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Abstract: De novo site-specific backbone and side-chain resonance assignments are presented for U-*>N-
(1—73)/U-13C,'>N(74—108) reassembly of Escherichia coli thioredoxin by fragment complementation,
determined using solid-state magic angle spinning NMR spectroscopy at 17.6 T. Backbone dihedral angles
and secondary structure predicted from the statistical analysis of 3C and >N chemical shifts are in general
agreement with solution values for the intact full-length thioredoxin, confirming that the secondary structure
is retained in the reassembled complex prepared as a poly(ethylene glycol) precipitate. The differential
labeling of complementary thioredoxin fragments introduced in this work is expected to be beneficial for
high-resolution structural studies of protein interfaces formed by protein assemblies by solid-state NMR

spectroscopy.

Introduction
The inherent capability of solid-state NMR for probing

noncrystalline systems, such as protein aggregates and mem-

tion state and hydrogen-bonding geomé&tf are directly
inferred from the solid-state NMR spectra.
Structural and dynamics investigation of uniformly and

brane proteins, intractable by other high-resolution structural €Xt€nsively isotopically enriched proteins by solid-state NMR

techniques, determines the growing interest toward structura
applications of solid-state NMR. A number of recent reports

demonstrate the potential of solid-state NMR spectroscopy for o " )
g ments and determination of structural constraints from multi-

analysis of complex biological systems, such as amyloi
fibrils,12 membrane proteins? biomaterial$, and intact cellS.

For the intrinsically soluble macromolecules, solid-state NM
very often offers additional information inaccessible from

solution measurements. Internal protein and ligand dynamics

on slow time scale$,electronic structure and geometry of
paramagnetic centérsr quadrupolar metal sit€8? and ioniza-
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|spectroscopy is a rapidly emerging field. Significant progress

has been made recently by researchers in several laboratories
in establishing the experimental protocols for resonance assign-

dimensional solid-state magic angle spinning spectra. Partial or

R Nearly complete resonance assignments have been reported to

date for four uniformly enriched proteins, including ubiquint’
bovine pancreatic trypsin inhibitor (BPT1§ the a-spectrin SH
domaint®2° and the catabolite repression histidine-containing
phosphocarrier protein CrAi.
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In this work, we addressed a complex between complemen-changes were postulated to be responsible for the altered

tary fragments USN(1—73) and UI3C,'5N(74—108) of Es-
cherichia colithioredoxin, by high-resolution solid-state magic
angle spinning NMR spectroscopy at 17.€T coli thioredoxin

is a 108-amino acid residue disulfide reductase and a member

of a large superfamily of multifunctional protein modules.

stability. Solid-state NMR methods will allow us to probe a
broader range of time scales and assess whether slower motional
modes are perturbed in different thioredoxin reassemblies.

In this study, we present the de novo resonance assignments
and address the local secondary structure of the C-terminal

Thioredoxins are present in most organisms from Archea to portion of reassembled [UEN(1—73)/U-3C,15N(74—108)]-
humans, and are responsible for redox regulation of protein thioredoxin in the solid state, by a combination of homo- and

function and signaling via the thiol redox centféMammalian

heteronuclear two-dimensional (2D) correlation spectroscopy.

thioredoxins are critical in defense against oxidative stress, andThe interface consists of tw®strands formed by residues-23

in regulation of growth and apoptosis, immunomodulation,
embryonic implantation, and developmental biol@gylhio-
redoxin is considered the ultimate “moonlighting proteih?3
with new functions being discovered. Due to its key role in
many different metabolic pathways, the thioredoxin/thioredoxin

29 and 76-82, belonging to the complementary N- and
C-terminal fragments resulting from the cleavage of the intact
protein at Arg-73. In Figure 1, the primary amino acid sequence,
the secondary structure generated using PDB®uamd the
tertiary fold of thioredoxin are shown.

reductase system has attracted recent attention as a target for a We demonstrate that rapid precipitation of the thioredoxin
number of chemotherapeutic applications ranging from infec- complex with poly(ethylene glycol) (PEG) under controlled
tious diseases to cancer ther@py? conditions yields excellent quality solid-state magic angle
An interesting aspect d&. coli thioredoxin in solution is its spinning spectra, from which an overwhelming majority %t
ability to reassemble in vitro from the complementary fragments and>N resonances are readily assigned. This work contributes
(generated by either proteolytic or chemical cleavage of the to the growing body of experimental evidence that a large
intact protein at a specific position), to yield a molecule with number of globular proteins are amenable to high-resolution

preserved tertiary structuP&-28 This behavior is observed for
a number of different cleavage sites in thioredoxin. Notably, in

structural studies by multidimensional solid-state NMR spec-
troscopy as hydrated PEG precipitat2d! We discuss the

a wide variety of organisms thioredoxin fold is conserved, and potential of employing differential labeling schemes for high-

the protein is very stable thermally and chemicafy® More-

resolution structural studies of protein assemblies and protein

over, some of the thioredoxin reassemblies by fragment comple-interfaces by solid-state NMR spectroscopy.

mentation also display high thermodynamic stab#ity23 This

is a remarkable achievement and perhaps is related to the fac

that this protein has multifaceted roles in biology.
In this context, it is interesting to examine how the local

Fxperimental Section

Materials. All chemicals were obtained from Sigma. [€Es]glucose
and [*NJammonium chloride were purchased from Cambridge Isotope

structure and/or dynamic behavior of various thioredoxin Laboratories. Biochemicals for bacterial cultures were purchased from

reassemblies are altered with respect to the native protein an
whether these changes can be correlated to the thermodynami?|

stability of these complexes. In a related system, a hunian
coli chimeric thioredoxin, the origin of the reduced thermody-

xoid Inc. All reagents were used without further purification. The
DX crystallization plates and siliconized coverslips were from
ampton Research.

