CHAPTER

9

LLARGER PROTEINS
AND MOLECULAR
INTERACTIONS

A hallmark of the historical development of biological NMR
spectroscopy is the continued increase in the size of the molecular species
amenable to investigation. The first part of this chapter presents
methods for resonance assignments and structure determination applic-
able to proteins with molecular masses of >20-30kDa. These tech-
niques are modifications of the experiments presented in Chapter 7 for
smaller proteins. Increases in the size limits for solution NMR spectro-
scopy also facilitate investigation of molecular interactions and complex
formation by proteins. The second part of this chapter discusses some of
the many NMR techniques for detecting and quantifying intermolecular
interactions between proteins and ligands. Efficiency in data acquistion
remains an important concern. The final part of this chapter briefly
discusses emerging methods for recording spectral data more rapidly.

9.1 Larger Proteins

The multidimensional triple-resonance NMR techniques described
in Chapter 7 allow characterization of proteins up to a molecular mass
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of ~20-30kDa. In addition to the resolving power afforded by multiple
frequency dimensions, the central premise behind such experiments is
that transfer of magnetization occurs much more efficiently through
large heteronuclear scalar couplings and '*C—">C homonuclear couplings
than through small "H-"H homonuclear scalar couplings (Table 7.2).
Concomitant short magnetization transfer periods are employed to
maximize sensitivity by keeping transverse relaxation losses to a
minimum. However, as molecular masses increase beyond 20kDa,
proteins become progressively more difficult to study by these
established methods (/-7). The NMR spectra of larger proteins contain
more resonances and, because of longer rotational correlation times
and correspondingly faster transverse relaxation, these resonances have
larger linewidths. Consequently, resonance congestion escalates rapidly
with increased molecular size. Increased transverse relaxation rate
constants also decrease overall sensitivity, because less magnetization
survives through pulse sequence delays to be detected by the receiver.
Accordingly, for larger proteins, standard '*C/'’N-triple-resonance
NMR experiments become ineffective. The following sections discuss
approaches for overcoming these limitations [for a review, see Permi (8)].

9.1.1 PROTEIN DEUTERATION

Dramatically reducing the length of INEPT magnetization transfer
periods, or other pulse sequence elements that rely on evolution under
the scalar coupling Hamiltonian, in heteronuclear NMR experiments
is not feasible, because delays of length ~1/(2J;s) are required to ensure
efficient coherence transfer from a given spin to its scalar-coupled
partners (Sections 2.7.7.2 and 5.1.1). However, transverse relaxation rate
constants can be reduced in larger proteins by eliminating (or avoiding)
unfavorable relaxation pathways. The TROSY experiment discussed
in Section 7.1.3 provides one illustration of this principle; the cross-
relaxation-induced polarization transfer (CRIPT) technique uses
relaxation interference rather than scalar coupling evolution to obtain
coherence transfer (9, 10). Applications of optimal control theory to
develop relaxation-optimized coherence transfer schemes are an active
area of research (17).

Sensitivity of '*C/'"’N double- and triple-resonance NMR experi-
ments used for assignment of protein backbone resonances is
affected most adversely by increases in the transverse relaxation
rate constants for '*C and "H™ spins. The '"H-">C dipolar interaction
dominates relaxation of '*C spins for carbon atoms with directly
attached hydrogen atoms (/2, 13). Relaxation of 'HY spins has a
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substantial component (~40%) arising from dipolar interactions with
proximal aliphatic 'H spins (/4). Consequently, significant increases in
both resolution and sensitivity can be realized by eliminating these
specific relaxation pathways, thereby reducing R, for both '*C and 'HN
spins. This can be achieved by replacing most, if not all, carbon-bound
hydrogen atoms in a protein with deuterium (°H or D) (15-22).

The two labeling strategies in common usage are referred to as
(i) perdeuteration and (ii) random fractional deuteration. Complete
deuteration, or perdeuteration, replaces ~99% of all carbon-bound
hydrogen atoms with deuterium atoms. Random fractional deuteration
describes the distribution of deuterium throughout all protein molecules
in the sample. For example, in a 70% randomly deuterated protein,
on average over the entire sample, 70% of the protons have been
replaced by deuterium, but not the same 70% in each molecule (23-25).
In either case, proteins are produced biosynthetically by modifications
of the overexpression protocols used to produce nondeuterated isotop-
ically enriched proteins (/5, 26). Perdeuterated proteins are obtained
by growth of bacterial hosts on media containing perdeuterated carbon
sources, such as perdeuterated [*C) glucose or [99% ’H, *C, °N] algal
hydrolysate medium, in 99% D,O solution. To first approximation,
random fractional deuteration is achieved by simply expressing
the protein in minimal media containing the appropriate v/v ratio of
D,O/H,O (14, 17, 20, 25). Average enrichment levels of ~60-80%
typically are obtained by growth on 99% D,O with protonated glucose
carbon sources. With this protocol, isotopic enrichment may not
be completely random, and enrichment at the more acidic C* carbon
typically is higher than the average. Frequently, cell growth rates
are significantly slower and protein expression levels are lower in D,O
solution. In addition, bacterial cells may require adaptation to growth
in D,O (13).

In distinction to either perdeuteration or random fractional deute-
ration, a third approach, termed SAIL (stereo-array isotope labeling),
sterospecifically replaces 'H atoms with *H atoms to provide optimal
simplification of amino acid spin systems (27). This technique is highly
promising, but not yet in general use. In some instances, biosynthetic
metabolic pathways can be utilized to produce specified labeling patterns
from labeled precursors added to growth media (Section 9.1.9) (28-32).

For either perdeuterated or random fractionally deuterated proteins,
"HN spins are reintroduced through amide proton solvent exchange
by dissolving the protein in H,O buffer. Reintroduction of "H™ spins
is slow for amide moieties that are highly protected from solvent
exchange and a reduction in sensitivity for these residues may
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be observed. Unfolding of the protein to obtain complete exchange
should be performed only if the subsequent refolding results in complete
regeneration of the functional protein structure (33). For the purposes
of the following discussion, 'H" spins are assumed to be fully present
at all amide sites.

9.1.2 RELAXATION IN PERDEUTERATED AND RANDOM
FRrACTIONALLY DEUTERATED PROTEINS

Deuteration, when combined with '*C/">N isotopic labeling,
produces a protein often referred to as triply labeled (*H/"*C/"°N).
Because the deuteron magnetogyric ratio (yp) is 6.5-fold smaller than the
"H magnetogyric ratio (yn), a deuteron is [Iy(Iy + 1)/In(In+1)](yu/yp)*
~ 16-fold less effective (where I3 =1/2 and Ip =1 are the spin quantum
numbers of the "H and *H nuclei, respectively) than a proton at causing
dipolar relaxation of the directly attached heteronucleus and surround-
ing 'H nuclei. Figure 9.1 displays calculated 7, relaxation times as
a function of the rotational correlation time, 7., for backbone nuclei
in both a fully protonated protein and its perdeuterated counterpart.
The calculations include both CSA and dipolar contributions (17, 34).
These calculations show that perdeuteration dramatically increases the
T, (= 1/R») relaxation times for '*C* (13) and "H™ (14) spins, but does
not affect the 7, relaxation of in-phase >N and *CO magnetization
to significant extents. Figure 9.2 shows the average 7> and T relaxation
times as a function of deuteration level for a protein with correlation
time of 12ns (at 600 MHz). The calculations include both CSA and
dipolar contributions (25). The T relaxation times of both "H™ and 'H*
spins increase with increasing level of random fractional deuteration,
with '"HN T, showing a rapid increase for deuteration levels of ~50%
and above. At the same time, increases in '"HY 7, are small up to a
deuteration level of ~80%.

These calculations suggest that ‘“out-and-back™ experiments, in
which magnetization originates and is detected on the 'H™ spin, will
be effective for proteins that are >50% deuterated. Indeed, a 70%
random fractionally deuterated protein was used to develop a suite
of triple-resonance experiments for the backbone assignment of triply
labeled proteins (/3). Perdeuteration provides the largest increase in 7,
relaxation times and consequent enhanced sensitivity and resolution
in 'HM-detected '3C/'>N triple-resonance correlation experiments,
particularly for obtaining 'HY, "N, '*C* and '*CO backbone and
13CP side chain assignments (17, 22, 35-37). Optimization of the recycle
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FIGURE 9.1 Calculated 7, relaxation times versus the isotropic rotational
correlation time for backbone nuclei in both a fully protonated protein (H)
and its perdeuterated counterpart (D) (17). (a) (- ) BCYD), (---) BC* (H),
(—) *COD), (- - - ) PCOH). (b) () "HY(D), (=) 'HN(H), (—) *N(D),
(- - - ) 'N(H). The T5(*°N) relaxation times were calculated with the following
parameters: Aon=-—160ppm, rn.pun=1. 02A I'N-He = 2. 12A In-co = 1. 49A
and rn.ce = 1.49A. The T 5('*CO) relaxation times were calculated with the
following parameters: Aoco=102ppm, rco-c«=1. 54A rco.n=1. 49A
reo-ne =2.16 A, and reoan= =(2. 24A, 3. 30A) The T7,(C%) relaxation times
were calculated with the following parameters: Aoc.=29.5ppm for Gly
and 21.5ppm for Ala, rge-pr=1.05A, reepe=109A, reoyr=2.16A,
rce-co,= 1. 54A FCa- N_l 49A, rea.cs=154A (Ala only), and rce-un=
(2.24A, 3.00A). The T>('HY) relaxation times represent an average of values
from «-helices and parallel g- sheets For an a-helix, each "HY spin was assumed
to interact with four other amide "HN spins at the following distances: 2.8, 2.8,
4.2, and 4.2 A. For a parallel B sheet each amide "HY spin was assumed to
interact with three other amide "H" spins at the followmg distances: 4.2, 4.2, and
4.0A. In both cases, CSA contributions to the amide proton linewidth for a
correlation time t.=11.4ns were estimated at 3.8 Hz.

delay to reflect longer T relaxation times may be necessary, particularly
for perdeuterated proteins.

9.1.3 SENSITIVITY FOR PERDEUTERATED PROTEINS

For the gradient-enhanced, sensitivity-enhanced 'H-'">N HSQC
experiment (Section 7.1.4.2), the theoretical increase in sensitivity,
S, (D/H), due to perdeuteration, is calculated, using transfer functions
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FIGURE 9.2 Calculated average (a) transverse and (b) longitudinal relaxation
times as a function of deuteration level, for (—) 'HY, (- - - -) '"H%, (- -—) °N, and
(— — -) ¥C“ nuclei in a protein with a correlation time r.=12 ns at a static
field strength of 14.1 T. Complete protonation of amide moieties is assumed.
Calculations for '*C* assume that the heteronucleus of interest is protonated.
An increase is observed in the transverse and longitudinal relaxation times of
all nuclei as the level of deuteration increases; however, the increase is much
more pronounced for "HY in both cases.
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that include both appropriate scalar coupling and transverse relaxation
contributions, to be (17)

S/(D/H) = S;u(D/H) Sin(D/H), [9.1]
in which
S,u(D/H) = exp[(2t + 28,) RS, — (27° + 26,) RY]
{exp[—ZtD(RZDMQ + RO)] + exp[—2tP(RY, + RPH)]}
exp[—27H(REy, o + Rijy)] + exp[—27H(RE, + R{})]
x sin?2aant?)/ {sin?Qannt) cos> Qatynyet)},

[9.2]

—H —=D
Sin(D/H) = exp[281 (R, - F?N)]{f%“(l S } 9.3

—H
RQN(1 - eXp[_llmaxRZN])
X = (w/an) ! tan T (mnn/ Ry, [9.4]

X
Ry = (R + R\n)/2, [9.5]

where X={D, H}; RY;, RYX, R\n, and R, are the transverse
relaxation rate constants for in-phase 'H™ magnetization, in-phase '°N
magnetization, antiphase N magnetization, and '"H-'°N multiple-
quantum coherence, respectively, in protonated (X =H) or deuterated
(X=D) backgrounds; and R}, is the longitudinal relaxation rate
constant for "HY magnetization in protonated (X =H) or deuterated
(X =D) backgrounds. The delay 7=t~ is the optimal INEPT transfer
delay adjusted for relaxation, and the delays §; and 8, encompass the
coherence-selection gradients, as was shown in Fig. 7.12. The expression
for S(D/H) is approximate because differences in R}, and RY); are
neglected during the recycle delay.

