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ABSTRACT: We demonstrate a general nuclear magnetic
resonance (NMR) spectroscopic approach in obtaining high-
resolution /O (spin-5/2) NMR spectra for biological macro-
molecules in aqueous solution. This approach, termed quadrupole
central transition (QCT) NMR, is based on the multiexponential
relaxation properties of half-integer quadrupolar nuclei in mole-
cules undergoing slow isotropic tumbling motion. Under such a
circumstance, Redfield's relaxation theory predicts that the central
transition, m; = +1/2 <> —1/2, can exhibit relatively long
transverse relaxation time constants, thus giving rise to relatively LK

narrow spectral lines. Using three robust protein—ligand complexes of size ranging from 65 to 240 kDa, we have obtained '’O QCT NMR
spectra with unprecedented resolution, allowing the chemical environment around the targeted oxygen atoms to be directly probed for the
first time. The new QCT approach increases the size limit of molecular systems previously attainable by solution '’O NMR by nearly 3 orders
of magnitude (1000-fold). We have also shown that, when both quadrupole and shielding anisotropy interactions are operative, 'O QCT
NMR spectra display an analogous transverse relaxation optimized spectroscopy type behavior in that the condition for optimal resolution
depends on the applied magnetic field. We conclude that, with the currently available moderate and ultrahigh magnetic fields (14 T and
higher), this 7O QCT NMR approach is applicable to a wide variety of biological macromolecules. The new 'O NMR parameters so
obtained for biological molecules are complementary to those obtained from "H, *C, and "N NMR studies.

170 NMR line width

1. INTRODUCTION Indeed, several research groups have recently made important
advances in the development of solid-state '’O NMR spectro-
scopy for studying biological systems.'®>*

In the wake of these recent successes in solid-state 'O NMR

Nuclear magnetic resonance (NMR) spectroscopy is a power-
ful analytical technique that can yield detailed information about

chemical bonding, molecular structure, and dynamics. For bio- dies of - and biological molecul had al
logical macromolecules such as proteins and nucleic acids, most studies of organic and bio ogical molecules, we had also come to

. . . . 1.7- 17
successful NMR applications to date have relied primarily on question the conventional wisdom about the infeasibility of ~'O

detection of spin-1/2 nuclei (i.e, "H, *C, "°N, and °'P). Among NMR in studying large molecu.lar systems in aqueous SOluthIll. It
turned out that the aforementioned common argument against

solution 7O NMR applications to macromolecular systems is
entirely false. That argument is based on a simple extrapolation
from equations that are only valid when the molecular motion
satisfies the so-called extreme narrowing condition (i.e., (7. <
1, where w, is the Larmor angular frequency of the nucleus under
detection and 7. is the molecular rotational correlation time).
However, with modern superconducting magnets, the tumbling
motion of a biological macromolecule in aqueous solution is
nearly always in the slow motion limit from the 'O NMR point
of view (i.e,, WoT. > 1), rather than in the extreme narrowing
limit. The quadrupole relaxation properties in these two motion
regions can be completely different. In fact, the nuclear spin
relaxation theory for g{uadrupolar nuclei has been established
for many decades.”* > This relaxation theory suggests that the