Expression and Purification of U-5N(1—73)/U-+3C,**N(74—108)-
Enriched Reassembled ThioredoxinOverexpression of oxidized wild-

namic stability was recently probed via structure and dynamics type thioredoxin was performed as described previdésty E. coli

measurements by solution NMRWhile the overall structure

JF521 strain (gift of Dr. J. Fuchs and Dr. C. K. Woodward) containing

and fast time scale dynamics were found to be very similar to the plasmid pTK100 with the Trx gene. This construct is identical to

those of the parent thioredoxin, subtle multiple structural
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that used in the previous solution NMR studies by Dyson and
co-workers¥” Overexpression of uniformly labeled oxidized wild-type
was performed inE. coli BL21 (DE3) strain from Novagen using
published procedurées. Isotopic labels were introduced using M9
minimal medi&°® containing either’PNJammonium chloride (1 g/L of
minimal media) together with natural abundance glucose, dfQd-
glucose (4 g/L of minimal media) together witA®f{llammonium
chloride (1 g/L of minimal media). Purification of wild-type thioredoxin
with and without the NMR labels was done by molecular exclusion
and ionic exchange chromatography using published procetfures.
Characterization of wild-type thioredoxin was performed using poly-
acrylamide gel electrophoresis (PAGE) and electrospray mass spec-
troscopy. The concentration was determined spectrophotometrically
using the average molecular mass and the extinction coefficient E280
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Figure 1. (A) Amino acid sequence and secondary structur&.ofoli thioredoxin generated by PDBs8husing the PDB file 2trx.erft/ The C-terminal
fragment encompassing amino acid residuesI@B is highlighted in gray. (B) Tertiary structure. The N-terminal fragment (residu@8)Lis shown in

blue; the C-terminus (residues -7408) is in yellow. Arg-73 at the cleavage site is depicted using the stick representation. The interface consists of two
[-strands 52 and 4, formed by residues 239 and 76-82, belonging to the complementary N- and C-terminal fragments, respectively.

=14 100 Mt cm~14% In our hands, 40 mg of pure uniformiC,'°N- supernatant was removed, into the 4 mm Bruker HRMAS rotor
enriched and 100 mg of pure uniformi¥N-enriched thioredoxin per assembly. The samples were sealed using the upper spacer and the top
liter of minimal media were obtained. Thioredoxin was site-specifically spinner, according to the standard procedures.

cleaved at Arg-73 by C_:Iostripain (_Worthington Laboratories),'according Solid-State NMR SpectroscopyAll solid-state NMR spectra were

to the p.rgtocol established preV|ou§PyTh.e f.raglments were isolated acquired at 17.6 T on a wide-bore Bruker Avance spectrometer
and purlfle_d by reverse-phase fast protein liquid chr_omatog_raphy. The operating at Larmor frequencies of 750.22 MHz fbr, 188.64 MHz
concentration of the N and C fragments was determined using £280 for 13C, and 76.02 MHz fofN. A double-resonance 4 mm HX probe

14100 Mt cm™? and E215= 39700 M cm™. The purity was . :

was employed for homonuclear experiments; the heteronuclear cor-
evaluated by SDSPAGE and electrospray mass spectroscopy. Solu- . . h

relations were performed using a triple-resonance 4 mm narrow-bore

tions of the isolated fragmenta i7 M GuwHCI were mixed stoichio- .
metrically at low concentration, dialyzed against potassium phosphate HCN probe. Spectra were ref:orded gsmg 8 mg of reasgerqblémw-
(1—73)/U-L3C 1>N(74—108)]thioredoxin sample. The spinning speed

buffer, concentrated, and stored-&25 °C. Sample preparation for solid- .
was 7 and 10 kHz for hetero- and homonuclear experiments, respec-

state NMR measurements is described below. A -
tively, and was controlled to withintl Hz by the Bruker MAS

Preparation of Microcrystalline and PEG-Precipitated Re- troller. Th wal le t i oc trolled t
assembled ThioredoxinThe crystallization conditions for thioredoxin controfler. The actual sample empgra ure N con r.o edto
°C throughout the experimentSC chemical shifts were

were screened using a standard hanging drop procedure. The reservoi\“'Ithln +0.5

solutions contained 1 mL of 10 mM NaGEOO, 1 mM NaN, and referenced with respect to adamantane used as an external standard,
the precipitant. A 0.5uL aliquot of reassembyled 6173/74—’108) and assuming the chemical shift of its more deshielded carbon to be
thioredoxin solution was thoroughly mixed with 0&L of the 38.6 ppm; 1.7 ppm was subsequently added to adjust the reference

corresponding reservoir solution on a siliconized coverslip to form the Scale to 2,2-dimethylsilapentane-5-sulfonic acid ISSN shifts were
hanging drop. The plates were left at@ until crystals formed. Inthe ~ indirectly referenced with respect to solid M (39.2 ppm with respect
initial screens, a number of conditions were varied, including the choice to liquid ammonia at 25°C).** This referencing procedure yields
and the concentration of the precipitant, the concentration of reas- chemical shifts which are in close agreement (within the measurement
sembled thioredoxin, and the pH. In all the conditions, the overall buffer error imposed by thé*C and **N line widths) with the recently

and salt concentration did not exceed 15 mM. Crystals were obtained suggested protocéf. Table 1 summarizes the experimental solid-state
at pH 3.5-3.8 from solutions containing final concentrations of 35 chemical shifts in reassembled thioredoxin obtained by assigning the
mg/mL of thioredoxin, 15-30% poly(ethylene glycol) 4000 (PEG-  backbone and sidechain resonances as will be described in more detail
4000), 10 mM NaCHCOO, and 1 mM NaRl These conditions were below.

used to prepare solid-state NMR samples of mixed labeled thioredoxin
complex by a controlled precipitation of the protein with PEG-4000.
PEG-4000 was added to the solution containing 0.5 mL of 70 mg/mL
of reassembled thioredoxin, 10 mM NagEDO, and 1 mM Nahl

pH 3.5, until no further protein precipitation was observed (ca. 2 h); - — ] — ) ] )
the final concentration of PEG-4000 was estimated to be3&6. (42) ‘é‘,’!ﬂiﬂ‘mﬁyﬂ‘,BL'?as";kS's,GE';,E‘,"Efiaéﬁ'|'f’%ﬁ§i’g§5%‘,’S&”;Hi 4Jd Oldiield,

The PEG precipitate was centrifuged and transferred, after the (43) McDermott, A.; Gu, Z. T. IfEncyclopedia of Nuclear Magnetic Resonance
Grant, D. M., Harris, R. K., Eds.; Wiley: New York, 1996; Vol. 1, pp
1137-1147.

