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The rings of aromatic amino acids are valuable probes to study
protein structure, dynamics, and folding by using nuclear magnetic
resonance (NMR) spectroscopy. They are often part of a protein’s
molecular core and give rise to a large numbettdf-H nuclear
Overhauser effects (NOE5gs is required for high-quality structure
determination. Ring flipping rates provide unique information on
larger-amplitude motional modes which allow the rings to rotate
about 2173 Hence, NMR assignment of rings is of central
importance for structural biology of proteins. HCCH spectroséopy
employed in conjunction with NOE spectroscopy (NOESY) is most
efficient? and four-dimensional (4D) HCCH is attractive due to
limited shift dispersion of Phe ringsDespite the tremendous
importance, however, an implementation that provides 4D informa-
tion while being suited for botlsensitvity and samplinglimited
data collectiofis not available.

Here we present aromatic L-GFT and L-GFT-TROSY (4,3)D
HCCH. Sensitiity is maximized by using (i) newly introduced
longitudinal relaxation (L-)optimizatioh for aromatic protons
(*Haromatig (i) pulsed field gradient (PFG) selection of coherences
with preservation of equivalent pathways (PEPYiii) (semi-)
constant time dt) frequency labeling, and (iv) employment of
transverse relaxation optimized spectroscopy (TROS¥)Rapid
samplingis accomplished by use of G-matrix FT (GFT) NMR
combined314 with L-optimization, which thus serves to enhance
sensitivity and/or shorten relaxation delass.

1Haromatic| _gptimization is feasible since (AHamaiglH,0 and
1Haliphatic chemical shift ranges do not overlap, which enables
selective “flipping” of tHalrhatiyl4,0 magnetization whiléHaromatic
magnetization is along and (ii) a large number of dipolar
1jaromatic_1{jaliphatic gpnd Tyr 1aromatic_1Hhydroxyl jnteractions can
increaseR, of Haomatic For 14 kDa protein PfR13, a target of the
Northeast Structural Genomics Consortium (NESG), we recorded
a series of L- anchonL-ct 2D [*3CH]-HSQC/TROSY spectra
(Figure S1) at 20 and 4C with varying relaxation delay between
scans. PFG-PEP coherence seleétivas used® HSQC spectra
were recorded at 2TC, where the approximate isotropic correlation
time for overall tumbling of PfR13zis,, is 8.5 ns. TROSY spectra
with suppression of signal contributions frdAcaomaicpolarization
were acquired at 4C, wherertis, = 12.5 ns. Signal-to-noise (S/N)

ratios were measured as a function of the relaxation delay between

scanste;, and divided by the square-root of the measurement time,
tor, thus yielding SN a measure for intrinsic sensitivity. A least-
squares fit of

1- exp(_ R1(trel + tacq))
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to the experimental SNvalues yieldst,°** at which, for a given
proton, intrinsic sensitivity is maximal (Tables $$3). tacq and
tseqrepresent the acquisition time and length of the pulsing period,
respectively, while scaling factoA and effective longitudinal
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Figure 1. SN in ct2D [13C,1H]-HS(5C£, ]versus,e| for three peaks of protein
PfR13 (20°C; 750 MHz). Filled (open) symbols and solid (dashed) lines
correspond to spectra acquineéth (withou? L-optimization. Vertical lines

at ~1.6—2.2 s indicate,e°P without L-optimization, and those at0.2—

0.5 s indicatete™" (Table S1) where L-optimized congeners reach the
same intrinsic sensitivity.

relaxation rateR; are fitted (Figure 1). Analysis of resolved peaks
(Tables S1, S2) reveals that at 2D (4 °C) (i) the averagé. Pt =

1.9 s (1.8 swithoutis longer than the averagg® = 1.1 s (1.0

s) with L-optimization, and (ii) the average gain in intrinsic
sensitivity arising at.e°* due to L-optimization (Figures 1, S2) is
~20% (~15%). For the L-optimized experiment acquired,gtatch
~0.4—0.6 s, intrinsic sensitivity matches the one of thenL
congener at it that is L-optimization allows one to reach the
maximum sensitivity achieveavithout L-optimization at about
4-fold increased sampling speed.

Exploration of L-optimization with 2D NMR (Figures 1, S2;
Tables S1-S3) enabled implementation of L-GFT-TROSY (4,3)D
HCCH (Figure 2), which is based on highly efficieh®)(t;)—
13CA)(ty)—13CA(ty)—1HA(t5) transfer via largelJ{13Caromatic—
13Car0mati% (’V5O HZ) and 1J{ 1Har0matic_13caromati(} (,\,160 HZ)
couplings. The shifts ofH® and 13CO are jointly sampled in a
GFT dimension. Frequency labeling with the shifts'gft), 13C1),
and 13C@ is accomplished within only~11.6-13.5 ms during
polarization transfer. Short maximal evolution times~o4.5 ms
suffice in the GFT dimension since peaks are dispersed over the
sum of!Haromaticgnd13Caromaticgpactral widthd3 At 4.5 msct delay,
TROSY vyields higher sensitivity only for large proteing{ > 23
ns; Figure S4) but allows one to ugéC® polarizatiod® for
acquiring central peak3” without compromising on INEPT
delays!® These peaks provide (H)CCH information defining centers
of peak pairs aR2(*3C®) + Q(*HW) in basic spectra.