Venters and co-workers measured the relative sensitivity for
perdeuterated and fully protonated human carbonic anhydrase II
(HCA 1II), a protein of ~29kDa, t.=11.4ns at 30°C (22). The average
gain in sensitivity was a factor of 1.7 for a-helix residues and 2.8 for
B-sheet residues. Using values of #1,.x =51.0ms, §; =5.5ms, §, =1.2ms,
P =t"=25ms, Jyy=92Hz, and Jipvge =4.5Hz for an o-helix and
9.0 Hz for a B-sheet in [9.1] yields a theoretical gain in the signal-to-noise
ratio in the gradient-enhanced, sensitivity-enhanced 'H-'"N HSQC
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experiment of 1.4 for residues in «-helices and 3.0 for residues in
B-sheets. These theoretical results are in good agreement with the
experimental measurements.

9.1.4 H ISOTOPE SHIFTS

Replacing a hydrogen atom with a deuteron causes isotope effects
on the chemical shifts of nuclei within as many as four covalent bonds
of the site of substitution (38—40). As a result, '*C chemical shifts in
a fully protonated protein, 8¢y, will be different than those in a
perdeuterated protein, dcpy (17, 22, 35, 40, 41). To convert Scyy to
Sc(py, or vice versa, the ’H isotope effect, AC(zH) must be calculated
for each carbon atom in a perdeuterated protein.

Venters et al. have measured AC*(°H) and ACP(*H) for all residue
types by comparing the '>C chemical shifts in perdeuterated and
protonated HCA 1I (I7, 22). A statistical analysis suggests that “H
isotope effects can be predicted for '*C* and '>C? chemical shifts
in perdeuterated proteins, as shown in Table 9.1. The values in
Table 9.1 are consistent with average values of 'AC(H)=—0.25
and >AC(*H) = —0.1 ppm measured by Gardner and co-workers (41).

Isotope effects are cumulative, and so, for '*C nuclei at positions
surrounded by many deuterons, such as those in the middle of long
amino acid side chains, total isotope shifts of over 1ppm can be
expected. For backbone nuclei, isotope shifts on the order of —0.3 ppm

TABLE 9.1
Total Deuterium Isotope Shifts for *C* and '*C” Nuclei®
Residue AC* (ppm) AC? (ppm)
Asn, Asp, Ser, His, Phe, Trp, Tyr, Cys —0.55 —-0.71
Lys, Arg, Pro —0.69 —1.11
Gln, Glu, Met —0.69 —0.97
Ala —0.68 —1.00
Ile —0.77 —1.28
Leu —0.62 —1.26
Thr —0.63 —0.81
Val —0.84 —1.20

“TAC(PH) (one bond)=—0.29+0.05ppm; 2AC(CH) (two bond)=—0.13+0.02 ppm;
SAC(*H) (three bond)=—0.07 % 0.02 ppm; IACgly(zH) =—-0.39+£0.04ppm (measured
separately).
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for "N and —0.5ppm for '*C* for highly deuterated proteins are
typical. In addition, the '*C* deuterium isotope shifts appear to be
weakly dependent on secondary structure (42). These predictable
properties allow the dependable transfer of '*C chemical shift assign-
ments from perdeuterated to protonated molecules. Thus, estimated
13C side chain isotope shifts can be used to assign '*C/'°N- and '*C/"*C-
separated NOESY spectra recorded on protonated protein samples.
In addition, the corrected '*C* (H) and '*C? (H) chemical shifts can
be used to accurately discern w-helical and S-strand components of
secondary structure (43, 44).

Perdeuteration ensures a homogeneous *H isotopic environment
for C and "N nuclei and guarantees that losses in both sensitivity
and resolution arising from the multibond *H isotope effect are
minimized (3, 22, 38). In contrast, random fractional deuteration of
uniformly '’C-labeled proteins gives rise to all possible CH,D,,
isotopomers for each aliphatic carbon moiety. The '*C chemical shift
of a particular aliphatic carbon depends not only on its isotopomeric
state (n and m values), but also on the isotopomeric state of aliphatic
carbon groups both one and two bonds removed. Because of this
multibond ?H isotope effect, random fractional deuteration produces
a distribution of '*C chemical shifts for aliphatic carbons, especially
methylene and methyl groups, thereby decreasing both sensitivity and
resolution in heteronuclear NMR experiments.

The '*C broadening induced by ?H isotope effects is more evident
for experiments recorded with high resolution in the '*C indirect
dimension of multidimensional NMR spectra. This point is somewhat
ironic. Deuteration increases '°C T, so that higher resolution data can
be collected, but random fractional deuteration introduces *H isotopo-
meric resonance shifts that adversely affect resolution. This problem
can be addressed, to some degree, by employing 4D rather than 3D
heteronuclear experiments. As a rule, 4D e experiments are recorded
with a small number of increments in '*C indirect dimensions.
Consequently, any “H isotope effects that are smaller than the limited
digital resolution of the 4D spectrum will not be as apparent (17, 22).

9.1.5 ExpeErIMENTS For 'HY, PPN, 13C*, 13CP, anp *CO
ASSIGNMENTS IN DEUTERATED PROTEINS

Generally, only minor modifications need to be made to the
conventional 3D and 4D heteronuclear pulse sequences discussed in
Chapter 7 for use on deuterated proteins. The most important change



734 CHAPTER 9 LARGER PROTEINS AND MOLECULAR INTERACTIONS

is that composite pulse deuterium decoupling must be applied whenever
transverse °C magnetization is present, so that evolution of the scalar
coupling interaction between the deuteron and its attached carbon is
eliminated and scalar relaxation of the second kind, due to short 2H T}
relaxation times, is minimized (/8).

Longer '>C T, relaxation times allow incorporation of pulse
sequence elements that would normally result in excessive sensitivity
losses for protonated protein samples. In particular, constant-time
evolution periods on the order of 1/'Jcc (~25-30ms) can be used
to remove passive homonuclear scalar coupling interactions when
indirectly recording carbon chemical shifts (Sections 7.1.1.4 and
7.1.3.1). The resulting line narrowing increases both resolution and
sensitivity and has been discussed in Section 7.1.3.1.

Substitution of deuterons increases the 7 values of the remaining
"H spins ("H" in the case of perdeuteration), with this effect particularly
evident for perdeuterated proteins. Because a majority of experiments
for generating backbone assignments in deuterated proteins begin
with magnetization originating on 'HY spins, increases in 'HY T}
values are detrimental to overall sensitivity. Estimating HY T, values
by 1D inversion recovery methods (Section 3.8.2.5) is recommended
so that appropriate relaxation delays can be employed between suc-
cessive scans (Section 3.6.2.5). Techniques for optimizing recovery of
magnetization between transients have been discussed (45—47).

A number of experiments are available for obtaining the assignments
of "HN, N, 13C"‘, 13 and 3CO resonances in deuterated proteins
(2, 13, 18, 20, 25, 35, 37, 48). Rather than review all available or popu-
lar pulse sequences for the study of deuterated proteins, the following
discussion focuses on illustrative examples in order to highlight the most
salient features of pulse sequence design for use with deuterated proteins.

A particularly useful suite of triple-resonance experiments includes
the CT-HNCA, CT-HN(CO)CA, HN(CA)CB, and HN(COCA)CB,
(13, 49). The magnetization transfer pathways for these experiments
are, respectively,

e A Ince

L RO N
DTN 130y /B¢ (1) LIS (1)

N
IH?I ISNi

M HN(s), [9.6]

JNH JNco Jeaco Jecaco
IHE\T ISN[ 13COi—l 13C‘ix_1(ll) 13CO[—1

D9 15N(12) 24 THN(13), [9.7]
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JNu e /2 Inee Jec
1H1\I 15Ni 13C?/13C;}:1 13Cf/13cf,1(ll)

e A Ince
-

Jec Beece ISN{(12) Iy THN (1), [9.8]

JNu Inco Jeeco Jec
IH}\I ISNI‘ 13C0i—l 13C?1_1 13C?_1(11)

T e 9 Bee, DY N D THNG).  [9.9]
The magnetization transfer pathways for these pulse sequences are
essentially the same as for the equivalent sequences used for protonated
protein. Full product operator analyses for these experiments are
provided in Sections 7.4.1, 7.4.2, and 7.4.5.3. The experimental pulse
sequences presented here use water flip-back solvent suppression
techniques and PEP gradient- and sensitivity-enhanced HSQC reverse
polarization schemes for obtaining '"HN-'"N correlations. As for other
triple-resonance experiments (Section 7.4.1.5), the HSQC pulse sequence
elements can be replaced by TROSY sequences (Section 7.1.3.3) for
increased sensitivity and resolution for larger proteins at high static
magnetic field strengths.

9.1.5.1 Constant-Time HNCA for Deuterated Proteins Figure 9.3
shows a constant-time (CT) HNCA pulse scheme for correlating 'H™
and "N nuclei with both inter- and intraresidue '*C% nuclei in
deuterated proteins. This experiment is very similar to the pulse
sequence shown in Fig. 7.31d and only important differences are
discussed.

The '*C® shift evolution (#,) occurs during the constant-time period
2Tc~ 1/"Jcc, thereby eliminating the effects of one-bond '*C—'3C scalar
couplings. During the constant-time period, when transverse '*C
operators are present, H decoupling is employed. The 'H decoupling
during 27¢ is not needed for perdeuterated proteins, but may be
required, depending on molecular size, for random fractionally deu-
terated proteins. For large proteins, 'H decoupling can be omitted, even
for fractionally deuterated samples, because signals from the "H-bound
13C spins will decay rapidly during the 2T period. Decoupling se-
quences must be interrupted when gradients are applied. The 90° pulses
flanking the "H decoupling periods ensure that the water magnetization
is along the z-axis during application of gradient pulses, but is spin-
locked during decoupling. The 90° pulses flanking the deuterium de-
coupling periods ensure that the deuterium magnetization is spin-locked
during decoupling to minimize disturbance of the *H lock signal.
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FIGURE 9.3 Pulse sequence for a 3D constant-time HNCA experiment for use on deuterated proteins. Thin and thick bars represent
90° and 180° pulses, respectively. Pulses are applied along the x-axis unless noted. The 'H pulse shown as a short wide bar is a soft 90°
selective-water pulse. Pulses bracketing the "H and *H decoupling periods are at the same field strength as the decoupling sequence.
Decoupling sequences are turned off during gradient pulses. Delays are 27, =1, ~ 1/(2Jnn), 2Tn ~ 22-28 ms; 2T, ~ 1/'Tcc; and ¢ is
long enough to accommodate the enclosed gradient. The phase cycle is ¢; = x, —Xx; ¢ =2(x), 2(—X); ¢3=X; Pps=4(x), 4(—Xx); p5=x
and receiver =x, —x, —x, x. Gradients 7 and 10 are used to select the appropriate '°N coherence transfer pathway. Quadrature
detection in the F; dimension is performed using the TPPI-States method applied to ¢, and the receiver. Frequency discrimination in
the F> dimension and sensitivity enhancement is achieved as described in Section 7.1.3.2. For each ¢, increment, N- and P-type
coherences are obtained by recording two data sets. Gradient 7 and the phase ¢s are inverted in the second data set. For each ¢,
increment, ¢s is incremented by 180° in concert with the receiver.
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This general pulse scheme can be used for studying both per-
deuterated and random fractionally deuterated proteins (taking into
account the comments concerning 'H decoupling). A CT-HN(CO)CA
experiment, providing solely interresidue connections between!HY, N,
and 3CY | spins, is recorded to complement the CT-HNCA.

9.1.5.2 HN(CA)CB for Deuterated Proteins The chemical shifts
of the '"C? spins are assigned using HNCACB experiments
(Section 7.4.5.3). Figure 9.4 shows a general pulse sequence for recording
HNCACB-type data on deuterated proteins and is similar to Fig. 7.47.

The product operator analysis in Section 7.4.5.3 shows that the
intensities of '*C* correlation peaks are proportional to cos*(27' JecTc)
and the intensities of '*C? correlation peaks are proportional to sin’
(27" JeceTc). In the conventional HNCACB experiment (Section 7.4.5.3),
the delay T¢ is normally set to ~1/(8'Jcc), so that both '*C* and "*C?
peaks are obtained with approximately equal intensities; however,
each set of peaks has only one-half of the maximum possible intensity.
In principle, optimal transfer to the *C” spins can be achieved by setting
Tc~1/(4'Jcc). In this case, *C® transverse magnetization is present
for 4Tc~1/"Jcc~ 28ms. In fully protonated larger proteins, this
approach is impractical because efficient '*C* relaxation losses during
these delays degrade sensitivity. In deuterated samples, the '*C* T, is
significantly longer and a value of 4T¢~ 1/'Jcc can be used to transfer
all magnetization to the '*C? spins, thereby increasing sensitivity for
these correlations. For this reason, the experiment is referred to as an
HN(CA)CB experiment (/3). The pulse sequence shown in Fig. 9.4 is
appropriate for random fractionally deuterated proteins. For perdeute-
rated proteins, 'H decoupling does not need to be applied between the
first and last 90° pulses on '*C spins.