(41) Holmgren, A.; Reichard, FEur. J. Biochem1967, 2, 187—196. (44) Morcombe, C. R.; Zilm, K. WJ. Magn. Reson2003 162 479-486.

In Figure 2, the pulse sequences are shown for 2D experiments used
for intraresidue and sequential assignments. Four experiments were
conducted: NCO (sequential backbone correlations), NCA (intraresidue

16610 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004
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Table 1. 1°N and 13C Solid-State Chemical Shifts of Reassembled E. coli Thioredoxin, Difference with Respect to Solution Shifts of
Full-Length Thioredoxin, and Standard Deviations
N Ca cp Cy Cyl Cyl&Cy2 Cy2 Co Col Co2 Ce Cel &Ce2 CE Co
A,s0ln A,s0in A,s0ln A,s0ln A,s0ln A,s0ln A,s0ln A,soln A,soln A,soln A,soln A,s0ln A,s0ln A,s0in
SD SD SD SD SD SD SD SD SD SD SD SD SD SD
G74 104.7 43.3 169.8
-3.8 -12 n/a
0.1 0.5 0.2
175 114.4 59.4 38.6 n/a 24.5 20.4 16.6 173.7
0.1 1.6 —-2.8 n/a -0.6 1.0 11 n/a
0.1 0.5 0.6 n/a 0.5 0.1 0.1 0.3
P76 n/a 62.8 34.8 24.7 51.6 177.9
n/a -0.1 0.1 0.2 0.7 n/a
n/a 0.1 0.2 0.2 0.3 0.3
T77 120.2 64.0 75.4 20.9 171.3
1.5 -0.2 2.5 -11 n/a
0.1 0.5 1.6 0.1 0.4
L78 126.1 52.6 44.1 26.9 n/a n/a 175.3
-1.1 -03 0.6 0.3 n/a n/a n/a
0.1 0.2 0.2 0.1 n/a n/a 0.1
L79 125.7 52.9 45,5 27.1 n/a n/a 175.6
35 07 —0.62 —-0.4 n/a n/a n/a
0.1 0.1 0.2 0.1 n/a n/a 0.1
L80 120 52.0 44.5 27.2 26.8 23.57 174.4
-54 -13 -0.1 -0.3 0.1 -057 n/a
0.1 2.4 0.3 0.1 0.1 0.3 0.1
F81 128.1 56.8 41.7 140.8 136.4 131.8 133.7 n/a 176.9
-04 -0.6 —-0.4 n/a n/a n/a n/a n/a n/a
0.1 0.4 0.3 0.1 0.1 0.1 n/a n/a 0.6
K82  116.7 55.8 35.4 25.2 30.1 41.9 178.7
-0.8 -04 -0.7 -0.2 0.2 n/a n/a
0.1 0.4 1.7 0.1 0.1 0.2 0.1
N83  123.9 54.3 37.5 n/a 176.1
-04 -05 -0.1 n/a n/a
0.1 0.1 0.2 n/a 0.2
G84 104.2 46.3 173.9
-0.3 0.01 n/a
0.2 0.2 0.6
E85  117.3 55.3 35.5 38.1 183.9 177.2
-15 1.3 2.3 25 n/a
0.1 0.3 0.1 0.3 0.4 0.1
V86  124.3 64.4 29.1 — 22.2 - 175.5
1.2 0.1 0.1 — 0.3 - n/a
0.4 0.1 0.1 — 0.2 - 0.1
A87  135.8 51.9 20.8 176.6
25 -0.6 0.4 n/a
0.3 0.3 0.4 0.1
A88 1145 52.7 22.5 175.1
—-2.9 0.4 0.2 n/a
0.2 0.1 0.3 0.4
T89 117.3 62.4 71.4 21.39 173.6
1.9 0.74 -0.8 0.75 n/a
0.1 0.2 0.3 0.2 0.2
K90 1275 53.8 33.0 26.2 27.0 41.9 173.8
1.2 -04 -1.9 2.2 -0.7 -0.2 n/a
0.1 0.5 0.5 11 0.1 0.2 0.1
Vol 1321 62.2 33.5 — 21.2 - 177.3
6.6 0.5 -0.5 — 0.5 - n/a
0.4 0.1 0.2 — 0.1 - 0.1
G92 1149 44.0 171.7
1.2 0.4 n/a
0.3 0.1 0.1
A93  125.8 52.8 19.3 175.1
7.3 0.1 0.3 n/a
0.1 0.1 0.2 0.3
L94 124 54.7 43.6 26.7 26.9 24.0 n/a
4.2 0.5 -0.6 0.1 0.7 -01 n/a
0.2 0.2 0.7 0.2 0.1 0.1 n/a
S95 n/a 56.1 66.4 175.4
n/a -0.1 0.5 n/a
n/a 0.1 0.1 0.1
K96  120.9 61.0 33.6 24.5 29.0 42.7 178.8
-0.8 0.1 2.0 -1.2 -0.5 0.9 n/a
0.2 0.1 1.1 2.04 0.8 0.2 0.1
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Table 1 (Continued)

