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The methodology for the determination of solution structures
by NMR has been optimized for (labeled) biomolecules of
molecular weights of 20 kDa and le53. At risk of becoming
less useful for the study of molecules larger than that or
molecular complexes are the triple-reson@naed especially
HCCH?® experiments that are at the very core of the current
resonance assignment protocol. The 2D, 3D, and 4D HCCH-
COSY and HCCH-TOCSY experiments that correlate the side
chain resonances transfer coherence ové¢@coupling of~34
Hz and become insensitive when tH€ line widths approach
this value, as for 30 kDa proteins: one computes efficiencies
of only 14% for a 13 kDa, 10% for a 20 kDa, and 8% for a 30
kDa protein*>
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Figure 1. Computation of3Co. — *3CS NOE in the molecular fragment
HN, Na, Ca, Ha, C,CB, 2HB, Cy, 2Hy. (A) The steady state NOE
difference for @@ while saturating @. We found that this 11-spin

Here, we demonstrate that magnetization transfer using thesystem could be adequately described by the linear three-spin equation

homonuclear dipolar interactiofNOE) between adjaceAtC

(see Supporting Information) NG, = osul(0s — 05,/p,), where

nuclei should be considered to complement or replace scalarocs-q = Luo/47r]2(7§ﬁ7/éﬁz/10%/afo){GJ(ch) — J(0)} andps = 2(on

transfer in larger proteins. Figure 1A shows a calculation of
the steady stat@'3Ca} —1%CS3 NOE difference in a multispin
fragment as a function of the rotational correlation tirgp@and
magnetic field B8 One observes that th&C—3C NOE
difference is at the onset of the large molecule regime€§)?

>1) for macromolecules with rotational correlation timeof
1078 s at all magnetic fields considered. In contrast to the scalar
transfer, NOE efficiency improves significantly with increasing

molecular size and magnetic field and is substantial in the large

molecule limit, even though many relaxation mechanisms are
present. Although maximum?3C—13C NOEs will not be
attainablé in the near future, sizable-20%) NOE differences
can currently be obtained at 17.6 T (750 MHz) for molecular
weights around 30 kDa (log. = —7.65).

Potentially more interesting is the analog of a 2B—1H
NOESY experiment (i.e., @3C—13C NOESY experiment).
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_ a||)2wé/15 J(a)c) + ng,Nu,Ca,Ha,C’,ZHﬂ,Cy,ZHy [#0/47T](V€;/3Vé'
hZ/lOrsc/;fQ){ 3J(a)c) + &](wc + LUQ) + J(a)c - CUQ)} Whereuo is the
vacuum permittivity,yq is the gyromagnetic ratio of @y — gy is the
Cp chemical shift anisotropywc is the carbon angular Larmor
frequency,r is the internuclear distance, atidis Planck’s constant
over 2t.% For simplicity, we assumed that = ps. (B) The transient
NOE (initial condition: inversion of @) for the'3Cj nucleus calculated
through integration of a & 3 relaxation matri¥ for Ca, C3, and G,
where we considered 11 spins for the calculatiorpgfand pg and
assumedp, = pg. For both A and B, the LipariSzabo modéf was
used to model the spectral density functions using an order parameter
of 0.8 and a local correlation time of 1& s. A value of 32 ppm was
used for the @ CSA anisotropy? Line styles in A represent, from
right to left: long dashes, 11.75 T and 500 MH4; solid line, 14.09
T and 600 MHzH; alternating dashes, 17.62 T and 750 MHt;
short dashes, 23.5 T and 1000 MHMa. Line styles in B represent:
thin solid line, 20 kDa protein at 14.09 T and 600 MHz; alternating
dashes, 20 kDa protein at 17.62 T and 750 MHz short dashes, 20
kDa protein at 23.5 T and 1000 MH#; long dashes, 30 kDa protein
at 17.62 T and 750 MHZH; thick solid line, 30 kDa protein at 23.5 T
and 1000 MHZ'H.

Related spectra were recently demonstrated for measuring
relaxation properties througfCo-13CO NOE buildup® Figure

1B shows computed NOE buildup curves at different conditions;
it follows that thel3C—13C NOE at 1 GHz will be three times

as efficient as thé3C—13C scalar transfer for a similar size
molecule. For 20 kDa molecules studied at 600 Mg —

13C NOE transfer anéfC—13C scalar transfer appear to be about
equally efficient; therefore, we explorédC—13C NOE experi-
ments for the 1921 kDa peptide-binding domains of the
chaperone proteins Hsc and DnaK. We demonstrate here 2D
H(CC)H and 3D (H)CCH versions of the following generalized
4D 'H—13C—13C—1H NOESY experimentpj, — {t}, 1/2Jcy}

