addition of Ni(DO2A) (white squares) and Fe(DO3A) (filled
circles). ¢ "H Ty of intrinsically disordered o-synuclein in the absence

2D CACO IPAP experiments

The experiments were carried out using a Bruker 950 MHz
spectrometer equipped with a triple-resonance TCI cryogenic
probe with a z-axis gradient coil. The spectra were acquired
using 33 (13CO£) x 512 (13C’ ) complex points, with maximum
evolution times of 4.5 and 54.8 ms, respectively. The carrier
position was placed at 56 ppm in the '*Co domain and
174.7 ppm in the '*C’ domain. Number of scans is 32 for each
spectrum. Recycle delays of 1, 2, 3,4, and 5 s were used for
recording the 2D CACO IPAP experiments of U-['*C,"’N],
’H a-synuclein. Recycle delays of 1, 1.5,2,2.5,3,4,and 5 s
were used for recording these spectra in the presence of
20 mM Fe(DO3A). The lines are best fits to the saturation-
recovery equation M(t)/M(o0) = 1 — exp(—t/T}).

3D CANCO IPAP experiment

The experiments were performed using the same spec-
trometer as used for 2D CACO experiments. The spectra
were acquired using 22 (13ch) x 38 (ISN) x 512 (13C’)
complex points with maximum evolution times of 3.08,
11.29, and 54.8 ms, respectively. The carrier position was
placed at 56.6 ppm in the '*Co domain, 119 ppm in the
>N domain and 174.7 ppm in the '>C’ domain. A recycle
delay of 2 s and 16 scans per FID were used, giving a total
experimental time of about 33 h.

'H (ppm)

(black) and presence of 3 mM (blue) and 8 mM (red) Fe(DO3A). All
experiments were performed at pH 7.4 and 10 °C at 600 MHz.
d Overlay of "H-">N HSQC spectra for a-synuclein with (blue) and
without (red) 10 mM Fe(DO3A) at 2 °C

NMR spectroscopy of C-36

For rapid acquisition of both 2D and 3D experiments in an
experimental setting with unknown sample half-life, we
decided to continuously repeat (‘loop’) a set of 'H-'"N
HSQC, 'H-">C HSQC, HNCACB, and HN(CA)CO ex-
periments, all with recycle delays of 100 ms between
scans. To avoid excessive heating in the higher RF duty
cycle caused by nitrogen decoupling during proton acqui-
sition (128 ms), decoupling was changed to WALTZ16
with half the field strength, depositing 1/4th of the power
(4.25 W). This was true for all but the '"H-'>C HSQC,
where the default GARP-1 decoupling scheme had to be
preserved to ensure proper carbon decoupling (4.49 W).
The individual settings for the experiments were as fol-
lows, each run with 2 scans only: 'H-N HSQC: 2048
("H) x 256 (">N) complex points, 32 ppm spectral width,
carrier at 117 ppm, 'H aq.time 128 ms. Constant-time
"H-'3C HSQC: 1024 ("H) x 256 ('3C) complex points,
70 ppm spectral width, carrier at 40 ppm, 'H aq.time
64 ms. HNCACB: 1024 ('H) x 64 ("°N) x 128 (1*C)
complex points, spectral widths of 26 ppm (’N) and
75 ppm (**C) and carriers at 119 ppm ('°N) and 42 ppm
(13C), '"H ag.time 73 ms. HN(CA)CO: spectral widths of
26 ppm (*°N) and 10 ppm ('°C) and carriers at 119 ppm
(*>N) and 174 ppm (**C), 'H aq.time 73 ms. Dummy scans
were increased before the 3D experiments to a total
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duration of 4-5 min to allow temperature equilibration
with the short recycle delay and higher RF duty cycle. The
total experimental time for one entire loop (4 experiments)
was ~3 h ("H-"N HSQC, 2 min 40 s; 'H-'*C HSQC,
4 min; HNCACB, 1 h 25 min; HN(CA)CO, 1 h 21 min).
The series of experiments were looped 4 times and as the
sample half-life was longer than expected, we also
recorded hCccoNH and HcccoNH experiments and used
these to validate the Co assignment and to get the con-
nectivity of the Ho chemical shifts. The 7; value for C-36
was determined by a set of 1D "H-'"N experiments with
recycle delays from 8 ms to 4 s with acquisition times of
64 ms, as previously described for o-synuclein.