N Ca Ccp Cy Cyl Cyl&Cy2 Cy2 Co Col Co2 Ce Cel & Ce2 cé Co
A,s0ln A,s0ln A,soln A,s0ln A,s0ln A,s0ln A,s0ln A,s0ln A,s0ln A,s0ln A,s0ln A,soln A,s0ln A,s0ln
SD SD SD SD SD SD SD SD SD SD SD SD SD SD
G97 106.1 46.9 177.0
0.6 —-0.2 n/a
0.1 0.2 0.1
Q98 121.8 58.2 29.5 34.6 - 179.8
1 -0.3 -0.1 -0.1 — n/a
0.2 0.2 0.1 0.1 - 0.2
L99 124 57.9 40.8 27.5 n/a 22.7 177.9
0.5 -0.1 -0.2 0.0 n/a -1.0 n/a
0.1 0.1 0.1 0.1 n/a 0 0.7
K100 n/a 60.6 30.8 25.4 27.3 42.6 178.5
n/a —-0.1 -0.4 -0.1 —-1.5 1.3 n/a
n/a 0.2 0.9 0.1 0.4 0.3 0.5
E101 118.7 59.9 28.5 34.5 181.8 179.5
0.8 02 -13 21 n/a n/a
0.2 0.2 0.4 0.5 0.9 0.6
F102 120.4 60.4 39.6 138.2 n/a 135.7 n/a n/a 177.4
0.1 0.4 0.5 n/a n/a n/a n/a n/a n/a
0.1 0.3 0.7 0.1 n/a 0.1 n/a n/a 0.1
L103 n/a 57.8 40.9 26.2 23.2 27.5 177.4
n/a —-0.1 -0.1 0.5 —-2.7 4.8 n/a
n/a 0.0 0.1 0.4 0.3 0.2 0.1
D104 120.8 57.5 39.2 180.7 179.2
0.7 0.0 -0.2 n/a n/a
0.1 0.1 0.1 0.2 1.1
A105 n/a 53.8 19.2 179.1
n/a 0.0 0.4 n/a
n/a 0.3 0.1 0.1
N106 112.7 54.2 41.6 183.1 178.3
-0.6 -0.3 -0.6 n/a n/a
0.3 0.2 0.1 0.1 0.5
L107 121 54.6 43.2 26.8 23.5 26.8 n/a
-0.1 —-0.3 0.7 2.3 0.1 0.2 n/a
0.1 0.3 0.4 0.2 0.5 0.1 n/a
A108 n/a 54.4 19.3 178.0
n/a 04 04 n/a
n/a 0.2 0.2 0.6

2 Asoln, the difference between solid-state and solution chemical shifts

for the reassembled thioredoxin and full-length intact thioredoxin. Solid-state

chemical shifts were determined in this work; solution shifts were reported previously by Dyson and co-#ofkersC solution shifts were re-referenced

with respect to DSS. Solid-statéC chemical shifts were referenced using adamantane as external chemical shift reference (40.3 ppm for the deshielded

carbon, which would correspond to 0 ppm with respect to DSS). Solid“$tdtehemical shifts were referenced with respect to externajMKB9.2 ppm,
corresponding to 0 ppm with respect to liquid Nbt 25°C). The unassigned chemical shifts are denoted as n/a.

backbone correlations), CXCY (intraresidue and sequential side-chain*H during the mixing period. On th&#C channel, field strength of 48

correlations), and NN (sequential backbone correlations).
Two-dimensional*C—13C chemical shift correlation spectra were
acquired using a rotary-assisted proton spin diffusion experiment (RAD,
DARR) atN = 1.%5 During the initial 1.5 ms cross polarization (CP)
period, thetH amplitude was linearly ramped from 80 to 100%, with
the center of the ramp corresponding to the first Hartmarahn
spinning sideband. During tHéC chemical shift evolution period in
the indirect dimension, continuous wave (CW) heteronuclglar3C
decoupling was used. Throughout RAD mixing and detection, the 70
kHz XiX decoupling scheme was appliédThree sets of spectra were
acquired using RAD mixing times of 10, 100, and 300 ms. The spectral

kHz was applied during cross polarization, and 53.5 kHzf& and
7t pulses during the mixing period.

Two-dimensional>N—13C correlation spectra were acquired using
a SPECIFIC CP mixing sequerféego establish either the NCa. or
N—Co correlations. During the initial 3 ms cross polarization period,
theH amplitude was linearly ramped from 80 to 100%, with the center
of the ramp corresponding @,(*H) = 35 kHz, w1(**N) = 28 kHz.
During the'>N chemical shift evolution period ifi, CW heteronuclear
IH—3N decoupling was used. The polarization was subsequently
transferred from the amide nitrogen atoms to eithax QNCA
experiment) or Co (NCO experiment) carbons via selective double cross

widths for these three data sets were 50 kHz in both dimensions, andpolarization, with the’sN amplitude being linearly ramped from 80%

the 13C frequency was centered at 95 ppm. A total of 32 scans were
added for the final free induction decays (FIDs) in e&ctnansient; a
total of 400t; transients were acquired, and recycle deldy2 ®were
employed. The total acquisition time was 7.1 h. The following field
strengths were used on thid channel: 125 kHz for hard pulses, 58
kHz (corresponding to the center of the ramp) for cross polarization,
and 70 kHz during decoupling. Irradiation of 10 kHz was applied to

(45) Takegoshi, K.; Nakamura, S.; TeraoGhem. Phys. LetR001, 344, 631—
637

(46) Detken, A.; Hardy, E. H.; Ernst, M.; Meier, B. l&hem. Phys. Let2002
356, 298-304.
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to 100%. The cross polarization mixing time was 6 mg('°N) = 25

kHz (center of the ramp)w1(**C) = 18 kHz. Due to the probe
restrictions on the maximum amount of power, the heteronuclear
decoupling field strength was kept at 50 kHz throughout the experiment,
and the XiX decoupling scheme was employed. FH¢ frequency
was centered at 119 ppm; tR¥C frequency was centered at 51 ppm
(NCA experiment) or at 180 ppm (NCO experiment). A total of 208
(NCO) or 224 (NCA) scans were added for the final FIDs in each

(47) Baldus, M.; Petkova, A. T.; Herzfeld, J.; Griffin, R. Glol. Phys.1998
95, 1197-1207.
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15N o t w H Figure 3. N (A) and 13C (B) CPMAS spectra of PEG-precipitatéd

coli thioredoxin reassembled from complementary fragmentaNgi—73)/
U-13C 15N(74—108). The line widths are 0:20.5 ppm #°N) and 0.5-0.8
ppm (C). For the>N spectrum, 128 transients were added, and the recycle
delay was 2 s. Thé3C spectrum was acquired with 512 transients. The
Figure 2. Pulse sequences for 2D NCA/NCO (A), CXCY (B), and NN  spinning frequency was 10 kHz.
(C) experiments used in the backbone and side-chain assignments. Open

rectangles represent/2 pulses; filled rectangles represent pulses. . . P . . e
SPECIFIC CP with 8 ms mixing time was utilized for the-Go(Co) processed with cosine apodization in both dimensions, zero-filling up

transfers. The phase cycle was = xX%; @2 = X% @3 = (Xa(Y)a Prec to 4096 poir_1ts irf, and 512 point; ifi,. Additionally, the C(_: spectrum