— pss’ — {15, U3or} — pSo — mm — P — {15, 1/3er} —

pSt — {1/2)c} — ) The 4D experiment samples the

(8) Perdeuteration of the amino acid side chains shifts the curves in Figure frequencies of two adjacent carbon nuclei through two half

la approximately 0.5 log unit to the left (i.e., NOE difference approaches
maximum for molecules with. of 10 ns). Clearly, perdeuteration could be
of help, but gains in efficiency are likely to be offset by forfeiting e

— 13C polarization transfer and, more importantly, loss in recycling
efficiency.

semiconstant time perioo[stgg, 1/3Jcy} around thel3C—13C
NOE mixing timery, transfers the magnetization from and to
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Figure 2. (A) Results of a two-dimensional H(CC)H-NOESY experi- ¢’ N ~ §
ment, using a 1.4 mM sample of the 19 kDa peptide-binding domain . % - L° ©
of the molecular chaperone Hsc70 at’g5in ?H,0. A 600 MHz Bruker . - .
AMX instrument with a 5 mmtriple-resonance gradient probe was used. .° . ’ ¢ oo g
13 1 T ! . -
The *C—3C NOE mixing time was 1.0 s. Total experimental time T TR Yy v YT

was 36 h. (B)**C—13C NOESY and*C—3C COSY cross sections at @2 “Cin (ppm)
5.2 ppm. The H(CC)H COSY experiméntas recorded with the same pp
number of scans and increments while ustf@—'3C scalar transfer Figure 3. Results of a three-dimensional (H{CCH-NOESY experiment

times of 9 ms. The assignmettare for Hx-Ca-Cj-Hp connectivities using a 1.2 mM sample of the 21 kDa peptide-binding domain of the
except for the spin diffusive 190 ¢t+Ca-CB3-Cy-H, and Hx-Ca-Cj- molecular chaperone DnaK at 26 in 2H,0. A 600 MHz Bruker AMX
Cy-Hs which are marked with asterisks. instrument wih a 5 mmitriple-resonance gradient probe was uség--

13C planes @2,w3) are shown at differertd frequenciesds). A *C—
the attached hydrogen nuclei using a half semiconstant time 3C NOE mixing time of 1.0 s was used. The data set was4BD x
period{t], 1/2Jc1} and a half-(R)INEPT sequen¢@/2Jcy} .10 1024 hypercomplex points and was recorded with 16 scans per
We emphasize thdfC magnetization is aligned along thez increment using a 1.0 s relaxation delay. Total experimental time was
axis during the 1 43C—3C NOE mixing periodr, while any 150 h.In A, B, and C, thé*Ca,, *Cf3, 1*Cy1, and**Cy, resonances of
remaining transverse magnetization (very little after 1 s) is Val24 are tracett at the proton frequencies 5.29, 1.59, and 0.73,
dephased by pulsed-field gradients during that period. Figure respectlyely (théHyl'and Hy- resonances are nearly degenerate). See
2A shows a 2D H(CC)H-NOESY experiment recorded with this Supporting Information and text for details.
pulse sequence; it is seen that the spectrum contains H@any spin diffusion is apparent (e.g3Cy; — 13CS — 13Ca and®Cy;
13C NOE-mediated cross peaks. A cross section through the 13C4 — 13Cy, in panel C). Peak picks in thé3Cs, 13Ca,
spectrum is shown in Figure 2B, together with an identical cross 1Hq) region through the entire spectrum show that virtually all
section through a 2D H(CC)H-COSY experiment. One indeed 13Ccq—13CS crosspeaks for the DnaK domain are present. It is
finds that'*C—'%C dipolar and*C—*3C scalar transfer are about  therefore demonstrated that it is possible to obtain good 3D (H)-
equally efficient for these conditions. We note that the spectra CCH-NOESY spectra usina 5 mmsample of a 1.2 mM
are complementary: narrow resonances are stronger in COSY golution of a 21 kDa protein using a 600 MHz spectrometer.
broader ones are Stronger in NOESY. Flgure 3 S_hOWS three According to our Ca|cu|ation3, shown in Figure 1B, one
B3C—1%C planes from a 3D (H)CCH-NOESY experiment and expects that the sensitivity of the HCCH-NOESY experiment
gives the connectivity tracing for the residue Val24 of the 21 il only increase when larger proteins will be studied at larger
kDa protein DnaK. Panel B contains the one-bd#d—'3C magnetic fields. The NOE method should thus be considered
NOEs *C3 (37 ppm)— *3Ca (57 ppm),*3C — *3Cyy (21 for tracing side chain connectivities and may possibly replace
ppm), and3Cg — '¥Cy, (19 ppm) for this residue. The  the current HCCH-COSY and HCCH-TOCSY experiments for
reciprocal one-bon#C—3C NOE connectivities are indicated  the study of larger molecules.
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