Data processing and analysis

The spectra were processed using NMRPipe (Delaglio
et al. 1995) and analyzed using SPARKY (Goddard and
Kneller 2003) or CCPN (Vranken et al. 2005). Relaxation
data were analyzed using Mathematica (Wolfram Inc) or
Kaleidagraph (Synergy). Assignment of C-36 was done
using NMRPipe for processing and CCPN for peak pick-
ing. All spectra were referenced according to IUPAC
convention. The ncIDP software was used for prediction of
C-36 random coil chemical shifts and the ncSPC software
was used for calculation of secondary-structure propensity
scores, available online at http://www.protein-nmr.org.

Circular dichroism of C-36

C-36 was made by peptide synthesis and analyzed as
monomer or fibril. Protein stock preparations were
solubilized in H,O before use. The fibrillar material was
generated by incubating 50 uM peptide in PBS at 25 °C for
5 days under mild agitation. The assessment of secondary-
structure elements was done by circular dichroism spec-
troscopy on a Jasco J-800 spectropolarimeter using a quartz
cuvette of 0.1 cm path length and a protein concentration
of 25 pM. The far-UV spectra from 200 to 250 nm at
20 °C were collected 5 times, averaged and baseline cor-
rected by subtracting a reference spectrum.

Results and discussion

Properties of the Fe(DO3A) chelate tested
on g-synuclein

Based on the simulation of the paramagnetic contribution to
the T relaxation rate and the optimal properties of high-spin
Fe* for co-solute PRE, we identified the tetraazacyclodo-
decane-1,4,7-triacetate (DO3A) as a suitable cage and pro-
duced the neutral Fe(DO3A) chelate agent (Fig. 2a). The
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incorporation of high-spin Fe** to form a neutral complex
provides the target electron relaxation times of ~ 100 ps
(Bertini et al. 2001) for optimal relaxivity without large R,
increase. The stability of the DO3A chelate is dictated by
secondary ring amine and carboxylate protonation constants
(log Ki = 11.59,9.24, 4.43, and 3.48) (Kumar et al. 1994),
making it applicable in the physiological pH range.

The efficacy of the agent was validated in a series of
experiments with differentially labeled variants of the model
IDP a-synuclein (either U—[13C,15N] or U—[BC,lSN], ’H-la-
beled). The concentration-dependent relaxation contribution
from Fe(DO3A) (relaxivity) was estimated by measuring T
for water, amide and methyl protons at 2 °C as a function of
Fe(DO3A) concentration, yielding respective relaxivities of
0.33, 0.30, and 0.30 s~ mM ™" at 500 MHz. At this tem-
perature, amide proton exchange is minimized and the
similar relaxivities found for amide and methyl protons
corroborates the expected direct interaction between
Fe(DO3A) and protein protons. Next, we compared the PRE
effect of Fe(DO3A) on a-synuclein with that of Ni(DO2A)
(Fig. 2b). The relaxivity of the two compounds at 600 MHz
and 10 °C were found to be 0.43 and 0.11 s™' mM ™" for
Fe(DO3A) and Ni(DO2A), respectively, as measured by
saturation-recovery, providing an almost fourfold increased
potency of Fe(DO3A) under these circumstances. This is in
accord with the expected theoretical larger PRE offered by
Fe(DO3A). In addition, the result supports the preferential
coordination of Fe* " in its high-spin state (S = 5/2) by the
DO3A cage (Chang et al. 1993), as low-spin Fe’" is inef-
fective due to its short T.. Addition of Fe(DO3A) had no
influence on NMR peak positions, indicating that no struc-
tural changes or specific binding took place upon the addition
of the PRE agent, nor was any noticeable line broadening
observed in the "H-">N HSQC spectrum (Fig. 2¢). A quan-
titative analysis revealed that the addition of 10 mM
Fe(DO3A) lead to a slight increase in average 'H linewidth,
from 15.2 £ 1.4 to 16.6 £ 1.6 Hz. At the same time the
change in "N line width was insignificant, from 14.3 & 0.5
to 14.5 + 0.6 Hz. The Fe(DO3A) agent was evenly acces-
sible to the entire polypeptide sequence and effectively lead
to a broad reduction in the 7 values (Fig. 2d).