= XRRXYYYY. 13C—-13C correlations were established via the RAD mixing vaUlred with 10 ms mixing time was processed with resolution

scheme atr = wr. The phase cycle wag; = Yy, g2 = XX0X; @3 = (Y)s- enhancement, by applying a 66hifted sine apodization iy and a

()4 @2 = (¥)s(X)s; Prec= X3RX(0R)x3%x. 1BN—15N sequential correlations  30°-shifted sine apodization ifa. The NN spectra were processed with

were achieved using the PDSD mixing sequerigg, = 4 s. The phase  cosine apodization in both dimensions; the data were zero-filled up to

cycle was the same as in (B). 2048 points irf,. Linear prediction up to 384 points was appliedin
zero-filling up to 1024 points was used. The spectral assignments were

transient; a total of 18§ transients were acquired, and recycle delays performed in Spark{® The secondary shift statistical analysis and

of 3 s were employed. The total experiment times were 32 and 34 h backbone dihedral angle prediction were performed in TAEOS.

for the NCO and NCA experiments, respectively. | d Di .

Two-dimensional*N—15N correlation spectra were acquired using Results an |sc.u.ssmn . )

a proton-driven spin diffusion (PDSD) mixing sequeAt®uring the ~Sample Conditions for Solid-State NMR Experimentsin

initial 1 ms cross polarization period, thel amplitude was linearly Figure 3, the!®N and 1*C CPMAS spectra for the PEG-

ramped from 80 to 100%, with the center of the ramp corresponding Precipitated thioredoxin are shown. The line widths for the

to wi(*H) = 59 kHz, w1(**N) = 49 kHz. The PDSD mixing time was  outliers are 1538 Hz (0.2-0.5 ppm) and 3594 Hz (0.5-0.8

4 s. XiX decoupling was applied durirfg. A total of 32 scans were ppm) for thel>N and13C data sets, respectively, indicating a

added to form the FID in eadhincrement; a total of 206 increments high degree of conformational homogeneity in the protein
were acquired, and the recycle delay was 2 s. The total experimentresylting from the above protocol.

time was 3.6 h. , onaiC . As will be demonstrated below in the 2D data sets, the PEG-
Additionally, one-dimensional®C and™N CPMAS spectra were o initated reassembled thioredoxin results in high-quality

recorded at the spinning speed of 10 kHz. THamplitude was linearly spectra suitable for resonance assianments. This finding. in
ramped from 80 to 100%, with the center of the ramp corresponding P 9 ) 9

t0 wa(*H) = 59 kHz, w:(15N) (o w1(13C)) = 49 kHz. XiX decoupling conjunction with previous reports on Sg;id-state NMR of the
at a field strength of 70 kHz was applied during the acquisition. A PEG-precipitatedi-spectrin SH domairt*?and the catabolite

total of 128 or 512 scans were added to form the final FIDs inttNe . ) - )

1 . . L. . (49) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
or 3C spectra, respectively; the acquisition time was 50 ms. Biomol. NMR1995 6, 277293,

The data were processed in NMRPibender a Linux environment (50) Goddard, T. D.; Kneller, D. GSPARKY 3version 3.110; University of

on a Dell Precision workstation. The NCA, NCO, and CC spectra were (51) %?:L?{Qsiihsg”_ 'Br:‘lgglisgoé _Sgnggangiigfé’dlcﬁM%moggg 13 289302
(52) Pauli, J.; van Rossum, B.; Forster, H.; de Groot, H. J. M.; Oschkinai, H.
(48) Bloembergen, NPhysical949 15, 386-426. Magn. Reson200Q 143 411-416.
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Figure 4. CXCY spectra of reassemblé&d coli thioredoxin demonstrating intraresidue side-chain walks for identification of amino acid residue types. The
CXCY spectrum was recorded with the RAD mixing element and a mixing time of 10 ms, resulting in predominantly one-bond correlations and a limited
number of two-bond intraresidue correlations. The spectra were processed with cosine apodization in both dimensions, zero-filling up tos4836epoint
direct dimension and 512 points in the indirect dimension. Examples of amino acid chemical shift topologies are shown: Ala, red; lle, blue; &ro, orang
Ser, light green; Thr, yellow; and Val, dark green. For Ala, stropg-C, cross-peaks were observed in addition to one-bond correlations.

repression histidine-containing phosphocarrier protein’Cds, in multidimensional spectra, to yield the majority of resonance
well as our studies of full-length thioredoxin, indicates that assignments.

preparation of high-quality protein samples for solid-state NMR  Experimental Protocols and Considerations for Resonance
could be generally accomplished via a relatively facile genera- assignments of Reassembled Thioredoxin at 17.6 TFor

tion of PEG precipitates. Our ongoing efforts on a number of intraresidue and sequential backbone assignments, NCA, NCO,
other systems, including azurin, vanadium chloroperoxidase, andang NN experiments were conducted. In the NCA and NCO
Max, suggest that this approach may work for a large number gyperiments, polarization is transferred from the backbone amide
of globular proteins. Moreov_er_, a number _of previous SFUdIeS nitrogen atom to thex-carbon or the carbonyl carbon, thus
demonstrate that PEG-precipitated proteins are functionally ggtapjishing intraresidue or sequential backbone correlations.

competent: *2 ) ) SPECIFIC CP mixing sequerfGewas employed with weak
The observed®C and'*N line widths were somewhat broader o 4io frequency fields centered &N and 23C (Ca or Co)
than the'*C—*N and**C—*°C scalar couplings (17'_{40 Hz)> frequencies and:(*5N) = w1(*3C)+ w;, to accomplish selective
indicating the contribution from the residudti—*°C dipolar  yansfers. The transfer efficiencies were—-Z5%, which is
couplings, which is in agreement with the weak decoupling field probably the result of weak decoupling field strengths (vide