The HN(CA)CB sequence shown in Fig. 9.4 uses conventional
incrementation for the #; evolution period, rather than a constant-time
evolution #; period. Experiments that measure '*C? chemical shifts using
constant-time periods on the order of 1/'Jcc suffer from sensitivity
losses, compared to non-constant-time experiments, unless both '*C*
and "*C” nuclei involved in the coherence transfer process are perdeu-
terated (13). The fraction of '*C* and '*C” spin pairs that are perdeu-
terated decreases rapidly as the level of fractional deuteration is reduced.
For example, if a protein is randomly deuterated to a fraction f, without
any biased deuteration patterns resulting from biosynthetic pathways,
then the fraction of perdeuterated *C*D-"*CPD, moieties is /> for an
amino acid residue with a g-methylene group. Consequently, non-
constant-time versions of the HN(CA)CB [and the complementary
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FIGURE 9.4 Pulse sequence for a 3D HN(CA)CB experiment for use on deuterated proteins. Thin and thick bars represent
90° and 180° pulses, respectively. Pulses are applied along the x-axis unless noted. The short wide rectangle is an 'H selective
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pulses ensure that the water magnetization is along the z-axis during application of gradient pulses, but is spin-locked during
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and the receiver. Frequency discrimination in the F, dimension and sensitivity enhancement is achieved as described in
Section 7.1.3.2. For each ¢, increment, N- and P-type coherences are obtained by recording two data sets. Gradient 8 and the
phase ¢, are inverted in the second data set. For each 7, increment, ¢s is incremented by 180° in concert with the receiver.
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HN(COCA)CB experiment] are recommended for random fractionally
deuterated proteins (/3). Constant-time versions of the HN(CA)CB
and HN(COCA)CB experiments can be used for perdeuterated proteins,
as described for the CT-HNCA experiment in Section 9.1.5.1.

9.1.5.3 Other Experiments for Resonance Assignments For deter-
mining *CO assignments, straightforward HNCO experiments, corre-
lating 3Co, ;, PN, and IH}\I spins, and HN(CA)CO experiments,
correlating '*CO;, '°N,, and IH}\I spins, are performed as described in
Sections 7.4.4.1 and 7.4.4.2. The 3D/4D HN(COCA)NH spectrum
allows the direct connection of adjacent amide groups along the protein
backbone and has the advantage that the spectra are extremely easy to
interpret (18, 50-52). This experiment utilizes the coherence transfer
pathway,

THN(r) 28 5Ny(1) 29 Beo, 229
JNee
DN () 2 Y (1), [9.10]

to generate sequential correlations between the ‘H?‘, 5N, ‘H?il, and
>N, ; backbone atoms. The utility of this experiment, for fully pro-
tonated proteins, has been limited predominantly by the large '*C*
relaxation rates arising from dipolar coupling between the '*C* and
"H* spins. A significant improvement in sensitivity is realized for per-
deuterated proteins because the '*C% T, relaxation times are notably
increased. Deuterium decoupling should be applied in the HN(CA)CO
and HN(COCA)NH experiments when transverse '*C* magnetization
is present.

A complementary set of experiments that begin with 'H*/'H”
spins has been proposed and therefore these experiments are not
useful for application to perdeuterated proteins (25). These 4D
HBHACBCANH and HBHACBCA(CO)NH experiments provide cor-
relations between 'H%/'H” spins and intra- and interresidue amide
moieties in random fractionally deuterated systems. The experiments
are adversely affected by '*C isotopomeric broadening, although this
effect can be alleviated to some extent by reducing the digital resolu-
tion in the '*C dimensions of 4D experiments.

To ensure the highest sensitivity, experiments on deuterated proteins
should be performed at the highest possible static magnetic field
strength. However, transverse relaxation rates of '*CO spins increase
approximately with the square of the static magnetic field strength
due to the CSA relaxation mechanism. As a result, the sensitivity of
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NMR experiments that transfer magnetization to '*CO spins begins
to decrease as the static field increases (for either protonated or
deuterated proteins). For example, the usual approach uses the pair
of HNCA and HN(CO)CA spectra to obtain sequential assignments;
however, the HNCA experiment can be recorded at the largest avail-
able field (900 MHz), but the HN(CO)CA experiment usually is recorded
at a static magnetic field strength of 14.1 T (600 MHz).

Several HNCA-based approaches that minimize or completely avoid
the time during which transverse '*CO magnetization is present have
been proposed. Using HNCA methods to obtain sequential connectiv-
ities has the inherent problem that the coupling constants 'Jyce and
2Jnce are similar in size. Consequently, both intra- and interresi-
due correlations may be observed and can be difficult to differentiate. In
one method to circumvent this difficulty, spin state selection is used to
distinguish between the intra- and interresidue connectivities (53). A
second method suppresses the coherence transfer pathway that uses the
'Jnee scalar coupling interaction (54). A different approach uses a
combination of intraresidue and double-quantum (DQ) HNCA experi-
ments (55) The intraresidue HNCA experlment correlates the 1HNand

'>N; spins exclusively with the '*C spin. The DQ HNCA experlment
correlates the 1HNand >N; spins w1th the sum of the frequencies of the
BC¥and*C? | . The sequential correlation between 'HN and '3C% | spins
is established by subtraction of the matching *C¢ shlft from the DQ
resonance frequency.

The preceding sections have discussed general methods, and
caveats, for obtaining backbone THN, BN, 3¢9, and C? assignments
in larger proteins (>20-30kDa). Perdeuteration, rather than random
fractional deuteration, of proteins is warranted to obtain maximum
sensitivity in out-and-back experiments originating and terminating on
the "HN spins, particularly for experiments that utilize transfer between
multiple aliphatic '*C spins.

9.1.6 SIDE CHAIN 3C ASSIGNMENTS IN DEUTERATED PROTEINS

Correlations to '*C spins further down the amino acid side chain
than C” can be made by inserting additional magnetization transfer steps
into the HN(CA)CB experiment. For example, addition of a pair of
13C-13C pulse-interrupted free-precession (COSY-type) steps before and
after #; (t.—180-t, in Fig. 9.4) produces an HN(CACB)CG experiment
that correlates the >C” spin to the amide moiety (22, 33). The sequence
can be extended in similar fashion to obtain correlations to C° and even
C? positions in the side chain. These HN(CX),CY experiments also
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are useful for editing the spectra of particular amino acids based on the
branch point of the side chain. For example, Ile and Leu have similar
13C# chemical shifts, but branch at different locations (Ile at C?, Leu
at C7). As a result, Leu residues give stronger correlations than do Ile
residues in an HN(CACB)CG experiment (/7). However, each addi-
tional COSY-style pulse element requires a delay of length of ~1/(2J¢c),
resulting in reduced sensitivity for experiments that correlate spins
farther along the side chain.

For moderately sized '*C/'°N labeled proteins, side chain '*C
assignments are most commonly obtained from the HCCH-TOCSY
(Section 7.4.4.2) experiment or the (H)CC(CO)NH-TOCSY experiment
(56). These experiments also can be used with random fractionally
deuterated proteins to obtain side chain '*C assignments; however, rapid
relaxation of the residual proton-bound '*C spins reduces sensitivity and
restricts the usefulness of these experiments. For example, if a protein
is randomly deuterated to a fraction f, without any biased deuteration
patterns resulting from biosynthetic pathways, then the fraction of
BCeD-3CPD,-*CYHD moieties is (1 — f) f* for an amino acid residue
with B- and y-methylene groups. Consequently, the probability is high
that the '*C-'*C TOCSY transfer will pass magnetization through
a protonated '*C* or '*C” site, quickly reducing the sensitivity of the
experiment for correlations to the '>CY spin and to spins farther along the
side chain. Protein samples prepared using higher levels of deuteration
or perdeuteration cannot be used to overcome this disadvantage because
HCCH-TOCSY and (H)CC(CO)NH-TOCSY experiments begin from
magnetization of a carbon-attached 'H spin.

The CC(CO)NH-TOCSY experiment is a modification of the
(H)CC(CO)NH-TOCSY that begins from '°C, rather than 'H, mag-
netization (57). The concomitant fourfold reduction in sensitivity, due
to the smaller magnetogyric ratio of '*C, is compensated by the increase
in 3C T, at each position in the side chain (57). In theory, sensitivity
gains as large as a factor of seven are obtained from the reduced
relaxation losses for methylene groups in perdeuterated, compared to
fully protonated, proteins (22, 58-60). However, the *C T is longer
by approximately a factor of two in perdeuterated proteins (Fig. 9.2);
therefore, longer recycle delays are necessary, which reduces the overall
signal-to-noise ratio per unit time.

The pulse sequence for the CC(CO)NH-TOCSY experiment is shown
in Fig. 9.5. This experiment utilizes the coherence transfer pathway,

BCin) XS s 200, MY N (1) M Y (), [9.11]
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FIGURE 9.5 Pulse sequence for the 3D gradient-enhanced, sensitivity-enhanced CC(CO)NH-TOCSY experiment for use on
deuterated proteins. Thin and thick bars represent 90° and 180° pulses, respectively. Pulses labeled SL are spin lock purge
pulses. Pulses are applied along the x-axis unless noted. Initially, '*C pulses are broadband and centered at ~40 ppm. Where
noted, the '*C transmitter is shifted to ~56 ppm (middle of '*C* region) and subsequent pulses are '*C* selective. Delays:
1. ~ 1/(4Jceco) (slightly less to account for relaxation); ten = 1/(4/nco); Ac = 1/(@Jceco); Ta ~ 1/&Inn); T ~ 1/2INn);
and ¢ long enough to accommodate gradients. The phase cycle is ¢; =4(y), 4(—y); ¢ = 8(x), 8(—Xx); 3 =2(x), 2(—X); ps=x,
—X; 5= X; receiver = x, 2(—x), x, —x, 2(x), 2(—x), 2(x), —x, x, 2(—x), x. Gradients 6 and 9 are used to select the appropriate
SN coherence transfer pathway. Quadrature detection in the F; dimension is performed using the TPPI-States method
applied to ¢; and the receiver. Frequency discrimination in the F, dimension and sensitivity enhancement are achieved as
described in Section 7.1.3.2. For each ¢, increment, N- and P-type coherences are obtained by recording two data sets.
Gradient 6 and the phase ¢s are inverted in the second data set. For each 7, increment, ¢, is incremented by 180° in concert
with the receiver.
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to obtain correlations between the side chain '*C spins of residue i with
the amide group of residue i+ 1. The experiment begins by recording
side chain '°C chemical shifts during ¢;. The evolution period is followed
by a z-filtered '*C—'*C TOCSY isotropic mixing sequence. The isotropic
mixing time is chosen as for the HCCH-TOCSY experiment (Section
7.3.3). The magnetization that is transferred to the '*C* spin during the
TOCSY period subsequently is transferred in a ‘‘straight-through”
fashion to the '*CO, '°N, and 'HY spins.

Figure 9.6 shows strips taken from a CC(CO)NH-TOCSY spectrum
of perdeuterated *H/'>C/"’N calbindin D,g (~30kDa). Each strip
shows the side chain '*C chemical shifts of several lysine residues
correlated with the amide >N and "H™ shifts of the succeeding residue.