Amide exchange and PRE for speeding up T,
relaxation

As amide proton relaxation is substantially influenced by the
exchange with the solvent water at increasing temperatures
(Gil et al. 2013), we next considered the contribution of this
effect on both spectral quality and R; amide values of o-
synuclein at 2, 10 and 20 °C (Fig. 3) and compared it to the
PRE-effect obtained through Fe(DO3A) (Fig. 4). For IDRs,
the temperature-mediated decrease of apparent 7; values
through solvent exchange offers a possible strategy for
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lowering the interscan delay by keeping water along +Z
during acquisition, resulting in immediate relaxation of the
amide protons upon exchange. Unfortunately, as seen in
Fig. 3, rapid exchange may concomitantly lead to sensitivity
and signal loss. The quantitative assessment of the tem-
perature effect on the transverse relaxation rates was per-
formed through a series of pseudo 3D inversion recovery
experiments. For fast-exchanging residues like glycines
(exemplified by Group A: G31, G41, G68, G73, G86 and
T92) the average R; went from 10.8 s~ 'at2 °Cto24.1 s ' at

10 °C with too poor spectral quality for determination at
20 °C (Fig. 3a, c). For other residue types (Group B: L38,
V71,E83, A89,K96, A107,D119), the average R, went from
35s ! at 2°C to 14.2 s7! at 20 °C, still offering fair
spectral quality. As intrinsic solvent exchange rates in IDPs
typically vary by two orders of magnitude due to sequence-
dependent amide pK, differences, this approach elicits a
heterogeneous response, which may make it challenging to
balance positive and negative relaxation effects in practice.
For comparison, we extracted R; rates of the amide groups in
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Fig. 3 a Spectral changes observed in the glycine-rich region of o-
synuclein with increasing temperature (group A). The fast exchange
of these amide groups severely impacts sensitivity at 20 °C. b Spectral
changes observed in mixed region with increasing temperature (group
B). ¢ R; values of group A amide groups at 2 and 10 °C with the fit
error indicated by black bars. Inversion recovery plots of G68 at 2 °C

(lowest fit error) and G86 at 20 °C (largest fit error) are shown to the
right. d Ry values of group B, incl. A140 at 2, 10 and 20 °C with fit
error indicated by black bars. Inversion recovery plots of A140 at
2 °C (lowest Ry value) and A89 at 20 °C (largest R, value) are shown
to the right. All experiments were carried out on a-synuclein at pH
7.4 at 500 MHz
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Fig. 4 a R, rates in group A (left) and group B (right) measured by
inversion recovery at 2 °C with addition of Fe(DO3A) to indicated
final concentrations. Fit errors are shown as black bars. b Average

region A and B in the presence of 5 and 10 mM Fe(DO3A) at
2 °C (Fig. 4a), where the amide exchange rate is mini-
mized. For all residues, a clear PRE effect was observed,
including A140, which is not able to undergo exchange-
mediated relaxation. The relaxivities for residues in group
A and B vary (Fig. 4b). Although not further investigated
here, the origin of these variations should likely be sought in
sequence-dependent differences in the distance of closest
approach of the paramagnetic agent. The average relaxivity
of 0.26 s~ mM ™! matches well with the previously stated
amide envelope relaxivity of 0.30 s™' mM ™" at 2 °C and
500 MHz.