§trengths (50 kHz) app“e‘?' thrqughout the measurement; andsupra). With these transfer efficiencies, high-quality spectra were
imposed by the probe configuration. To further narrow the lines, acquired within 3234 h. Transfer efficiencies were found to

it would be necessary to employ either higher decoupling field be hardware dependent, and with a different probe configuration
strengths or ultrafast magic angle spinning (spinning frequenciesthose reached 4550 '

> 50 kHz)>35 Either of these two approaches may be crucial ) .
for larger proteins or intrinsically crowded spectra. However, ~ 1he homonuclear NN experiment employs a PDSD mixing

for reassembled thioredoxin, moderate spinning frequencies andPeriod to transfer polarization between backbone amide nitro-

decoupling radio frequency fields resulted in adequate resolution 9nS: Due to the small magnitude of the homonuckéar
dipole—dipole interaction (25 or 60 kHz, corresponding to the

(53) Williams, J. C.; McDermott, A. EBiochemistry1995 43, 8309-8319. average distances of 2.7 or 3.5 A inhelices of 3-sheets,

(54) Clore, G. M.; Gronenborn, A. MSciencel991, 252, 1390-1399. H ; ; H

(55) Ernst, M.; Meier, M. A.; Tuherm, T.; Samoson, A.; Meier, B. H.Am. respectlv_ely), Only Sequemlal N(_N(H_l) correlations are
Chem. S0c2004 126, 4764-4765. present in the spectra. At a mixing time of 4 s, cross-peak
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Figure 5. CXCY spectrum of reassemblésl coli thioredoxin demonstrating examples of sequerifi@-13C correlations. The experiment was recorded
with RAD sequence and mixing time of 100 ms. The spectrum was processed using a cosine filter in both dimensions, zero-filling to 4096 pdints in the
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dimension and 1024 points in tligdimension, and automatic baseline correction infthgimension.
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Figure 6. Expansions of the RAD spectrum acquired with a mixing time of 100 ms, demonstrating the sequential cross-peaks between (A) G74 and 175,

(B) G84—ES85, and (C) K96 and S95.

intensities were 18630% of the diagonal, and were found to

data.

sequence RAFY was utilized. This experiment

13C Chemical Shift (ppm)

is readily tuned

J. AM. CHEM. SOC.

the appropriate choice of mixing period. At short mixing times
be independent of the secondary structure. Sequential nitrogerof 1—2 ms, predominantly one-bond correlations are established,
assignments based on these spectra alone are not feasible dughich are utilized for intraresidue side-chain assignments. Upon
to the large degree of spectral overlap. However, as describedincreasing the mixing time to 10 ms, two-bond correlations
below, the NN experiment was useful in corroborating the emerge, and at mixing times of 100 ms or longer, a number of
nitrogen backbone assignments based on the NCO and NCAmultibond correlations are present. These correspond to medium-
and long-rangé3C—13C distances and were useful for confirm-
For homonuclear CC recoupling, rotary-assisted spin diffusion ing sequential assignments as well as obtaining tertiary structure
constraints. The recoupling efficiencies in RAD were found to
for establishing dipolar interactions of the desired strength by be largely insensitive to the chemical shift offset, and uniform

= VOL. 126, NO. 50, 2004 16615
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Figure 7. N—N correlation spectrum of reassemblEdcoli thioredoxin demonstrating examples of sequential backbone walkstSWR€°N correlations

were established via a PDSD mixing sequence with 12 ms mixing time. The spectrum was processed with linear prediction up to 384, poisiaen
apodization in both dimensions, zero-filling up to 2048 point§;iand 1024 points if;, and automatic baseline correctionfin

polarization transfer was achieved for the aliphatic side-chain strength of at least 9.4 T are required for nearly complete
carbons. Interestingly, the intensities of the cross-peaks corre-assignment$? Higher magnetic fields appear to be necessary
sponding to the two-bond correlations were found to be sensitive for adequate resolution in homonuclé&—13C experimentd8

to the dihedral angles: the residues belongingSteheets Sensitivity is an additional important factor. At 750 MHz, 6.1
exhibited stronger g£-C, cross-peaks than those comprising 0.5umol of protein is sufficient for the measurements. Larger
turns andx-helices. These intensity differences might potentially amounts of sample and longer experiment times will have to
serve as an independent qualitative indicator of the secondarybe utilized at lower fields.

structure context of a particular residue; however, more  Resonance AssignmentsThe majority of the amino acid
experimental evidence is needed. types in the C-terminal fragment of reassembled thioredoxin
Due to the small size of the &C,*N-enriched portion of  ere identified from intraresidue one- and two-bond CC
reassembled thioredoxin and the high degree of chemical shiftcorrelations observed in the RAD experiment with a mixing
dispersion at 17.6 T, the above combination of 2D homo- and time of 10 ms (Figure 4). Identification of the five alanines,
heteronuclear correlation experiments yielded nearly complete o valines, two threonines, three out of four glycines, two out
assignments of the backbone and side-ch&N and '°C of four lysines, two phenylalanines, one serine, and one
resonances, as detailed below for several residue types. isoleucine was straightforward, based on the characteristic
The approach presented above takes advantage of hightingerprint region and their expected intraresidue cross-peaks,
magnetic fields and small size of reassembled thioredoxin. On especia”y in the a|iphatic region_ In the Carbony] region, a
the basis of our experience with thioredoxin and BPTI, and the number of G—C, and G—C, intraresidue connectivities were
work from other laboratories discussing alternative strate- ghserved as well. Several examples of site-specific assignment
gies{3-21:5256.57 several experimental considerations can be for individual residues are presented below.
outlined for high-resolution MAS studies of uniformly enriched Site-specific assignments of 175 and S95 were accomplished
polypeptides. For moderate size proteins_, backbone resonancen, the basis of the above experiment. The unique isoleucine in
aSSlganintS can be performed at. lower fleld.strengths (7'0, andthe sequence was easily identified by the multiple correlations
9.4 T)**however, three-dimensional experiments and a field among its aliphatic carbons, especially the methyl groups, which
(56) Castellani, F.; van Rossum, B.-J.; Diehl, A.; Rehbein, K.; Oschkinat, H. were the most shielded Signal,s, in the aIiphatic ,regi‘?n of the
Biochemistry2003 42, 11476-11483. spectrum. These €C connectivities are depicted in Figure 4.
(57) Egorova-Zachernyuk, T. A.; Hollander, J.; Fraser, N.; Gast, P.; Hoff, A. S95 was identified by its characteristically deshieldegi C