the most abundant elements found in biological macromolecules,
oxygen remains the only one that has not been readily accessible
by NMR spectroscopy. This is primarily because the only NMR-
active, stable oxygen isotope, 7O, has a quadrupolar nucleus (I =
5/2). It is well-known that quadrupolar nuclei often give rise to
NMR spectra with very poor spectral resolution. As a result,
NMR studies of quadrupolar nuclei are far less common than
those of spin-1/2 nuclei. For the same reason, '”O NMR applica-
tions have rarely gone beyond the realm of small organic and
inorganic molecules over the past several decades.' ® One com-
monly accepted argument against attempting 70 NMR experi-
ments for biological macromolecules in solution is that, for a
slowly tumbling macromolecule, the 7O quadrupole relaxation
would be so rapid that the 7O NMR signals become too broad to
be detectable, even when the level of '"O (natural abundance
0.037%) can be enriched to 100%. Hence, solid-state 'O NMR
has been considered to be the only alternative that may permit Received: ~ September 2, 2010
the detection of '”O NMR signals in large molecular systems.””” Published: December 22, 2010
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transverse relaxation process of a half-integer quadrupole nucleus is
multiexponential, and as such, the resultant NMR spectrum should
consist of I + 1/2 superimposed Lorentzian lines. Most importantly,
among these I + 1/2 exponential components, the one associated
with the central transition (CT), m; = +1/2 <> —1/2, can have
relatively long transverse relaxation times in the slow motion limit.
Therefore, it is entirely possible to obtain narrow lines in NMR
spectra of half-integer quadrupolar nuclei in solution, as long as the
molecular tumbling is in the slow motion limit. The particular NMR
method that focuses on detection of the CT signals was termed
quadrupole central transition (QCT) spectroscopy by previous
workers.>*** However, this multiexponential relaxation behavior of
half-integer quadrupolar nuclei, although known for many years, has
not been widely appreciated. Over the past several decades, only on
a few occasions have researchers utilized it, primarily in studies of
metal ions such as >'V (spin-7/2) (436 274 (spin-5/2),”"* ¥Ca
(spin-7/2),*"***S¢ (spin-7/2),** and */7"Ga (spin-3/2)**in
metalloproteins and in studies of multiple-quantum NMR for quad-
rupolar nuclei.** ™ Despite these pioneering studies, the common
misconception about NMR of quadrupolar nuclei in liquids appears
to have remained largely unchanged to date. We should also note two
other areas in which multiexponential quadrupole relaxation has been
shown to be important. One is related to the interference effects
between quadrupolar and dipolar interactions which can be observed
in the spectra of s;in—l/ 2 nuclei when they are J-coupled to
quadrupolar nuclei.*® ' The other is concerned with various
dynamic processes in solid materials.>*>*

While most solution 'O NMR studies in the literature discussed
quadrupole relaxation processes only in the context of the extreme
narrowing condition, there were indeed two occasions where
researchers recognized the distinct multiexponential relaxation
properties of 'O in the slow motion limit. In particular, Gerlt and
colleagues™ pointed out that it is possible to have relatively long
7O transverse relaxation times when wor, > 1. Oldfield and
colleagues®**” reported the first '”O NMR spectra for C'”O ligands
bound to proteins (peroxidases, myoglobins, and hemoglobins) in
aqueous solution. They found that, in these cases, the values of w7,
are ranged between 5.8 and 10 and that the observed '’O NMR
signals for protein-bound C'”O ligands exhibit relatively narrow line
widths (ca. 200 Hz at 11.7 T). However, because the '’O nuclear
quadrupole coupling constant (Cq) in C'7O is known to be
notoriously small (Cq < 1 MHz), it is not entirely clear whether
the multiexponential relaxation properties of 'O can be utilized as a
general method for studying other oxygen-containing functional
groups where much larger Cq, values are usually expected (ca. Cq =
6—20 MHz). Perhaps because of this kind of doubt, there had been
no follow-up solution 'O NMR applications to biological macro-
molecules for more than 20 years since the pioneering work of
Oldfield and colleagues.s‘s’57 Recently, we have reported some
preliminary O QCT NMR results for large protein—ligand
complexes in aqueous solution and concluded that ’O QCT is
applicable to almost all oxygen-containing functional groups.®® In
the present work, we report a comprehensive evaluation of the '’O
QCT approach for studying biological macromolecules in aqueous
solution. The primary objective of this work is to further demon-
strate the general applicability of '’O QCT spectroscopy. Here
we will present a unified theoretical treatment of the quadrupole
relaxation processes for spin-5/2 nuclei over several different
regimes of molecular motion, outline the basic principles of QCT
spectroscopy, and report new experimental 7O QCT NMR results
on three robust protein—ligand complexes of size ranging from

65 to 240 kDa.

2. EXPERIMENTAL SECTION

Ovotransferrin (OTf) from chicken egg white (EC 215.727.0) (BioUltra
grade, lot no. 107K7022, agarose electrophoresis purity 99%), pyruvate
kinase (PK) from rabbit muscle (EC 2.7.1.40) (lot no. 047K1512, protein
purity 57%), avidin from egg white (EC 215.783.6) (lot no. 026K7044,
SDS—PAGE purity 98%), and (+)-biotin 4-nitrophenyl ester (99%,
purity) were purchased from Sigma-Aldrich (Oakville, Ontario, Canada).
Oxalic acid (1,2-°C,, 99%) was purchased from Cambridge Isotope
Laboratories, Inc. (CIL, Andover, Massachusetts). Sodium [*7O,]oxalate
was prepared by first dissolving SO mg of oxalic acid in 0.3 mL of
70-enriched H,0O (70% 7O atom), heating the solution at 50—55 °C
overnight, and then neutralizing the solution with dry NaOH. The
70-enriched water was recovered on a vacuum line. ['7O,]Biotin was
prepared by base-catalyzed hydrolysis of (+)-biotin 4-nitrophenyl ester in
CH;OH/CH,Cl, using Na"’OH (45% O atom).