L-GFT-TROSY (4,3)D HCCH (data set “I") was recorded in 24
h with te = 1 s ¢ for PfR13; Table S4) for 21 kDa protein
HRA41 (Figure 3; 25C; 1i5o & 11 ns; 95% peak detection yield),
an NESGC target for which data collectionsensitvity limited.
For sensitivity comparison, L-GFT (“II"), GFT (“ll");te = 1.5 s
with presaturation of water line), and L-GFT-TROSY with 13.5
ms ct delayt®1 (“IV”) were recorded. The relative sensitivity for
basic spectras ~2.5:3.8:2.1:1 (Table S5). Thus, at, ~ 11 ns
one has that (i) TROSY is20% less sensitiv@ when also taking
into account that3C polarization yields central peaks in TROSY
(see Supporting Information), (ii) L-optimization increases sensitiv-
ity by ~20—60% (the variation is due to nonunifortal density),

10.1021/ja054895x CCC: $30.25 © 2005 American Chemical Society
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Figure 2. Radio frequency (rf) pulse scheme of L-GFT-TROSY (4,3)D
HCCH. 90 and 180 pulses are thin and thick bars. Selectivé 49 pulses
with rising and falling shapes are 1.1 ms E-BURP2 and time-reversed
E-BURP2 pulsé'$ applied at 2 ppm. Those fliH2iPhatigiH,0 magnetization
while 1Haromaticmagnetization is along During reverse INEPT, flip-back
pulses are not required since (i) hak pulses yield a 720rotation ofH
magnetization and (ii) selective 18@%Caromatic REBURP pulse’$ of 610
us duration (at 750 MHz) decouplefairhatic from 13Caliphatic. phases ofH
rf pulses are adjusted such tHataliPhatiglH,0 magnetization is along-z
at the beginning ofs. Decoupling oft3Caromaticqyring t3 is accomplished
using GARP? Delays: A = 1.3 ms,k = 1.5 ms,T=T = 225 ms,0 =
T — k + t1/2, ¢ = 0.3 ms. Semét H® shift evolutior? is implemented
with tl,max: 2T, t]_a(o) = )L, tlb(O) =1 us, tlc(O) =1+1 us, andAtla =
t/2, AP = At2 + ALS, At = —1 t/2T. An S-filter’? implements
TROSY: the black-and-white 18@ulse ontH is applied only every other
step of the phase cycle. To decouplé'3C’—13CF) for enhancing signals
at Q(13C») in central peak subspectra (Figure 3), the °180QIse during
t(13CO) is applied witl yB; = Aw/v/3 (Aw is difference betweelCaromatic
carrier and averag®C? shift). GFT NMR phase-cyclep; = Xy,—X,—Yy
to obtain basic subspectra frotdl and central peak subspectra fréAC
polarizationt? For L-GFT (4,3)D HCCH: 6 = «, the black-and-white 180
pulse ont3C duringt;(*3C®) is at high power and &C 9¢° pulse before
PFG G is added (not shown). GFT NMR phase cycle; = xy for basic
subspectra; the central peak subspectrum is recorded by onltiHghift
evolution. For definitions of PFGs and phase cycles see Figure S5.
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Figure 3. [w1(*CW;THW),w3(*H@)]-strips taken along the GFT dimension
of L-GFT-TROSY (4,3)D HCCH recorded at 750 MHz for 21 kDa HR41
with tef = 1 s. Peaks belong to the slowly flipping ring of Tyr 90. Central

peaks arising fromt3C//¢ polarization are depicted in blue.

and (jii) ty may(*3CW) ~ 4.5 ms vs 13.5 ms (often required without
GFT) increases TROSY sensitivity2.5-fold.

HR41 contains 6 Phe, 6 Tyr, and 6 Trp, and nearly complete
aromatic resonance assignnférinabled high-quality NMR struc-
ture determinatio! Correlation of'3C” and Tyr3C¢ shifts with,
respectively13C%/1H? and Tyr13C¢/1He shifts supports assignment
of slowly flipping rings: the same ‘@C¢ shifts are detected on
CH%e-moieties belonging to an immobilized ring (Figure 3). Nearly
complete analysis 6H line widths was afforded with (4,3)D HCCH
(Tables S6, S7), which is important to explore flipping of all rings
in the protein. From3C-resolved {H,*H]-NOESY 5 ki, (Tyr 90)
~ 0.3 s 1 reflects a slow motional mode on the seconds time scale,

which proves the absence of faster large-amplitude motions enabling

ring flipping. This indicates remarkable rigidity of the substructure
in which the ring is embedded. Tyr 90 is conserved among
ubiquitin-conjugating enzymes E2 (to which HR41 belongs as
inferred from structurg? and is located in spatial prox-
imity to the interface between E2 and the ubiquitin protein ligase
E322 Hence, the rigidity and/or the slow motional mode might be
important for E2-E3 dimerization and thus for cellular protein
degradation.

L-optimization for rapid data acquisition (Figure 1) is exemplified
for 13 kDa protein MaR1Z® (1 mM; Table S4; Figure S6), an
NESG target for which data collectionsamplinglimited:?3 L-GFT
(4,3)D HCCH was acquired withe = 0.3 s in 25 min (Table S4;
94% peak detection yield).

Overall, for proteins up te-25 kDa, PFG-PEIet L-2D [13C 'H]-
TROSY and L-GFT (4,3)D HCCH are most sensitive, while the
TROSY congener is attractive for large proteins and slowly flipping
(nearly stalled) rings, which are unique reporters of slow protein
dynamics'—3 Aromatic L-optimization includes “flip-back” ofH,O
polarization?* which is important for systems 100 kDa?> We thus
expect that L-GFT(-TROSY) (4,3)D HCCH NMR will play a key
role for high-quality structure determination of large (memb?§ne
proteins and for studying the quite unexplored (functional) dynamics

of their molecular cores.
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