J.; Cogdell, R.; de Groot, H. J. M.; Baldus, Nl. Biomol. NMR2001, 19, . ) i
243-253. resonance (64 ppm). The unequivocal assignment of 175 in
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Figure 8. Expansion of the RAD spectrum acquired with a mixing time

its multiple CC sequential correlations with E85 and V86 (Figure
6). In the glutamate residues, thg €rbon is deshielded (ca.
180—-186 ppm). Therefore, the characteristic<C; correlations

of the two glutamate residues, E85 and E101, appeared in the
isolated region of the spectrum and were used to report on these
two residues. In Figure 4, the,€C; correlation for E85 is
highlighted in the carbonyl region of the spectrum. E85 was
distinguished on the basis of the sequential correlations of its
Cs carbon to G of G84 and C1,C,, of V86 residues in the
RAD spectra at long mixing times. Sequential cross-peaks
between the aliphatic and the carbonyl carbons of G84, E85,
and N83 were also observed under these conditions: 84C
E85C,, E85G—G84C,, G84G,—EB85G, G84G,—N83GC,,
G84G,—N83G,, and G84G—N83G;.

G74 was distinguished from the other glycines, G92 and G97,
by several sequential cross-peaks with 175 in the aliphatic and
carbonyl regions of the 100 and 300 ms RAD spectra (Figure
6): G74G—175C,, G74G—175Cs, G74G—I175C,1, G74G—
[75C,5, G74G—175Cs1, G74CG—175C,, G74C,—175C, and
G74G,—175Cs;. The absence of a cross-peak to the preceding
residue in the NCO experiment confirmed this assignment (R73
belongs to the complementary thioredoxin fragment containing
no 13C labels).

Site-specific identification of the two remaining glycines, G92
and G97, was straightforward on the basis of the various
sequential connectivities found in the NCO, NN, and 100 and
300 ms CC RAD experiments. The observed G@2893C,,
G92G,—A93C;, G92G,—VI1G, G92G,—VILC,, G92G—
VI1C,1, G92G,—V91C,;, G92N-C91G, and G92N-VIIN
correlations in conjunction with the intraresidue V91,
cross-peaks yielded tHéC and!N backbone and side-chain
chemical shifts for G92. For G97, G9¢EK9I6C,, GI7C—
Q98G, G97G,—Q98GC,, G97G,—K96C,, G97N-K96N, and

of 10 ms, demonstrating the aromatic side-chain assignments in F81 andG97N—K96N correlations were employed to derive #i€ and

F102.

addition revealed the identity of the unique proline, P76, via

the multiple cross-peaks between its aliphatic carbons and the

carbonyl carbon of 175 found in the carbonyl regions of the
RAD experiment acquired with long mixing times of 100 and

300 ms. These three residues, 175, P76, and S95, served as ths

starting point in the assignments.

To establish sequential connectivities, a combination of four
experiments was used: RAD with long mixing times (100 and
300 ms), NCO, NCA, and NN experiments (Figures7; 9).
The 100 and 300 ms RAD experiments were found particularly

useful in corroborating the sequential heteronuclear assignment

(Figures 5 and 6), as well as in resolving the ambiguities for
the poorly dispersed leucine and lysine residues. In the follow-
ing, the site-specific assignments for individual amino acid types
are discussed.

Identification of glycines was relatively straightforward, due
to their low abundance in the sequence (four) and their
characteristic upfield £and G carbon chemical shifts. Three
of the four glycines were found on the basis of their cross-
peaks in the carbonyl regions of the RAD experiments at all
mixing times, while the typical NCa correlations correspond-
ing to all four glycines were present in the NCA experiment.

15N chemical shifts. Assignment procedures for the remaining
residue types, including aromatic sidechains of the Phe-81 and
Phe-82 (Figure 8), are contained in the Supporting Information.

NCO (A), NCA (B), and CXCY (C) spectra of reassembled
E. colithioredoxin, demonstrating examples of intraresidue and
sequential backbone and side-chain assignment walks, are
resented in Figure 9. In summary, we were able to unambigu-
ously assign 93% of th&C and >N chemical shifts of the
C-terminal of reassembled thioredoxin by using a combination
of 2D homo- and heteronuclear correlation experiments. These
chemical shifts are summarized in Table 1.

Secondary Chemical Shifts, Dihedralp and ¢ Angles, and

sSecondary Structure Predictions: Analysis and Comparison

with Solution NMR. Secondary carbon and nitrogen chemical
shifts are sensitive to polypeptide backbone conformafion.
Dihedraly angle prediction based on the statistical analysis of
secondary chemical shifts as implemented in TABGs been
widely applied in solution NMR for deriving the secondary
structure, and more recently, this approach has been demon-
strated to yield accurate results for solid-state protein chemical
shifts2157 As solution chemical shifts fof3C,, °Cs and
backbone amide'®N atoms in reassembled—¥3/74-108
thioredoxin have not been reported, direct comparison between
secondary shifts in the solid state and in solution is not possible.

Sequential correlations between each of the four glycines a”dTherefore, we carried out a comparison of the dihegrahgles

their neighboring residues were used to establish the site-specific

assignments. For example, G84 was identified on the basis of(58) wishart, D. S.; Sykes, B. . Biomol. NMR1994 4, 171—180.
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Figure 9. NCO (A), NCA (B), and CXCY (C) spectra of reassembledcoli thioredoxin demonstrating examples of intraresidue and sequential backbone
and side-chain assignment walks. The CXCY spectrum was recorded with the RAD mixing element and a mixing time of 10 ms, resulting in predominantly
one-bond correlations and a limited number of two-bond intraresidue correlations. The spectra were processed with cosine apodization irsiooih dimen
and zero-filling up to 4096 points in the direct dimension and 512 points in the indirect dimension.