The OTf—Al—["70,]oxalate complex was prepared in the following
fashion. Approximately 80 mg of OTf was dissolved in 0.75 mL of H,O,
followed by addition of AI(NO3); and Na,C,['70,] to reach a molar
ratio of approximately Al:oxalate:OTf = 2:2:1. The protein concentra-
tion was determined by the absorption at 280 nm on an HP 8452A diode
array UV—vis spectrophotometer using a molar extinction coefficient
(&) 0f91200M ' cm ™. KCl was also added to the protein solution to a
final concentration of 150 mM. The final pH of the solution was adjusted
to 7.5 using NaOH. The amount of free ['”O,]oxalate ligands in the
protein sample was monitored by solution 'O NMR. Excess
['70,]oxalate ligands were removed by ultrafiltration (5—6 times) using
Millipore Amicon Ultra filter units with a molecular mass cutoff of 3000
Da (Fisher Scientific, Ottawa, Canada). The PK—Mg(Il)— [0, ] oxalate
complex was prepared in tris(hydroxymethyl)aminomethane (TRIS or
THAM) buffer solution (pH 7.5). Approximately 80 mg of PK was
dissolved in 0.2 mL of TRIS buffer solution, followed by addition of MgCl,,
Na,(5'-ATP), and Na,C,['70,], to reach a molar ratio of approximately
Mg:ATP:oxalate:PK = 16:8:4:1 (theoretical 8:4:4:1). The protein concen-
tration was determined by the absorption at 280 nm (& = 128520 M™ "
cm ™ '). Excessive amounts of MgZJr and ATP were added to ensure that
proteins were saturated with oxalate ligands. NaCl was also added to the
protein solution to a final concentration of 75 mM. In some cases, more PK
was added to minimize the concentration of free ['”O,] oxalate ligands. The
avidin—['”O,]biotin complex was prepared in the phosphate buffer (pH
7.4) with a small excessive amount of biotin as monitored by 7O NMR.

Solution 7O NMR experiments were performed using Bruker
Avance-500 (11.74 T), Avance-600 (14.09 T), and Avance-II 900
(21.14 T) NMR spectrometers operating at 67.8, 81.3, and 122.0
MHz for "0 nuclei, respectively. Typically, 80—100 uL of solution
was transferred into either a 4 mm MAS rotor or a glass tube (4 mm
0.d.). Bruker MAS probes were used at all three magnetic fields. A liquid
sample of H,O was used for radio frequency (RF) field strength
calibration as well as for 7O chemical shift referencing (6 = 0 ppm).
For 7O QCT NMR experiments, the effective 90° pulse is approxi-
mately one-third of that calibrated using a liquid H,O sample. The *’O
spin—lattice relaxation times were measured using the saturation
recovery method. Other detailed acquisition parameters are given in
the appropriate figure captions.

3. THEORY

3.1. Quadrupole Relaxation Processes. Although the gen-
eral theory of nuclear spin relaxation for half-integer quadrufolar
nuclei has been well established for many decades, ™ its
applications have been far less common in the literature than
those for spin-1/2 nuclei. As a result, the distinct features of
quadrupole relaxation properties are not widely known. Further-
more, oversimplified theoretical models used in most NMR
textbooks with respect to quadrupole relaxation processes have
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led to the well-spread misconception that high resolution cannot
be obtained in NMR spectra of quadrupolar nuclei in the context
of biological macromolecules in aqueous solution. Using results
available in the literature, we present herein a theoretical back-
ground on the relaxation properties of spin-5/2 nuclei in
isotropic liquids. The objective of this section is to give a unified
treatment of nuclear quadrupole relaxation processes in the
framework of Redfield's relaxation theory over three distinct
regimes of molecular motion.