9.1.7 SiDE CHAIN 'H ASSIGNMENTS

Two approaches are available for obtaining the assignment of side
chain 'H resonances in larger proteins, although neither is ideal. In one
approach, '>C(D) side chain assignments are obtained from a
CC(CO)NH-TOCSY recorded on a perdeuterated protein sample. The
3C(D) side chain chemical shifts are used to estimate '*C(H) side chain
chemical shifts using *H isotope shift information (Table 9.1). A 4D
HCC(CO)NH-TOCSY is recorded on a random fractionally deuterated
or fully protonated sample to obtain 'H side chain assignments. In the
other approach, '*C(H) carbon and 'H proton side chain shifts are
obtained directly from a 4D HCC(CO)NH-TOCSY recorded on a
random fractionally deuterated or fully protonated sample. The
advantage of the second method is that *C(H) shifts do not have to
be estimated. However, full assignment of '*C(H) carbon side chain
shifts might not be achieved because of relaxation losses arising from the
short '3C T, values. As discussed in Section 9.1.4, line narrowing
observed in the spectra of random fractionally deuterated proteins is
offset by the isotopomer broadening effect. These effects can be
minimized by (i) using higher levels of deuteration (e.g., 70%) and/or
(if) using 4D experiments with a limited number of points in the carbon
dimensions. Overall, applying both approaches may prove fruitful. The
limited data that are extracted easily from the 4D HCC(CO)NH-
TOCSY experiment recorded on a fully protonated sample can be used
to confirm information obtained from the spectra recorded on random
fractionally deuterated samples, particularly in corroborating *H isotope
shifts. In studies of ~30-kDa calbindin Dgi, ~50% of the side chain 'H
assignments were made from a 4D HCC(CO)NH-TOCSY experiment
on a fully protonated sample.
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FIGURE 9.6 Strip plots from a 3D CC(CO)NH-TOCSY on perdeuterated
2H/"*C/">N calbindin D,g. The strips show side chain '*C chemical shifts
of selected lysine residues throughout the protein correlated with the "H™ and
>N chemical shifts of the i+ 1 residue. The TOCSY mixing time is 20 ms.
The spectrum was recorded on a 600-MHz NMR spectrometer.
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9.1.8 NOE RESTRAINTS FROM DEUTERATED PROTEINS

"H-'"H NOEs are the primary data used to generate restraints for
protein structure determination by NMR spectroscopy. As discussed
previously, sizeable gains in sensitivity are attainable for many triple-
resonance scalar correlation experiments by using proteins perdeute-
rated at nonexchangeable proton sites. Although the use of perdeute-
rated proteins is optimal for obtaining backbone and side chain '*C
assignments, only "HN-"H™ NOEs can be obtained from such a sample.
Other NOEs must be obtained from fully protonated, random
fractionally deuterated, or selectively protonated protein samples.

9.1.8.1 4D H"-H" "N/ N-Separated NOESY Experiment Per-
deuteration decreases both the amide '"HY R, and R, relaxation rate
constants. Taking advantage of these characteristics, up to a sevenfold
increase in signal-to-noise ratio can be realized for a perdeuterated
protein relative to its protonated counterpart in a 4D '"HN-"HN NOESY
experiment (22, 58-60). Additionally, perdeuteration significantly
reduces spin diffusion effects, allowing the use of notably longer NOE
mixing times, up to several hundred milliseconds (17, 33, 40, 58-60).
As a result of the longer mixing times, NOEs over greater distances
(up to 8 A) potentially can be obtained. However, even in perdeuterated
proteins, short distances between amide 'H™ spins in o-helices can
result in spin diffusion; recording a series of NOESY spectra for
different mixing times can aid in detecting such effects.

A gradient-enhanced, sensitivity-enhanced 4D '°N/'’N-separated
NOESY experiment for use on a “H/"*C/!"*N-labeled protein is shown
in Fig. 9.7 (59, 60). This experiment is very similar to the 3D variant
described in Section 7.2.4.1. The overall flow of magnetization is
described by

'HY D PNa(#) Iy "HY(12) = 'HY
I I NR(55) 28 THY (1), [9.12]

The frequency axes in the 4D spectrum correspond to F;=38("°Ny,),
F>,=8("HY), F3=8(""Np), F;=8("HY). The resulting 4D spectrum
correlates amide group A to a spatially close amide group B, via the
NOE. The 4D '°N/"°N-separated NOESY experiment also can be used
with random fractionally deuterated proteins. Spin diffusion effects are
also reduced compared to fully protonated samples, but are not reduced
to the same degree as for perdeuterated proteins.
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FIGURE 9.7 Pulse sequence of the gradient-enhanced, sensitivity-enhanced 4D '"N/"*N-separated NOESY experiment with
water flip-back solvent suppression. Deuterium decoupling is not required, because transverse '*C magnetization is never
present. Thin and thick bars represent 90° and 180° pulses, respectively. Low-power selective 'H pulses, applied to the H,O
resonance, are shown as short rectangles. Pulses are applied along the x-axis unless noted. The delays are 7~ 1/(4JnH); Tm 1S
the NOESY mixing time; ¢ and ¢ are long enough to accommodate the encompassed gradients. The phase cycle is ¢; = x, —x;
$> = X; p3 = x; g = x; receiver = x, —x. Gradient 5 is applied at the end of the mixing time to defocus any residual transverse
magnetization after radiation damping has returned the H,O signal to the z-axis. Gradients § and 11 are used to select the
appropriate '°N coherence transfer pathway. Quadrature detection in the Fjand F, dimensions is performed using the TPPI—
States method applied to ¢, and the receiver, and ¢, and the receiver, respectively. Frequency discrimination in the F3
dimension and sensitivity enhancement is achieved as described in Section 7.1.3.2. For each #; increment, N- and P-type
coherences are obtained by recording two data sets. Gradient 8 and the phase ¢, are inverted in the second data set. For each
t; increment, ¢; is incremented by 180° in concert with the receiver.
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The pulse sequence shown in Fig. 9.7 was used to record a 4D
HN-HN '"N/!'*N-separated NOESY spectrum on perdeuterated
’H/"C/"N calbindin D,gy using a mixing time of 175ms. Figure 9.8
shows a slice from this 4D 'N/'’N-separated NOESY spectrum. The
slice is taken at the '>N/"H™ shift(s) of Val62, and the autocorrelation
peak of Val62 can be seen in the spectrum at Fj= Fy=118.2ppm ('°N)
and F,=F;=9.12ppm ('H). All other correlations are NOE cross-
peaks from the Val62 'HY spin.

9.1.8.2 BC/°N-, Bc/3C-, and °N/°N-Separated NOESY Experi-
ments on Random Fractionally Deuterated Proteins At first sight,
random fractionally deuterated proteins appear to be ideal candi-
dates for establishing general 'H-'H NOE contacts using
heteronuclear-separated NOESY experiments such as the 3D and 4D
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FIGURE 9.8 A 2D slice taken from a 4D '"N/!'*N-separated NOESY on per-
deuterated calbindin D,g,. The data were taken using the pulse sequence
described in Fig. 9.7 and a mixing time of 175 ms. The spectrum was recorded on
an 800-MHz NMR spectrometer. The slice is taken at the N/'HN (F,/Fy)
shift(s) of V62, and the autocorrelation peak of V62 can be seen in the spectrum.
Other peaks in the spectrum are NOEs between the amide group of V62 and
the indicated amide groups.
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BC/PN-, BC/BC-, and "N/’ N-separated NOESY experiments dis-
cussed in Section 7.2.4 (25, 58—62), because, in contrast to perdeuterated
molecules, side chain protons are available, albeit at reduced concen-
trations. However, because the sample is a mixture of different
isotopomers, significant variations in relaxation rates may exist between
a specific 'H spin in one protein molecule and the same 'H spin in
a different protein molecule with a different deuterium composition
(63). These variations pose difficulties for the interpretation of cross-
peak intensities in NOESY spectra of random fractionally deuterated
proteins.

The relaxation times of 'H spins increase as proteins are more
highly deuterated, which leads to increased intensity of NOE cross-
peaks. On the other hand, increasing the level of deuteration dilutes
the population of carbon-bound 'H spins, thereby reducing the inten-
sity of any NOE peak to or from a carbon-bound 'H spin. Nietlispach,
Laue, and co-workers discuss these effects (25) and reach the following
conclusions. First, the intensities of HN"-HY NOE peaks rise with
increasing level of deuteration. Second, the intensities of HN~H* NOE
peaks do not drastically change up to a deuteration level of ~50%:;
at this level the intensities start to decrease. The dilution effect is
compensated at low deuteration levels by the favorable relaxation of
the remaining 'H spins, but at higher enrichment levels the dilution
effect dominates. Third, NOE peaks between two H® spins show
a decrease in intensity as the level of deuteration increases, because
the reduction in 'H spin population offsets any advantage gained by
increases in the relaxation times of the "H* spins.

From a practical standpoint, the variation in relaxation rate
constants for different molecules in a random fractionally deuterated
sample means that NOE cross-peak volumes do not necessarily provide
accurate estimates of internuclear distances. Use of average relaxation
rate constants calculated by taking population-weighted averages of
the rate constants for each isotopomer has been suggested as one
approach for treating this problem (25). This approach is most useful
if the distribution of relaxation rate constants for different isoto-
pomers is narrow, compared to the magnitudes of the relaxation rate
constants. A quantitative analysis of cross-relaxation in a random frac-
tionally deuterated system has been discussed (63). In this approach,
a series expansion is derived that, to second order, expresses cross-peak
volume at a specific mixing time independently of autorelaxation
or external relaxation effects. In principle, this treatment removes the
effect of the degree of deuteration and allows more accurate cross-
relaxation rate constants to be established.
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In light of these difficulties, random fractionally deuterated pro-
teins have not been widely used for obtaining quantitative 'H-'"H NOE
distance restraints for structure calculations. NOESY data acquired on
random fractionally deuterated proteins are perhaps better employed
to generate global folds, rather than atomic-resolution structures.

The nD-separated NOESY pulse sequences for use with random
fractionally deuterated proteins are essentially the same as their counter-
parts for fully protonated samples (Section 7.2), with the addition of
deuterium decoupling when transverse carbon magnetization is present
(25). A gradient- and sensitivity-enhanced 4D '’C/'’N-separated
NOESY experiment is shown in Fig. 9.9. The overall flow of mag-
netization is

Jcn Jcn

'H, = "C(11) = "Ha(12)
NOD TN 15 () 28 THN(yy), [9.13]

in which 'H, is an aliphatic, carbon-attached 'H spin. This experiment
is particularly useful in the study of selectively protonated, otherwise
perdeuterated, proteins, as discussed in the following sections.

9.1.9 SeLECTIVE PROTONATION

Because the overall success of a structure determination relies on
obtaining side chain distance restraints, especially those involving
residues in the hydrophobic core of the protein, a “middle-ground”
approach for obtaining '"H-'"H NOEs in larger proteins is available.
This technique involves selectively reintroducing 'H spins into non-
exchangeable sites of otherwise perdeuterated proteins. NOESY experi-
ments performed on selectively protonated aliphatic methyl groups
(Ile, Leu, Val, Ala) and aromatic side chain rings (Phe, Tyr, Trp)
in otherwise perdeuterated proteins provide very useful long-range
distance restraints.

To date, the majority of applications of selective protonation has
involved methyl 'H spins, because these spins, although exhibiting
somewhat limited chemical shift dispersion, have long 7, relaxation
times, even in '*C-labeled molecules. Kay and co-workers have devel-
oped methyl-TROSY techniques, based on the HMQC pulse sequence
(Section 7.1.1.1), that provide additional resolution and sensitivity (64).
Methyl groups also are abundant in the hydrophobic cores of proteins,
allowing additional NOE connectivities to be identified and used as
restraints for structure calculations.
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FIGURE 9.9 Pulse sequence of the gradient-enhanced, sensitivity-enhanced 4D
13C/"SN-separated NOESY experiment. Thin and thick bars represent 90° and
180° pulses, respectively. The spin lock pulse applied to the H,O resonance
is denoted SL. Pulses are applied along the x-axis unless noted. The delays
are t, ~ 1/(4Jcn); tp ~ 1/(4Jnn); Tm 18 the NOESY mixing time; ¢ and ¢ are
long enough to accommodate the encompassed gradients. The phase cycle
s ¢y =45°% ¢, =x, —x; 3 =X; ¢4 = x; receiver = x, —x. Gradient 3 is applied at
the end of the mixing time to defocus any residual transverse magnetization
after radiation damping has returned the H,O signal to the z-axis. Gradients 6
and 9 are used to select the appropriate N coherence transfer pathway.
Quadrature detection in the Fjand F, dimensions is performed using the TPPI-
States method applied to ¢, and the receiver, and ¢; and the receiver,
respectively. Frequency discrimination in the F; dimension and sensitivity
enhancement are achieved as described in Section 7.1.3.2. For each ¢3 increment,
N- and P-type coherences are obtained by recording two data sets. Gradient 6
and the phase ¢4 are inverted in the second data set. For each 3 increment,
¢5 is incremented by 180° in concert with the receiver.