Application of Fe(DO3A) in proton-less NMR
spectroscopy

As Fe(DO3A) is a potent PRE agent, it can increase the re-
laxation of nuclei with lower magnetogyric ratio, like '°C, at
reasonable agent concentrations. Indeed, we are able to
demonstrate accelerated, sensitivity-improved proton-less 2D
and 3D '°C NMR spectroscopy for perdeuterated a-synuclein.
Upon the addition of 20 mM Fe(DO3A), the average mag-
netization recovery time of the deuterated '*Cot nuclei is re-
duced from 2.5to 1.1 s (Fig. 5a). This implies that the recycle
delay can be reduced to obtain a signal gain of up to a factor 2.2
at this concentration (Fig. 5b), resulting in sensitivity-en-
hanced '*C-detected spectra (Fig. 5¢). Equivalently, the sen-
sitivity gain could be exchanged for a fivefold reduction in
total experiment time. The addition of 20 mM Fe(DO3A) did
not lead to measurable line broadening, as verified by 2D
CACO and 3D CANCO NMR spectroscopy (Fig. 5c, d).

Application of Fe(DO3A) to study a highly
fibrillogenic peptide

Having established Fe(DO3A) as a powerful PRE agent for
IDPs, we turned to the application of this agent to gain insight
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rates plotted as a function of Fe(DO3A) concentration giving linear
coefficients (relaxivities) of 0.39, 0.16 and 0.26 s~' mM ™" for group
A and group B, incl. A140, and the average, respectively

into the early amyloid conversion process of the highly
amyloidogenic C-36 peptide of human o,-antitrypsin
(o AT). This proteolytically generated C-terminal peptide of
36 amino acid residues is found in several bodily fluids
in vivo and readily fibrillates at physiological pH in vitro
(Dichtl et al. 2000; Janciauskiene et al. 1995; Johansson et al.
1992). The C-36 peptide fragment forms part of a buried -
sheet arrangement in the context of full-length o; AT (Elliott
etal. 2000) (Fig. 6a) and had not previously been structurally
characterized in isolation. Therefore, we speculated that this
bioactive peptide might form -strand motifs in solution that
could predispose it to amyloid fibril formation. Circular
dichroism suggested a large component of random coil and
potentially some minor B-sheet structure, completely con-
verting to a B-sheet arrangement upon fibrillation (Fig. 6b)
and further details of both its solution structural propensity
and is amyloidogenic property could be revealed by liquid-
state NMR spectroscopy. Unfortunately, in our first attempts
to study C-36 by NMR, aggregation occurred within the first
few hours after application of the sample to the NMR tube.
Fast aggregation and the absence of a sufficiently long-lived
(pseudo)-equilibrium state, as observed in several other
systems (Fawzi et al. 2010; Peterson et al. 2008; Svane et al.
2008; Wang et al. 2011), therefore prompted the use of co-
solute PRE for enabling rapid acquisition of the necessary
experimental data within the sample half-life without com-
promising sensitivity.

Recombinant C-36 peptide was freshly prepared at
200 pM in cold (4 °C) phosphate buffer, pH 7.0, containing
10 mM Fe(DO3A) and then carefully applied to the bottom
of the NMR tube. The presence of the Fe(DO3A) agent re-
duced the amide proton 7; relaxation time to 150 ms
(Fig. 7b), allowing a reduction of the recycle delay to
100 ms, giving a total recovery time (recycle delay + ac-
quisition) of 164 ms, close to the optimal value 1.3 x T
(Ernst et al. 1987). A well-resolved '"H-'>"N HSQC spectrum
could be recorded in 2.5 min, and within 3 h, data sets of
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Fig. 5 a Saturation recovery plot of the signal intensity in 2D CACO
spectra of U—[13C,]5N], ’H-labeled a-synuclein with (red circles) and
without (black squares) 20 mM Fe(DO3A) as a function of total
recovery time (TRT = aquisition time + recycle delay). Maximum
signal-to-noise per unit time is obtained when (TRT/T})op = 1.269,
where M(t)/M(c0) = 0.72 (dashed line). The optimal total recovery
times equal 1.4 and 3.2 s for the situations with and without
Fe(DO3A), respectively, as indicated by black arrows. b Relative
sensitivity gain for 2D CACO spectroscopy of a-synuclein upon
addition of 20 mM Fe(DO3A) as a function of the total recovery time.
The number of transients has been adjusted to achieve the same total