predicted using the secondary shifts of the reassembled thiore-ndicative of ana-helical environment; on the contrary, the
doxin in the solid-state, and those of the full-length intact solution-predicted angle is 125n agreement with the expected
thioredoxin in solution. Such comparison is warranted since it location of this residue in A-sheet. For Ala-87, the reason for
was demonstrated previously that the overall tertiary structure the discrepancy between predictions based on solid-state NMR
in the reassembled thioredoxin in solution is preserved with shifts and the expected angle is not clear at this point. The
respect to the intact proteff. assignments for th&C and!®*N chemical shifts were based on

In Figure 10, the dihedrap and vy angles predicted from  redundant sets of experiments; therefore, it is unlikely that these
solid-state state shifts of reassembled thioredoxin and solutionwere determined incorrectly and could be the source of error.
shifts for the full-length protein are plotted. The overwhelming An additional body of evidence for full-length thioredoxin and
majority (29 of 33) ofy angles and 32 of 33 angles deviate other proteins will be necessary to evaluate whether the observed
by less than 2Q with the mean of 3.7 and 0.1%or v and¢, discrepancy for Ala-87 is statistically meaningful. With the
respectively, and correctly reflect the secondary structure of exception of Ala-87, the secondary structure motifs are correctly
these 31 residues. The largest discrepancies are displayed bynferred from solid-state NMR data, providing additional
Asn-83, Ala-87, Lys-96, and GIn-98. Since Asn-83 and Lys- evidence for the general applicability of the TALOS prediction
96 are located at the termini of g-sheet anda-helix, algorithm to solid-state NMR chemical shifts.
respectively, the disagreement is not surprising. Fhangle Use of Differential Isotopic Labeling Strategies for High-
of —5° inferred from the solid-state shifts for GIn-98 accurately Resolution Solid-State NMR Studies of Protein Interfaces
predicts that this residue is in anhelical environment. The  and Protein AssembliesSparse and segmental isotopic labeling
corresponding dihedral angle derived from the solution shifts protocols have been widely employed for protein studies by
is 137 and would indicate #-sheet environment, in disagree- both solution and solid-state NMR spectroscépy® The
ment with the experimental X-ray and solution NMR structure. current work demonstrates that introducing differential isotopic
For Ala-87, solid-state shifts predict ¢ angle of —12°, labels could be potentially beneficial for high-resolution struc-
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Figure 10. Comparison of the dihedrgt angles predicted from the observed solid-state and solution chemical shifts of reassembled and intact thioredoxin,
respectively, using TALOS! The filled rectangles represent solid-state values, and the empty rectangles represent solution vadubsliFileand3-sheet
regions in the secondary structure are highlighted in lighter and darker gray, respectively.

tural studies of protein interfaces and protein assemblies by number of carbon resonances compared with the full-length
solid-state NMR, especially in larger systems. One advantageuniformly enriched protein. Another advantage is isotope editing
of differential labeling is significantly simplified spectral of the polarization transfer, permitting for directing the transfer
assignments. For example, assignments of the C-terminal portionpathway. Specifically, the labeling scheme discussed in this
of the reassembled, differentially labeled thioredoxin complex work was developed for analysis of hydrogen-bonding patterns
reported in this work were straightforward due to the smaller

(63) Waugh, D. SJ. Biomol. NMR1996 8, 184-192.

(59) LeMaster, D. M.; Kushlan, D. MJ. Am. Chem. Sod.996 118 9255- (64) Yabuki, T.; Kigawa, T.; Dohmae, N.; Takio, K.; Terada, T.; Ito, Y.; Laue,
9264. E. D.; Cooper, J. A,; Kainosho, M.; Yokoyama, B.Biomol. NMR199§

(60) Hong, M.J. Magn. Reson1999 139 389-401. 11, 295-306.

(61) Gardner, K. H.; Kay, L. EAnnu. Re. Biophys. Biomol. Struct.998 27, (65) Yamazaki, T.; Otomo, T.; Oda, N.; Kyogoku, Y.; Uegaki, K.; Ito, N.; Ishino,
357—-406. Y.; Nakamura, HJ. Am. Chem. S0d.998 120, 5591-5592.

(62) Muir, T. W.; Sondhi, D.; Cole, P. AProc. Natl. Acad. Sci. U.S.A998 (66) Katti, S. K.; LeMaster, D. M.; Eklund, HI. Mol. Biol. 199Q 212, 167~
95, 6705-6710. 84.
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at the reassembled thioredoxin interface via'fi@z-(*H)—1°N generally applicable for structural studies of protein interfaces
experiments, and is applicable for assessing intermolecularand protein assemblies by solid-state NMR. Resonance assign-
interactions in protein interfaces formed by any arbitrary pair ments of reassembled thioredoxin presented here are the first
of proteins. Introduction of*C,'>N/1*N labels according to this  step in our forthcoming efforts in this area.
protocol enables both the resonance assignments of one binding This work additionally demonstrates that, at high magnetic
partner and the evaluation of interfacial contacts between thefia|ds. resonance assignments of moderate-size proteins and
individual molecules. This approach is expected to be particu- hrotein assemblies can be established in a straightforward and
larly beneficial for protein assemblies where only the interface tjme_efficient way via a combination of 2D homo- and hetero-
structure is of interest and the complete assignment of the ,cjear correlation experiments. This approach is anticipated
complementary partner may not be required or feasible. In this ;o especially advantageous for systems where increasing
' 15N mi . . . i . . I
case, preparation of ?C/ lN mixed labeled complex would i\ ensionality of the experiments is undesirable (e.g., limited
allow for directing the!®N—13C magnetization transfers via the sample quantities are available, resulting in compromised

mte_(rjface _?Qd h|gh|_|ght|ng onlLy thedﬁorrespon(zng mterfag(_a sensitivity, or proteins undergo conformational exchange in the
residues. These residues can be readlly assigned via a CombiNgg, o e giate time scales). These experimental protocols are

i 15N\ —13~—_1. i ichi i i

tion of N T e.xperlments establishing |ntrare5|due and expected to be generally suited for structural studies of larger

sequential*C correlations. A complementary labeling scheme . L . . .
proteins and protein interfaces by high-resolution solid-state

would yield 13C assignments for the interface residues of the NMR Spectrosco
binding partner. The assignment BN resonances could be P Py
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