Rosen et al. developed a protocol using 'H/'*C pyruvate as the
sole carbon source for biosynthesis of *H/"*C/!'°N triply labeled pro-
teins with selective protonation at the methyl groups of Ala, Val,
Leu and Ile-y2 (29). Goto et al. developed a protocol using [3-*H],
3C a-ketoisovalerate, and 'C a-ketobutyrate to supplement [*H/'*C]
glucose in bacterial growth media to obtain selective protonation
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of Leu-§, Val-y, and Ile-§1 methyl groups; this labeling pattern is
abbreviated as ILV (30, 37). The level of methyl protonation achieved
in these protocols is >90%. Elegant experiments for assigning methyl
resonances in methyl-protonated, otherwise perdeuterated, proteins
have been developed by Kay and co-workers. Both straight-through
and out-and-back experiments are used to correlate the methyl '*C and
"H resonances with previously assigned backbone >N or '*CO spins
(65). These samples allow HN-HY, HN-CHj;, and CH;-CH; NOE:s to
be measured using 4D '°N, "N-edited NOESY; 4D '°C, ""N-edited
NOESY:; and "C, C-edited NOESY experiments, respectively
(25, 58-62). The limited number of 'H spins in the protein again
means that spin diffusion effects are minimized, allowing the use of
longer NOE mixing times in these experiments.

Figure 9.10 shows slices from 3D 3¢, 3C-edited NOESY; 4D 3C,
>N-edited NOESY; and 4D '°N, '°N-edited NOESY spectra for an ILV
methyl-protonated, otherwise perdeuterated, sample of calbindin Dygy.
In the 3D '3C, "*C-edited NOESY spectrum (Fig. 9.10a), the auto-
correlation peak for the y-CHj; group of Val62 can be seen at F;=
F>=229ppm ("*C) and F;=1.38 ppm ('H). All other cross-peaks arise
from NOE interactions with the Val62 'H” spins. The 4D *C, '"N-
edited NOESY in Fig. 9.10b shows NOEs from the Val62 'H" spin to a
variety of y- and §-methyl groups in the specifically protonated ILV
sample. The slice is taken at the '’N and "H™ shifts of Val62. The 4D
I5N, *N-edited NOESY in Fig. 9.10c shows the autocorrelation peak for
the "HN-""N group of Val62 at Fi= F;=1182ppm ('°N) and F,=
F,=9.12ppm (‘H). All other peaks are NOE peaks from the Val62
"HN spin.

The value of methyl-selective protonation in an otherwise perdeut-
erated environment has been demonstrated in the determination of
global folds from a limited set of HN-HY, HN-CHj;, and CH;~CHj;
NOE restraints (41, 66). To some degree, however, both secondary
structure and topology play roles in determining the quality of the
structures that can be obtained from these limited NOE sets. This
limitation is more evident for highly helical proteins, because long
distances sometimes separate 'HY spins on adjacent helices (47). The
relatively sparse NOEs available from perdeuterated and selectively
protonated samples can be augmented by RDCs and anisotropic
chemical shift changes measured in weakly aligned samples.
Techniques for measurements of RDCs are described in Section 7.6.
Kay and co-workers have determined the global fold of the 723-residue,
82-kDa enzyme malate synthase G using 746 HN"-H™ (99 long-range),
428 CH5;—CH; (386 long-range), and 357 HN-CH; (142 long-range)
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FIGURE 9.10 The 2D slices taken from (a) 3D '3C/'*C-separated NOESY,
(b) 4D *C/'*N-separated NOESY, and (c) 4D '"N/"*N-separated NOESY for
a calbindin Dyg, sample that is specifically protonated at the methyl groups
of isoleucine, leucine, and valine and otherwise perdeuterated. The spectra were
recorded on an 800-MHz NMR spectrometer. See text for details.

NOEs measured in isotropic solution together with 415 "HN-'"N RDCs
and 300 '*CO anisotropic chemical shift changes measured upon
alignment of the protein using Pf1 phage (67).

Aromatic residues also are prevalent in the hydrophobic cores
of proteins, and including distance restraints derived from aromatic
'"H NOEs can increase the accuracy of structures calculated from
low-density NOE data sets (68—70). A biosynthetic method has been
described for the selective proton labeling of Phe, Tyr, and Trp
residues in perdeuterated proteins, using natural-abundance shikimic
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acid (32). This approach selectively protonates aromatic rings, while
the labeling of the backbone «- and side chain B-positions can be con-
trolled independently via the D,O and glucose added to the growth
medium.

9.2 Intermolecular Interactions

Proteins interact with a variety of different types of ligands,
including other proteins, peptides, DNA, RNA, small molecules, and
metal ions. NMR methods together with differential isotope labeling
strategies allow spectral information to be selectively acquired for
individual, noncovalently linked constituents of multicomponent com-
plexes (5—7, 71-80). Using these approaches, NMR spectroscopy can
be used to detect binding of ligands to proteins, to identify the sites
of ligand interactions on the surfaces of proteins, and to determine
atomic-resolution molecular structures of protein—ligand complexes.
The present discussion assumes that isotopically enriched molecules
are available and that detailed structural information about the com-
plex is to be obtained. Numerous techniques for detecting whether
a given ligand interacts (weakly) with a target protein have been
described, many of which do not require isotopic enrichment. These
methods often are used in screening for potential lead compounds
for pharmaceutical applications, rather than in structural studies [for
reviews, see Carlomagno (87), Homans (82), and Pellechia et al. (83)].

9.2.1 EXCHANGE REGIMES

Whether a protein binds to its target ligand in a weak, intermediate,
or strong fashion dictates not only the quality of the resulting NMR
spectra, but also the information that those spectra can unambiguously
provide. With this in mind, the chemical exchange regime for the system
must be established before more detailed investigations can be under-
taken (84). The following discussion follows the theoretical principles
presented in Section 5.6.

The simplest kinetic scheme for binding of a ligand (L) to a protein
(P) is described as a second-order exchange process,

ki
P+Lk:fPL, [9.14]
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in which k¢ is the rate of the forward (association) reaction, k, is the
rate of the reverse (dissociation) reaction, and the chemical exchange
lifetime, 7o, = 1/key, is defined by

kex= ki L]+ k. [9.15]
The three exchange regimes of interest are defined by

Slow exchange : kex < |Aw),
Intermediate exchange : kex ~ |Aw|,
Fast exchange : kex > |Aw),

in which Aw=wp—wpy, and wp and wpy are the resonance freq-
uencies of a nuclear spin in the uncomplexed and complexed protein,
respectively.

The exchange regime for the protein-ligand system under investi-
gation is determined by monitoring the changes in the protein NMR
spectrum during a titration with ligand. The simplest approach moni-
tors a well-resolved resonance in, for example, a 1D 'H spectrum or
a 2D "H-'°N correlation spectrum, with the proviso that the chosen
peak must be detectably affected by the protein—ligand interaction.
As the concentration of ligand is increased, changes in the spectrum
(and the specific resonance in particular) provide information on the
chemical exchange regime. In general, the following changes in the
spectra potentially are observed:

1. A new protein resonance appears that increases in intensity but
does not alter chemical shift as the ligand concentration increases.
At the same time, the intensity of the resonance for the unliganded
species decreases in intensity. Changes in linewidth are small. These
observations imply a slow exchange process.

2. The protein resonance broadens significantly as ligand concentration
is increased until it disappears when the total ligand concentration is
approximately one-half that of the total protein concentration. The
protein signal reappears at much higher ligand concentrations
(perhaps in a different location). These observations imply an inter-
mediate exchange process.

3. The protein resonance broadens notably at lower ligand concen-
trations, but becomes narrower at higher ligand concentrations.
These observations imply a moderately fast exchange process.

4. The protein resonance does not change significantly in intensity or
linewidth, but the chemical shift changes continuously as the ligand
concentration increases. These observations imply a fast exchange
process.
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FIGURE 9.11 Ligand-induced contributions to chemical exchange linebroaden-
ing. (a) The chemical exchange contribution to transverse relaxation rate
constant, R.,, and (b) the degree of saturation of the protein binding site are
shown as a function of total ligand concentration, [L]z, for (—) [P]z=1000Ky4
and k,=0.01Aw, (- - -) [P]7=100K4 and k,=0.2Aw, (— — -) [P]y=10K, and
k.= Aw, and (- - — -) [P]7=2K4 and k., =5Aw.

To provide a quantitative basis for these observations, calculated
contributions to transverse relaxation resulting from chemical exchange
are shown in Fig. 9.11. Rates of exchange are very dependent on solu-
tion conditions, including temperature, pH, and ligand concentration.
These parameters must be known accurately and studies should be
performed over a wide range of precisely monitored conditions.
Studies on proteins subject to intermediate exchange processes are
particularly challenging, because line-broadening effects render reso-
nances difficult, if not impossible, to detect. As a practical rule of thumb,
the intermediate exchange regime frequently will be encountered

when the dissociation constant (Ky) for the protein-ligand interaction
is on the order of 10-100 uM.

9.2.2 PROTEIN-LIGAND BINDING INTERFACES

The exquisite sensitivity of NMR spectral parameters, including
chemical shifts and relaxation rate constants, to molecular environ-
ments allows facile detection of intermolecular interactions of proteins
with ligands. A large number of approaches have been developed
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to efficiently identify the sites on a protein surface that interact with
ligands. In some instances, the NMR observables can be used to guide
modeling of the protein-ligand complex even in the absence of inter-
molecular structural restraints based on NOEs (85, 86). A selection of
techniques in widespread use is discussed in the following sections.

9.2.2.1 Chemical Shift Mapping Perturbation of chemical shifts
as a result of complex formation provides a highly sensitive tool for
identification of protein binding sites. This procedure is referred to
as chemical shift mapping and has been utilized in a variety of ways,
including defining contacts between macromolecules and high-
throughput screening of small ligands to determine structure—activity
relationships (SARs) (87). Chemical shift mapping is especially valu-
able for studying weaker protein—ligand interactions in fast exchange
(Kq > 107° M), because crystallization of such complexes is often
difficult or impossible. Furthermore, large conformational changes
of the protein, which could result in extensive changes to the NMR
spectrum, usually do not occur in such weak binding interactions.

HSQC, TROSY, and other '"H-"°N correlation spectra commonly
are used for chemical shift mapping because these spectra are highly
sensitive and often well-resolved. The binding surface on an '*N-labeled
protein is identified by titrating the unlabeled ligand into a solution of
the protein and following the associated spectral changes in the "H-'>N
correlation spectrum. Assignments for a complex in the fast-exchange
regime are obtained by tracking the "H™ and "N resonances from
their positions in the initial spectrum of the uncomplexed protein as
the titration proceeds. When resonance positions no longer change with
increasing ligand concentration, the protein is presumed to be saturated
with ligand. The stoichiometry of protein-ligand binding is inferred
from the titration endpoint. If the chemical exchange between the free
and ligand-bound protein is slow, indicating a tightly bound complex,
and/or if a large conformational change occurs upon binding, then
chemical shift mapping is not as straightforward as in the fast-exchange
limit, because reassignment of the protein resonances in the complex
by standard approaches may be necessary.

Chemical shift changes often are quantified using the weighted
chemical shift change per residue, A (88),

A =[A8n + (0.1A8x)°]%, [9.16]

in which Ady~ and A8y are the changes in chemical shifts of 'H™
and "N, respectively, during complex formation, measured in units
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of parts per million. The scaling factor of 0.1 is calculated from the
ratio of the magnetogyric ratios (yn/yu ~ 0.1). The scaling factor
empirically scales the '°N chemical shift changes to be more equivalent
to the 'H chemical shift changes. If changes in '*C chemical shifts
are being monitored, a scaling factor of yc/yy ~ 0.25 is used. Scaling
factors also can be estimated from the distribution of nucleus-specific
chemical shift ranges in proteins (88). The dissociation constant for 1:1
binding equilibrium, K4, can be estimated by fitting the observed
chemical shift changes to the following equation:

8= B ([Pl K = { (L4 Pl + KoL Pl ) P,

[9.17]

in which A is the observed chemical shift change at a given total
ligand concentration, [L]z, (relative to the resonance frequency in the
absence of ligand), An.x is the change in chemical shift at saturation
and [P]7 is the total protein concentration. However, because relatively
high sample concentrations are required for NMR spectroscopy, dissoci-
ation constants are not easily measured for high-affinity complexes.
Theoretical aspects of the determination of dissociation constants by
NMR spectroscopy have been discussed (89, 90).