Fig. 6 a Location of the C-36 peptide (red) in the context of native
oq-antitrypsin (PDB ID: 1QLP) (leff). The cleavage site for target
proteases is indicated by spheres and marks the beginning of C-36
(blue sphere). The C-36 peptide forms three B-strands in the context
of full-length oy-antitrypsin with sequences EVK, FVFLMI and
LFMGKYV, respectively (shown in green) (right). b Analysis of

sufficient sensitivity were acquired for complete backbone
assignment, including 2D "H-""N HSQC and '"H-">C HSQC
and 3D HN(CA)CO and HNCACB. The fully assigned
"H-'"N HSQC spectrum is shown in Fig. 7a.

SIPPEVKFNKPFVFLMIEQNTKSPLFMGKVVNPTQK™®

experimental time. ¢ 2D CACO spectra of U-[13C,15N],2H o-
synuclein in the absence (left) and in the presence (right) of 20 mM
Fe(DO3A) recorded with a recycle delay of 1 s. The spectrum is
shown to the same absolute intensity to visualize the gain in
sensitivity. d 2D NCO projection of 3D CANCO spectra recorded
with a recycle delay of 2 s in the absence (left) and presence (right) of
20 mM Fe(DO3A). The spectra were scaled to the same nominal
sensitivity to show that Fe(DO3A) does not cause chemical shift
changes. Only a small peak shift is seen for His50, which is caused by
a slight drop in pH from 7.3 to 6.9 due to the large amount of
Fe(DO3A) and insufficient buffer capacity
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conformational states of C-36 in phosphate buffer by circular
dichroism (CD) spectroscopy. CD signals are plotted as mean residue
ellipticity ([Qlmrw) against wavelength. The solid line is the
spectrum of monomeric peptide, which is largely disordered. The
dotted line is the spectrum of C-36 fibrils, which display a clear B-
sheet signal from 215 to 230 nm

The 1D amide envelope trace from 'H-'°N HSQC
spectra recorded at various time points was used to probe the
disappearance of C-36 monomer from the solution (Fig. 7c).
Monomer loss displayed a sigmoidal relationship, as

@ Springer



140

J Biomol NMR (2015) 62:129-142

typically seen in fibrillating systems. Apparently, careful
sample handling and low temperature extended the useful
window with only modest signal decay to 20 h for the
current sample. Small variations in surface contact, liquid
flow and vibrations during sample application may all have
had significant impact on the nucleation rate constants and
thereby limited sample stability to <4 h for our initial NMR
samples.

The relatively small dispersion of the amide proton
shifts, as shown in the '"H->N HSQC spectrum (Fig. 7a),
immediately suggested a large degree of disorder, and lack
of a persistent overall fold. This was corroborated by the
low RMSD between the experimental chemical shifts and
the neighbor-corrected random coil values for Ca and CB
(Fig. 7d). The secondary chemical shifts of all assigned
resonances (Hy, Ha, N, Co, CP and CO) were weighted
with their predictive power towards [-sheet or o-helix
structure, resulting in a compiled secondary-structure
propensity plot (Fig. 7e). This conclusively demonstrated
that only very weak deviations from random coil structure
are present in the monomeric C-36, indicating that it should
be regarded as an intrinsically disordered peptide. Of note,
the observed weak propensities are primarily of B-sheet
character and located in two regions towards either end of
the peptide. For the N-terminal region, this aligns relatively