Resonances exhibiting large chemical shift changes upon ligand
binding are assumed to reside at the binding interface. However,
resonances in the spectrum may be shifted because the associated nuclei
are proximal to the protein—ligand interface or because conformational
changes upon binding have resulted in altered local magnetic environ-
ments, even for nuclear spins distant from the interaction site. These
other local structural effects that would result in concomitant shift
changes cannot be disregarded a priori, so caution is necessary to prevent
overinterpretation of chemical shift perturbations. The key to discrimi-
nating between these two cases lies in establishing intermolecular NOE
connectivities between the protein and the ligand (Section 9.2.4).
Nevertheless, mapping of interfaces in this fashion is an excellent initial
diagnostic.

9.2.2.2 Cross-Saturation Labeling strategies can be used together
with cross-saturation methods to map interfaces in protein—ligand
complexes (97). The method is generally applicable to large protein—
protein complexes and, with minor modifications, to other protein—
macromolecular ligand interactions — e.g., appropriately labeled DNA
and RNA ligands (92-94).
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FIGURE 9.12 TROSY pulse sequence for using cross-saturation to determine
protein—ligand interfaces. Thin and thick bars represent 90° and 180° pulses,
respectively. The pulse depicted as an open bar is a 180° pulse crafted to
leave the water magnetization unperturbed. Pulses are applied along the x-axis
unless noted; t=1/(4Jnu). Phase cycle is as follows: ¢ =x, y, —x, —y; ¢po=;
¢3 = —y; receiver = Xx, y, —x, —y for the first FID. The second FID is acquired
with ¢ =x, y, —x, —y; ¢ =—y; ¢3=1y; receiver =x, —y, —x, y. Depending on
the spectrometer, y and —y phases may need to be interchanged. Band-selective
saturation is applied in the middle of the aliphatic 'H spectral region during
the recycle delay. Frequency discrimination in the F; dimension is achieved as
described in Section 7.1.3.3.

The simplest example is provided by a complex between two
proteins. Protein A, regarded as the ligand, is produced unlabeled and
fully protonated. Protein B, the protein whose binding interface is to
be defined, is uniformly labeled with ?H and '°N. Protein A possesses
a high density of "H spins, while protein B possesses a low density of
"H spins. The physical basis of the technique is saturation transfer.
The technique utilizes a variant of the water flip-back '"H-'"’N TROSY
experiment (Section 7.1.4.2), as shown in Fig. 9.12. The experi-
ment begins by irradiating the aliphatic region of the 'H NMR spectrum
(~0-3 ppm), while leaving the amide, aromatic, and water 'H spins
unperturbed. Such discrimination can be achieved by using a band-
selective decoupling scheme such as WURST or CHIRP (95-97).
Because protein B does not contain aliphatic 'H spins, only protein A
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initially is affected by the low-power rf field. Efficient spin diffusion
through the high-density 'H spin network causes rapid saturation
of the aromatic and amide "H resonances of protein A. Thus, within
a short period of time, the 'H spectrum of protein A is fully saturated,
while the amide 'HY spectrum of protein B is nearly unperturbed.
However, because spin diffusion is effective for 'H spins in close
proximity, this condition does not persist. Although protein B is not
directly affected by the irradiation, saturation of resonances in protein A
is transferred across the intermolecular interface to proximal amide 'HY
spins in protein B by the NOE. The low density of "H spins in protein B
minimizes spin diffusion within the spin network of protein B and
restricts saturation transfer effects to "H™ spins in the intermolecular
interface. The reduction in intensities of 'H" resonances in protein B
is measured by comparison to a reference spectrum acquired without
irradiation of the aliphatic spectral region. Residues showing the
largest difference in resonance intensity due to cross-saturation from
protein A are identified as being located at the interface.

The method just described, although useful, has drawbacks, prin-
cipally because cross-saturation is detected by the labile backbone
amide "H™ spins. In order to make identification of the intermolecular
interface as accurate as possible, the experiment should be performed
in 90% D,O to further isolate the amide 'H™ spins and reduce spin
diffusion in protein B. As a direct consequence, the overall sensitivity
of the experiment is reduced approximately 10-fold. In addition,
relatively few HY atoms may be located in intermolecular interfaces,
particularly for proteins with hydrophobic binding sites.

An improved version of this basic experiment takes advantage of
the observation that methyl groups frequently are located at inter-
molecular interfaces (98). Cross-saturation between a fully protonated
protein molecule and a methyl-protonated, otherwise perdeuterated,
ligand offers significant sensitivity advantages. Perdeuteration ensures
the required low "H spin density, methyl "H spins are nonexchangeable,
and spin diffusion is intrinsically reduced by the favorable R; relaxation
rate constants of the methyl 'H spins.

9.2.2.3 Transverse Relaxation and Amide Proton Solvent
Exchange Provided that the time scale for chemical exchange does
not approach the very slow or very fast limits, then enhanced line
broadening (or increase in R,) frequently is observed for the resonances
of nuclei at the binding interface of the protein-ligand complex. This
effect is most easily observed for small to medium-sized proteins,
because exchange results in only a small fractional increase in line
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broadening (or R,) for larger proteins with relatively broad lines in the
absence of ligand. The advantage of this method, compared to mapping
chemical shift perturbations, is that binding-induced structural rear-
rangements usually do not significantly increase linewidths or R,
relaxation rate constants (provided that ligand binding is not associated
with a change in oligomerization state of the protein).

Mapping of a protein-ligand interface also can be achieved by
comparing the rates of amide—solvent hydrogen—deuterium exchange
for the free and bound forms of the protein. 'HY and "N protein
assignments must be known for the free and bound protein, and the
largest effects usually are obtained for complexes in the slow exchange
regime. Amide exchange rates are measured as described in Section
10.2.1.5. Amide "H™ spins in the complex that show slower exchange
rates with solvent (enhanced protection) likely define regions of the
protein involved in binding, because these spins are protected from
solvent to an additional degree in the complex.

9.2.3 RESONANCE ASSIGNMENTS AND STRUCTURAL RESTRAINTS
FOR PROTEIN COMPLEXES

The exchange regime for a protein—ligand complex governs the
atomic resolution structural information that can be obtained for the
protein, the ligand, and the protein-ligand interface. Again, the fast
and slow chemical exchange regimes are the most amenable to detailed
investigation.

If chemical exchange is slow (strong binding), then a stoichiometric
complex between protein and ligand is suitable (in practice, the ligand
may be titrated slightly past the stoichiometric ratio). The NMR
resonances reflect the stoichiometric bound conformations of the protein
and the ligand. In this regime, the complete structure of the protein—
ligand complex can be determined based on intraprotein, intraligand,
and interprotein—ligand NOE restraints (Section 9.2.4.2).

If exchange is fast, then the resulting NMR spectra characterize
the average properties of the nuclear spins over an ensemble of possible
states, depending on the protein:ligand ratio. The structure of the
protein in the complex can be determined if the NMR observables
are dominated by the properties of the protein in the complex, rather
than by those of the free protein. To ensure this limit, sufficient excess
ligand must be provided to saturate the protein binding site. In some
cases, limited solubility of ligands may preclude reaching this limit. If
exchange is fast, then protein-ligand NOEs usually will not be obtained.
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In this regime, the transferred NOE can be used to determine structural
characteristics of the ligand in its complexed form (99-103). The
techniques described in Section 9.2.3 subsequently can be used to model
the ligand—protein complex.

Resonance assignments and structural restraints for the protein
component of a protein—ligand complex are obtained by recording the
spectrum of the protein while suppressing resonances arising from the
ligand, which otherwise would cause ambiguities and overlap. Selective
observation of the NMR spectrum of one component of a complex
is made possible by differential incorporation of isotopic labels into
the protein and ligand. In the experimental design considered herein,
the protein is labeled, typically with '’N and '’C, and the ligand is
unlabeled. In some cases, different isotopes are incorporated into the
protein and the ligand (i.e., one component of the complex might be
labeled with '*C and the other component might be labeled with '°N).
In either situation, the protein and ligand molecules can be regarded
as independent from an NMR viewpoint.

9.2.3.1 Assignments and Structures of Proteins in Protein—Ligand
Complexes If the protein component of a protein-ligand complex is
doubly labeled with >N/'*C or triply labeled with *H/"*C/!'°N, then the
standard multidimensional heteronuclear NMR experiments described
in Chapters 7 and 9 (see Section 9.1) are employed to obtain backbone
and side chain assignments, stereospecific assignments, and torsion
angle restraints solely for the protein in its complexed form. Four types
of NOE cross-peaks can be expected for a binary complex consisting
of labeled (*°N/"*C) protein (P) and unlabeled (‘*C/'*N) ligand (L):

Intramolecular: P(""N/C)— P(**N/"3C), L('*N/'“C)— L(!*N/'*C).
Intermolecular: P('*N/"3C)— L(!*’N/'*C), L(**N/'*C)— P("N/BC).
[9.18]

For structure determination of the protein, those NOEs that provide
structural information for the labeled protein alone are of interest.
NOEs between 'H spins of the labeled protein are easily established
because only those signals that originate or terminate on the unlabeled
ligand must be suppressed. However, conventional 3D '’N- or
3C-edited NOESY experiments (Sections 7.2.1 and 7.2.3) ordinarily
will not suffice, because these experiments generally only employ one
heteronuclear filter. In the final NOESY spectrum, NOEs appear
between 'H spins attached to isotopically labeled nuclei and all other
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proximal 'H spins, whether they are attached to isotopically labeled
nuclei or not. Consequently, both intra- and intermolecular NOEs are
present in the spectrum.

To ensure suppression of cross-peaks generated by intermolecular
NOEs, NOESY experiments must select for heteronuclear coherences
both before and after the NOESY mixing time. The only NOEs
observed occur between 'H nuclei that are directly attached to iso-
topically labeled heteronuclei (those in the protein). For example, the
3D '"H-">N HMQC-NOESY-HMQC experiment (Section 7.2.4.1) can
be used to provide NOEs between amide "H™ spins in the protein alone.
The only modification to the sequence required is to introduce '*C 180°
decoupling pulses at 7;/2 and ?#,/2, assuming a doubly labeled pro-
tein. Similarly, the 4D "*C/"*N  HMQC-NOESY-HMQC experiment
(Section 7.2.4.2) provides NOEs between '*C-bound 'H spins and
>N-bound 'H spins exclusively, rejecting any interference from
unlabeled ligand '"H spins. The 4D *C/"*C HMQC-NOESY-HMQC
(Section 7.2.4.3), with "N decoupling applied throughout the sequence,
can be used to generate NOEs between '*C-bound protons within the
protein exclusively.

The '*C 3D HSQC-NOESY experiment can be used to generate
intraprotein NOE correlations for a protein-ligand complex if the
protein is labeled with '*C, while the ligand is perdeuterated, but not
labeled with '>N/'*C. This is straightforward if the ligand is another
protein that can be easily obtained biosynthetically by overexpression.
In 100% D,O buffer, intermolecular 'H-"H NOEs cannot be generated
and only intramolecular "H("*C)-"H('*C) NOEs are observed.

9.2.3.2 Isotope-Edited|Filtered NOESY to Define Intermolecular
Interfaces Accurately identifying and determining the atomic resolu-
tion structure of the interface in a protein-ligand complex requires
establishing unambiguous intermolecular restraints between the protein
and ligand. The following discussion focuses on isotope-filtered
techniques for establishing NOE connectivities between the protein
and the ligand; however, RDCs (/04—106) and trans-hydrogen scalar
coupling interactions (/07) also potentially provide intermolecular
restraints. Isotope-filtered methods have been reviewed (108, 109).

Identifying intermolecular NOEs depends on techniques to selec-
tively observe the NMR spectra of individual components of
the protein—ligand complex based upon the differential incorporation
of isotopic labels into the components of a molecular complex. In the
present discussion, the protein is assumed to be labeled and the ligand
is assumed to be unlabeled; in practice, the opposite labeling strategy
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might be used as well (particularly for investigations of protein—nucleic
acid complexes). The pulse sequence for separating the NMR spectrum
into individual subspectra of isotopically enriched or natural-abundance
components is referred to as an isotope filter and is constructed from
a heteronuclear spin echo difference experiment. The pulse sequence
can be used to either select signals from the isotopically labeled species
while suppressing signals from nonlabeled entities, normally referred to
as isotope editing, or can be used to reject signals from the isotopi-
cally labeled species while retaining signals from nonlabeled entities,
normally referred to as isotope filtering (109-121).

The most straightforward experiment for these applications is
referred to as a half-filter. Half-filters often are combined with full
NOESY experiments to generate subspectra that contain different
types of NOE cross-peaks. The basic half-filter is (/22)

'"H: 90,—7t-180,—7—,

[9.19]
X: 90,90,

in which t=1/(2'J;5) Because 'Joy and 'Jyy are significantly larger
than *Jyy, evolution of the "H-"H scalar coupling interaction during t
is considered negligible. The pulse sequence is executed twice, once
with ¢ =x and once with ¢ = —x. The 'H spins that are not coupled to
a heteronucleus (designated by the operator K) do not experience the
effects of the pulses on the X nucleus (designated by the operator S).
Evolution through the half-filter yields

K. —> K, [9.20]

for both transients. The 'H spins that are coupled to a heteronucleus
(designated by the operator /) evolve under the heteronuclear coupling
Hamiltonian and experience the effects of the pulses on the X nucleus.
Evolution through the half-filter yields

31, s
I LI -1, g —1, cos(nlJISr) + 21.S. sin(nlflgr)

L5805,
_rrma I, cos(r! JysT) — sgn(p)21S- sin(rr' J;57)

1
s Iy[cosz(yrlJISr) — sgn(¢) sin’ (7' Js7)]
— 21,.S-[1 4 sgn(¢)] sin(zr' J;s7) cos(' T s7), [9.21]
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in which sgn(¢) is +1 when ¢ =x and —1 when ¢ = —x. Adding the two
transients together selects for resonances of 'H nuclei not coupled to X
nuclei, yielding an isotope-filtered spectrum:

K.+ L — K, + I, cos*( 'J;s7). [9.22]

Subtracting the two scans selects for resonances of 'H nuclei that are
coupled to a heteronucleus, yielding an isotope-edited spectrum:

K.+ I, — —I,sin®( 'J;57). [9.23]

The antiphase operators have been ignored in writing [9.22] and [9.23]
because these terms normally are suppressed or rendered unobservable
by other pulse sequence elements in the complete experiment.

The level of suppression of the S-bound /I-spin magnetization
achieved in the isotope-filtered subspectrum is proportional to
cos’(n'J;s7). Filtering is perfect for a nominal coupling constant
1J% = 1/(27). For other scalar coupling constants, the intensity of the
residual 7, magnetization that survives the filter is given by

& = cos’(mJ;s7) = cos?(mss/[2T %)) = sin’(rAJ/[2'T &)
~ (1 JA)(AT T ) [9.24]

in which AJ = U5 — 17 %. The filter depends on two delays of nominal
length 1/(2Y7%) and results in filter breakthrough errors proportional
to AJ?, for small variations in the scalar coupling constant. A filter
with this property is referred to as a “‘second-order J-filter.”” As shown
by [9.23], variation in the scalar coupling constants reduces the
sensitivity of isotope-edited experiments, but does not result in break-
through peaks.

In actual practice, the two transients for the isotope filter in [9.19]
might be acquired in a different fashion. For the first transient, the
905907 13C pulse combination is replaced by a composite 180° pulse
to minimize pulse imperfections and effects of resonance offset. For
the second transient, the 90°90° = '*C pulse combination is omitted.

Breakthrough peaks in the isotope-filtered subspectrum are partic-
ularly troublesome for 'H-'’C isotope-filtered experiments. Perfect
discrimination between 'H atoms bound to '*C or '“C atoms relies on
the delay 7 being perfectly matched to the 'Jy coupling. This coupling
constant is far from uniform. For example, aromatic '>C nuclei have
!'Jcn in the range 160180 Hz, '*C nuclei attached to nitrogen or oxygen
atoms have 'Joy ~ 140Hz, and '>C nuclei in a methyl group have
'Jen~ 125Hz. Therefore, the isotope-filter delay cannot be tuned
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simultaneously for all 'Jey values. The resulting unwanted signals in
the subspectra increase overlap and cause ambiguities in spectral
interpretation.

In principle, any '"H NMR experiment can be modified to incor-
porate the half-filter element. For example, an w, half-filtered NOESY
experiment is obtained by replacing the first 90° pulse in an 'H 2D
NOESY pulse sequence with the half-filter element (//2). The basic
experiment is written as follows:

'"H:  90,—7—180,—1—1, /2—11 /2-90,—T;n—90—receiver

[9.25]
X: 90,90, 180, decouple

Appropriate construction of the phase cycle to subtract alternate scans
ensures that only 'H spins attached to, for instance, '>N enter into the
t; period. In this case, the resulting spectrum would include only
NOE cross-peaks having resonance frequencies of 'HY in the indirect
dimension, but a/l proximal 'H spins in the direct dimension. The
complementary w, half-filtered NOESY (/23) replaces the final 90°
pulse in an 'H NOESY experiment with the half-filter element and
provides a full complement of NOEs in the indirect dimension and,
with suitable phase cycling, only "HY spins in the direct dimension.

The w; and w, half-filter experiments are combined in the double-
half-filter experiment (117). A pulse sequence for a 2D 'H-'"H NOESY
experiment with a '*C(F,, F,)-double-half-filter is shown in Fig. 9.13.
The sequence consists of two half-filter elements surrounding a NOESY
experiment. The two pairs of 90090;1 and 90790, pulses on the 13C spin
are phase cycled independently in comblnatlon with the receiver to
generate four data sets that are recorded separately. Linear combina-
tions of the four sets of data provide for an elegant editing scheme
that allows each of the four types of NOEs listed in [9.18] to be inde-
pendently observed. Table 9.2 summarizes the processing scheme and
the information content of the four sets of subspectra. Intermolecular
NOEs between the protein and the ligand are present in two of the
subspectra, reflecting magnetization transfer originating on a protein
"H spin or originating on a ligand 'H spin. If the protein assignments
are known, then the precise location of the protein interface can be
determined.

A practical issue concerns 1D versus nD isotope-edited NMR
experiments. Sometimes, a 1D isotope-edited experiment would, in
principle, suffice for a given application (for example, monitoring the
resonances of a small labeled ligand bound to a large unlabeled protein).
In practice, the large natural-abundance '*C signal from the protein can
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FIGURE 9.13 Basic pulse sequence for a '*C-double-half-filter NOESY
experiment. Thin and thick bars represent 90° and 180° pulses, respectively.
Pulses are applied along the x-axis unless noted. Phases ¢1—¢s and i, are all
alternated independently from x to —x; concomitantly, the receiver phase
is alternated with each phase shift of a 90° pulse. Four combinations of this
sequence are acquired: (1) Y1 =v3=x; 2) y1=—x, ¥3=x; 3) ¥ =x, Y3=—X;
and (4) ¥; = 3 = —x. Subspectra are generated as noted in Table 9.2.

TABLE 9.2
Processing Schemes and Information Content for
Double-Half-Filtered NOESY

Linear

combination? Subspectrum type Information content

1+2+3+4 BCF)-"C(F), Intramolecular NOEs between
doubly filtered 'H spins in unlabeled ligand

1-2-3+4 BCF)-C(F), Intramolecular NOEs between
doubly selected "H spins in *C-labeled protein

1-2+3-4 BC(F)-"C(F,), Intermolecular NOEs between

F selected—F, filtered "H spins in unlabeled ligand (F>)
and 'H spins in *C-labeled
protein (F)
1+42-3-4 BCF)-C(F), Intermolecular NOEs between
F, filtered—F, selected ~ "H spins in '*C-labeled protein (F»)
and 'H spins in unlabeled
ligand (F))

“Phase cycles used for data sets 1-4 are given in the caption to Fig. 9.13.
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be a major impediment. In such cases, a 2D (or higher dimensionality)
experiment is needed to disperse the natural-abundance signals so that
the ligand resonances can be observed (124).

The half-filter sequence given in [9.19] is a difference experiment
and, as such, relies on extremely high spectrometer stability (just like
phase cycling). Isotope filtration that does not rely on a phase-cycled
difference experiment is obtained by incorporating spin lock purge
pulses or gradient pulses into the pulse sequence elements. A variation of
the basic half-filter that uses purge pulses to obtain isotope filtering
is represented as follows (725):

'H:  90,~7/2-180,~7/2-{spin lock],

[9.26]
X: 180, 90,

After a total delay of r=1/(2"Jxy), prior to the spin lock pulse and
the 90°(S) pulse, evolution of magnetization is described by

K.+ 1. — K, + I, cos(nst) — 21.S. sin(ms7). [9.27]

The 90°(S) pulse converts the antiphase coherence to multiple-quantum

coherence and the spin lock applied to the 'H spins both dephases
the multiple-quantum coherence and retains in-phase 'H magnetization.
The total time for this filter (neglecting the duration of the spin lock)
is one-half that of the basic half-filter; thus, losses due to relaxation
also are reduced. In contrast to [9.19], no phase cycling is required for
this filter sequence.

For the simple half-filter element described in [9.26], the level of
suppression of the S-bound /-spin magnetization is dependent on
cos(r'J;s7). The intensity of the residual I, magnetization that survives
the filter is given by

& = cos(mst) = cos(s/[2T7]) = — sin(wrAJ/[2T %))
~ —(/2(AT]T}). [9.28]

The filter depends on only the one delay, and results in filter break-
through errors proportional to AJ, for small variations in the scalar
coupling constant. Thus, this filter is referred to as a “first-order
J-filter.”

Various schemes are available to increase the degree of suppression
achieved by isotope filters, particularly for 'H-'3C spin pairs; first-order
filters normally are sufficient for application to amide 'H—'"°N spin pairs.
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A simple example of a second-order filter using spin lock purge pulses
is obtained from the addition of two first-order filters (48, 118, 125):

'H: 90,7, /2—-180,—11 /2—[spin-lock] —T2/ 2—-180,—12/2—spin-lock] K

NE 180, 90, 180, 90,_90-
[9.29]

The values of 7, and 7, are set to accommodate different lJCH couplings,
e.g., 1= 3.57ms (Ve =140Hz) and 7, = 4.0ms (‘Joy = 125Hz). The
overall level of suppression during this sequence is given by cos(r'Jcut))
cos(w'Jeyts). Higher order filters provide efficient suppression of
undesired magnetization over a wider range of 'Jey scalar coupling
constants; however, the sequences are longer and relaxation losses are
greater.
A simple second-order filter that utilizes pulsed field gradients is

'"H: 90,—-7-180,—7—
Be. 90, 90,
Grad: gl gl [9.30]

Magnetization for 'H spins not coupled to a '*>C spin is unaffected by
the '*C pulses and forms a gradient echo. Magnetization for 'H spins
coupled to a '>C spin evolves into antiphase coherence during the
first delay 7, is converted to multiple-quantum coherence by the first
13C 90° pulse, and is dephased by the second gradient gl. Residual 1,
magnetization evolves into antiphase coherence during the second delay
r and is converted to multiple-quantum coherence by the second '*C 90°
pulse. The overall level of suppression during this sequence is given
by cos* (' Jent).

Replacing the hard 180°(**C) pulses in half-filter elements by
designed adiabatic inversion pulses is an elegant approach to increase
the level of suppression (126, 127). The scalar coupling constants 'Jcy
are roughly linearly correlated with '>C chemical shifts. Thus, by
judicious choice of the sweep rate and field strength of the adiabatic
inversion pulse (Section 3.4.6), suppression errors caused by the mis-
match of the filter timing with respect to 'Jcy are minimized. Another
method providing improved suppression takes advantage of the simi-
larity between composite pulse rotations and broadband polarization
transfer and does not rely on relationships between '°C shifts and 'Jey
values (/28). The scaling for this third-order filter is proportional to
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cos*(m'Jeyt), in which T=1/(2cy). This filter has been shown to
provide good suppression over a range 115 to 165 Hz (when t is set for
1J8;= 140 Hz) and, as such, provides excellent purging for all 'H atoms
attached to '>C atoms in a protein, apart from those in histidine
imidazole groups.

Isotope-filter elements can be implemented in any dimension of
a multidimensional experiment as deemed appropriate. For example,
an Fj-edited, Fs-filtered '*C 3D HMQC-NOESY experiment has been
used to assign intermolecular NOEs between isotopically labeled and
unlabeled components of a complex (129).