formation in the native structure of full-length o;-antit-
rypsin, as shown below the plot. The peptide fragment
FVFLM has been shown to form amyloid fibrils on its own
(Janciauskiene et al. 1995) and due to its high hydrophobic
content, this region could fuel or initiate the primary -
sheet aggregation of the entire C-36 as well. The presence
of four positively charged lysine and five proline residues
likely increases the energetic barriers for the initial -sheet
formation for al-AT in the free form. How the various
sequence stretches are arranged in the mature fibrillar form
will be the aim of future studies. The analysis of the highly
fibrillogenic C-36 peptide by liquid-state NMR allowed
residue-specific monitoring of changes during the course of
fibrillation as a probe for aggregation-prone intermediate
populations or fibril exchange effects. Overlays of 'H-'°N
and '"H-">C HSQC spectra recorded at various time points
did, however, not show any changes in peak positions or
line widths. Also, the decay in cross peak intensities was
homogenous along the sequence (data not shown). This has
two possible explanations: (1) The fraction of aggregation-
prone monomeric or low oligomeric species with altered
chemical shifts or correlation times is too low to be ob-
served in the background of the residual monomeric
population, or (2) Conversion from monomer to a pre-fib-
rillar state or addition to existing fibrils is a rapid and direct

well with the sequence elements involved in [-sheet  process involving no Kinetically stable intermediate
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Fig. 7 a "H-"°N HSQC spectrum of C-36 recorded in 2.5 min with
indicated residue assignments. b The 7; relaxation time was
determined by comparing relative amide envelope intensities as a
function of total recovery time. ¢ The fibrillation of C-36 in the NMR
tube was probed by monomer loss using the 'H-'>N envelope
intensities at different time points. d Neighbor-corrected random-coil
chemical shifts for C-36 were predicted from the ncIDP database
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(Tamiola et al. 2010) and plotted against experimental values for Ca
and CP. e The secondary-structure propensity for C-36 was calculated
with the ncSPC software (Tamiola and Mulder 2012) and displayed
for each residue position. No apparent high-scoring elements are
present, only weak [B-sheet propensities are observed. The C-36
secondary structure in the context of full-length o;AT is illustrated
below the plot
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structures visible by NMR spectroscopy in the current
experimental design. In any case, the hydrophobic stretches
and the weak [B-sheet propensity of the peptide could ex-
plain its predisposition to amyloid formation, whether go-
ing through intermediate aggregate assemblies or directly
to the more energetically favored fibrillar form.

Conclusion

In this study, we have shown that Fe(DO3A) is an optimal
paramagnetic agent for biomolecular NMR spectroscopy. It
is effective at low concentrations, not liable to bind
specifically to polypeptides and significantly reduces the
protein 'H and '*C T spin relaxation times without con-
comitant line broadening. The use of high-spin Fe*" to
form the Fe(DO3A) agent was based on a solid rationale,
and the agent has significantly better relaxation character-
istics than PRE agents used for 7 relaxation enhancement
to date. The PRE effect is fully tuneable by the concen-
tration of Fe(DO3A) and could be combined with SOFAST
and BEST pulse sequences. In addition, the agent is suf-
ficiently potent to reduce the necessary interscan delay for
proton-less NMR experiments, and can be applied to
perdeuterated samples, where long relaxation times are
typically encountered. Employment of Fe(DO3A) to study
a highly fibrillogenic peptide demonstrates the advanta-
geous use of this PRE-agent for unstable aggregating sys-
tems. By reduction of the necessary recycle delay, a suite
of multidimensional experiments could be performed
within the lag-time of the fibrillation reaction. The full
assignment of C-36 in solution provides the first insight
into the secondary-structure propensities that might direct
its fibrillation and which could possibly also be important
for its bioactivity. The ability of Fe(DO3A) to effectively
increase proton or carbon longitudinal relaxation rates can
thus aid in obtaining all the necessary spectra for assign-
ment purposes for systems limited by their short half-lives
or available experimental time. Additionally, Fe(DO3A)
can be used for profiling chemical shift changes with en-
hanced time resolution or be employed in more elaborate
experiments to characterize the existence and properties of
transient and sparsely populated conformational states in
aggregation, oligomerization and fibrillation (Sekhar and
Kay 2013). Fe(DO3A) is generally applicable to accelerate
and boost the sensitivity of NMR spectroscopy and should
find its use in the contemporary structural analysis of IDPs
and aggregating systems and in the probing of solvent
exposure in folded proteins.
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