9.3 Methods for Rapid Data Acquisition

As the discussions in Chapters 6—8 make clear, a large number of
NMR spectra might be recorded in the course of a single investigation
of the structure, dynamics, and interactions of a protein. Recording
the necessary multidimensional NMR data sets represents a significant
investment of spectrometer time; therefore, efficiency in collecting data
is an important issue in biomolecular NMR spectroscopy. In particular,
the inherent sensitivity of NMR spectrometers has steadily increased
as a result of developments in magnet, probe, and amplifier technology
and the total number of transients that must be recorded to achieve
a given signal-to-noise ratio decreases with each improvement in spec-
trometer sensitivity. Many modern gradient-enhanced heteronuclear
multidimensional NMR experiments already use minimal phase cycling,
typically consisting only of isotope editing and quadrature detection.
In this limit, the total length of the NMR experiment is determined by
the requirements of the Nyquist sampling theorem and the maximum
evolution times in indirect dimensions needed for resolution. Further
reduction in total experimental data acquisition times requires new
methods for recording NMR spectra.

Certain techniques that potentially provide two- to fourfold reduc-
tions in experimental data acquisition time already are in common use.
Techniques for optimizing recovery of magnetization between transients
allow individual transients to be recorded more rapidly (45-47). Aliasing
in '°C frequency dimensions enables long evolution times to be
achieved in a smaller number of increments, which enables highly
resolved spectra to be acquired more rapidly (Sections 7.1.2.3 and 7.1.5).
Linear prediction and maximum entropy reconstruction methods can
improve resolution for spectra recorded with limited digital resolution
(Section 3.3.4). In some cases, more than one type of correlation can be
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recorded in a single NMR experiment. The simultaneous '*C/'*N-edited
NOESY experiment is an important example in biomolecular NMR
(130). Atreya and Szyperski review many of these approaches (/31).

Emerging methods seek to minimize experimental data acquisition
times by dramatically reducing the number of transients that must be
recorded to obtain the necessary spectral resolution. These methods
avoid the strictures imposed by the conventional sampling strategy in
which multidimensional NMR experiments are recorded by system-
atically and independently incrementing each of the indirect evolution
delays. Three of these methods, nonuniform sampling, GFT, and
projection—reconstruction, are briefly discussed here in order to provide
an introduction to the field. These and other approaches, including
filter diagonalization (/32-134), single-scan NMR (135, 136), and
Hadamard spectroscopy (/37-139), have been discussed in reviews
by Freeman and KupcCe (140, 141).

9.3.1 NONUNIFORM SAMPLING

The most intuitive approach relaxes the requirement that indirect
frequency dimensions are sampled at regular increments. This require-
ment is imposed by the conventional fast Fourier transformation
algorithm (Section 3.3.1); however, this sampling strategy means that
transients with low signal-to-noise ratios are recorded whenever one or
more of the indirect evolution periods are long. Nonuniform sampling
uses more extensive recording of data for smaller values of the indirect
evolution delays (when sensitivity is high) and less extensive record-
ing for larger values of the evolution delays (when sensitivity is low).
The sampling scheme is designed to maximize resolution and signal-
to-noise ratio within a given total experimental data acquisition time
(142). Nonuniform sampled data cannot be processed by conventional
Fourier transformation algorithms. Maximum entropy reconstruction
(142), Fourier transform algorithms for nonequispaced data (143),
and multidimensional decomposition (/44) have been used to process
spectra recorded with nonuniform sampling in indirect evolution
periods. Two- to sixfold reductions in experimental data acquisition
times have been demonstrated (/42, 144). A particularly powerful illus-
tration of this approach, combined with other techniques discussed in
Section 9.1, is provided by a 4D '*C, "*C-edited NOESY spectrum
recorded using a methyl-protonated, otherwise perdeuterated, sample
of malate synthase G (723 residues, 82kDa) (/45). Data acquisition
used methyl-TROSY techniques and nonuniform sampling to optimize
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sensitivity and resolution. The spectrum was processed using multi-
dimensional decomposition.

9.3.2 GFT-NMR SpECTROSCOPY

The G-matrix Fourier transform NMR (GFT-NMR) was intro-
duced by Kim and Szyperski in 2003 (/46) and is comprehensively
reviewed by Atreya and Szyperski (/37) and by Freeman and Kupce
(140). GFT employs the so-called reduced dimensionality (RD) principle
in which multiple indirect evolution periods are incremented simulta-
neously, rather than independently (/47—155). The initial report of GFT-
NMR has been followed by additional developments and demonstra-
tions (/56—159) as well as applications to protein assignments and
structure determination (160, 161).

A GFT-NMR experiment co-evolves m indirect evolution periods
of an nD experimental pulse sequence using the RD technique. The
resulting data set is referred to as an (n, n — m+1)D GFT-NMR
spectrum. For example, #; and 7, indirect evolution times are defined
by t;=t, t=xt, in which k¥ is a constant that allows for different
spectral widths in the different frequency dimensions (k = 1 in the
simplest implementation), in a (3, 2)D GFT-NMR experiment. A GFT-
NMR data set consists of 2”7 RD NMR experiments in which sine-
and cosine-modulated data for each of the co-evolved indirect dimen-
sions are collected by modulating the phases of the appropriate pulses
in the sequence. For example, in a (3, 2)D GFT-HNCA experiment,
four data sets are acquired in which the 90° pulse before #; and the
90° pulse before ¢, have phases {x, x}, {x, y}, {y, x}, and {y, y}; these
are the same sets of phase shifts that would be required for quadra-
ture detection in the two indirect evolution periods of a conventional
data acquisition. The resulting time-domain signals in the indirect
dimensions are given by

Sa(f) = cos(211) cos(x1), sc(f) = sin(217) cos(2,K¢1);
sg(f) = cos(211) sin(2kt), sp(f) = sin(7) sin(2K7). [9.31]
The GFT method unravels the chemical shift information from
the intertwined indirect evolution times by addition or subtraction of
the individual sets of frequency-domain data. In the present example, the

two spectra, represented by
sa(?) + sp(7) = cos([21 — k2]0),  sp(1) — sc(1) = sin([2 — K20]7),

[9.32]



772 CHAPTER 9 LARGER PROTEINS AND MOLECULAR INTERACTIONS

represent a phase-sensitive 2D data set in which resonance signals
appear at frequency positions 2; —K€2, in the indirect dimension.
The two spectra, represented by

Sa(?) — sp(f) = cos([2] + k]7),  sp(2) + sc(?) = sin([2 + k]7),
[9.33]

represent a phase-sensitive 2D data set in which resonance signals
appear at frequency positions 2;+ K€, in the indirect dimension.
In principle, the resonance frequencies for cross-peaks in a conven-
tional 3D experiment are obtained equivalently in (3, 2)D GFT-NMR
by adding and subtracting the frequencies of the resonance pairs in
these two 2D spectra. In practice, identifying the corresponding
resonances in congested spectra is facilitated by acquiring additional
lower dimensionality spectra with fewer co-evolved evolution periods.
In the example being discussed, a conventional 2D spectrum that
records only the frequency €, in the indirect dimension enables the
cross-peaks with frequencies 2; — k2, and Q2+ «Q, to be identified
unambiguously by symmetry with respect to the cross-peak with
frequency ;. Thus, in this example, a total of six 2D data sets is
acquired to generate the information that would be obtained from
a conventional 3D experiment with k& sampled points in the third
dimension (requiring acquisition of a total of 2k 2D spectra for
quadrature detection). For k=32, the GFT-NMR data set requires
only one-tenth the number of 2D acquisitions. The 2D RD data sets
for GFT-NMR may need to be acquired with increased numbers of
points in the indirect dimensions to achieve sufficient resolution
and/or increased numbers of transients to achieve acceptable signal-
to-noise ratios compared to the individual 2D planes from the con-
ventional 3D spectrum. Nonetheless, even accounting for these
issues, considerable savings in data acquisition time are achievable
by GFT-NMR.

As indicated by the preceding example, the GFT method provides
large reductions in data acquisition times for higher dimensionality
experiments. Resonance signal overlap, as is often the case in the spectra
of larger proteins, can result in difficulties in obtaining clean frequency
separation in GFT data sets. Enhanced resolution can be obtained
by increasing the number of frequency dimensions; however, each
additional dimension in GFT-NMR splits the resonance signals into
a doublet and sensitivity drops accordingly. GFT has been incorporated
into a highly efficient streamlined protocol for structure determination
of proteins <20kDa (161).
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9.3.3 PROJECTION—RECONSTRUCTION

Kupée and Freeman have introduced projection—reconstruction
(PR), a method widely used in disparate fields, including X-ray
tomography, medical imaging, and astronomy to the field of protein
NMR spectroscopy (162-168). Kupce and Freeman demonstrated
that full 3D and 4D spectra can be reconstructed from a small set of
2D spectra recorded at various “tilt angles.” Using the terminology
of reduced dimensionality (GFT), these experiments are generally
referred to as (3, 2)D PR-NMR and (4, 2)D PR-NMR data sets.

The PR method, like GFT, co-evolves each of the indirect evolu-
tion times. The relative sizes of the incrementable evolution delays
are chosen to generate a projection of the spectrum onto a plane inclined
at a predefined angle (the “tilt angle’). PR is based on a Fourier
transform theorem that states that a section through the origin of a two-
dimensional time-domain signal, s(¢;, #,), inclined at an angle, «, with
respect to the #; axis, transforms as the projection of the correspond-
ing frequency-domain spectrum S(Fj, F,) onto an axis through the
origin inclined at the same angle. For (3, 2)D PR-NMR experiments,
t; and 1, indirect evolution times are defined by #; =17 cosa, 1, =1 sinw
to generate a projection onto a plane rotated around the F3 axis,
subtending an angle « with respect to the F|—F; plane [the extension
to (4, 2)D PR-NMR experiments is straightforward]. For each tilt
angle in a (3, 2)D PR-NMR experiment, two projections are collected
(positive and negative angles), both of which provide independent
information about cross-peaks in the spectrum. The key is to record
enough tilted planes to define the position of cross-peaks accurately,
but not so many that the time required experimentally becomes large.
Criteria for this choice have been discussed (169, 170). In PR-NMR,
unlike GFT-NMR, the data are reconstructed to form a conventional
NMR spectrum; therefore, chemical shift information does not need
to be unraveled by multiple additions and subtractions. In addition,
cross-peaks are not split into pairs by each additional co-evolved
dimension; therefore, sensitivity is not substantially degraded by adding
additional dimensions.

A number of different algorithms have been proposed to reconstruct
the NMR spectrum from a set of projections, and research in this area
continues. The Lower-Value (LV) reconstruction algorithm, introduced
by Kupce and Freeman, is well-suited for data sets containing rela-
tively few highly dispersed signals (/65). However, the intensities of
the reconstructed peaks are determined by the signal-to-noise ratio of
the weakest of the projections, and the signal-to-noise ratio of the
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FIGURE 9.14 Projection reconstruction NMR spectra for calbindin D»g, (170). Shown are 2D slices extracted from (4, 2)D PR (a, d)
HNCACSB, (b, ¢) HACANH, and (c, f) HACA(CO)NH spectra recorded using a 0.9 mM 1H/13C/15N sample of calbindin D,gy at
50°C. The spectra were recorded on an 800-MHz NMR spectrometer. The slices correspond to 'H and >N chemical shifts of residues
(a—c) S115 and (d—f) G71. Data were reconstructed to 4D (64 x 64 x 128 x 738 complex points) using the HBLV method (bin size = 8)
from three orthogonal planes and five tilt angles (eight data sets total).
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reconstructed spectrum, do not benefit from the cumulative signal
recorded across all of the projections. Thus, the LV algorithm is not
optimal when the signal-to-noise ratio for the individual projections is
low, as often could be the case for larger proteins. Backprojection (BP),
proposed by Kupc¢e and Freeman as a solution to sensitivity problems
associated with PR-NMR (767), enjoys the benefit of signal accumula-
tion and retains as much signal as would be available from a
conventional spectrum recorded for the same length of time as that
used to collect the entire set of projections. This reconstruction
algorithm was demonstrated by the reconstruction of a 3D HNCO
spectrum from 18 projections (/67). The Hybrid Backprojection-Lower-
Value (HBLV) algorithm, introduced subsequently by Venters and co-
workers, accumulates signal intensity without significant artifacts and
appears particularly useful for the accurate reconstruction of sensitivity-
limited data (170).

As an illustration of these new approaches for data acquisition
and processing, Fig. 9.14 shows 2D slices extracted from (4, 2)D PR
HNCACB (Fig. 9.14a,d), HACANH (Fig. 9.14b,e), and HACA(CO)
NH (Fig. 9.14c, ) spectra recorded for calbindin D,g. The measuring
time for these PR-NMR datasets was ~33 hr.
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