For a nuclear spin system containing spin-5/2 nuclei, the
nuclear electric quadrupole interaction is described by a second-
rank tensor known as the quadrupole coupling (QC) tensor
whose three principal components are defined as j;; (ii = xx, yy,
and zz). These principal tensor components are related to those
of the electric field gradient (EFG) tensor, eq;, in the following

manner:

%i (MHz) = ¢*Qq;i/h (1)

where Q is the nuclear quadrupole moment of the nucleus under
study, e is the elementary charge, and / is Planck's constant. The
three principal components of an EFG tensor are not indepen-
dent, because they must satisfy the condition eq.. + eq,y + eq.. =
0. Thus, we also have ). + X, + X = 0. In this study, we use the
convention introduced by Cohen and Reif™® for naming the EFG
tensor components: |eq..| = |eq,| = |eqy| or equivalently
[%22] Z |X%yy| = |Xax|- In general, the two quantities that can be
directly determined from NMR spectral analyses are known as
the nuclear quadrupole coupling constant (Cq) and the asym-

metry parameter (7]q):

CQ = Xzz = eZqul/h (2)

Mo = (e %) Xz
(0=nq =1) (3)

Since very often Cq and 77 are coupled together, especially in
the context of quadrupole relaxation studies, it is more con-
venient to define another parameter, Pq, known as the quadru-
pole product parameter, in the following fashion:

i 2
Pq = Cq|[1+75- (4)

For spin-5/2 nuclei in a strong magnetic field, the nuclear
Zeeman energy levels are shown in Figure 1. In NMR experi-
ments of liquid samples where molecules undergo isotropic
tumbling, the quadrupole interaction is often the predominant
relaxation mechanism. Under such a circumstance, the time
evolutions of the density matrix elements, 0y, that are associated
with single-quantum coherences (related to the transverse
magnetization) and populations (related to the longitudinal
magnetization) are determined by the two sets of differential
equations. Details about these differential equations and the
corresponding transverse and longitudinal Redfield relaxation
matrices for spin-5/2 nuclei are given in the Supporting Informa-
tion. In general, the time evolution of the total transverse mag-
netization for spin-5/2 nuclei contains three distinct exponential
components. Not only could these three components have
different decaying rates, they could also exhibit different reso-
nance frequencies as a result of the so-called dynamic frequency

= (eqxx - e‘b'y)/ €qzz

state m,

18> -5/2 I— 056 (ST,)
15> -3/2 045 (ST,)
14> -1/2 ——nx 0 (€T)
13> 1/2 —5— 0, (ST,)
2> 3/2 —5—— 6, (ST,)
1> 5/2

Figure 1. Zeeman energy levels, state labels, and density matrix ele-
ments corresponding to single-quantum coherences for I = 5/2 nuclei.
CT = central transition, ST, = first satellite transition, and ST, = second
satellite transition.

shifts. Therefore, a complete description of the time evolution of
the total transverse magnetization for spin-5/2 nuclei should be
written as

M,,(t) = AP exp[— (iQ, +RP)E]  (5)
n=TLILII

where Aﬁz) , Q,, and R,flz) are the amplitude, dynamic (angular)
frequency shift, and transverse relaxation rate for the nth
component, respectively. Components I, II, and III are related
to the CT, first satellite transition (ST;), and second satellite
transition (ST,) as defined in Figure 1. The analytical expres-
sions for dynamic (angular) frequency shifts have been given
previously by Werbelow:*

_ 3
1= Tooo F@ (—16Q: +16Q,) (6)
> 2
Qu = 1000 Po*(—4Q +10Q,) (7)
3 2
Qui = S0 Po(32Q ~5Q) (8)

Q, (n=1,2) corresponds to the imaginary part of the normalized
spectral density function and is related to the real part of the
function, J, (n = 0, 1, 2), in the following way:

Qu = nwot.J, (9)

Jo= s (10)
" 1+(HCU0TC)2

Similarly, the recovery of the longitudinal magnetization also
has three exponential components:

M) -M(t==) = 3 AVep(—RV (1)
n=LILIIT

where Af,l) and qul) are the amplitude and longitudinal relaxation
rate for the nth component, respectively.

For spin-5/2 nuclei, one cannot obtain general analytical ex-
pressions for the amg)litudes (Ay, Ap, and Apy) and the relaxation
rates (R(z) and R" ) given in egs S and 11. However, these
quantities can be easily obtained through numerical calculations.
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Figure 2. Theoretical results for (a) transverse relaxation rates and (b) corresponding amplitudes, (c) longitudinal relaxations rates and (d)
corresponding amplitudes, and (e) dynamic frequency shifts (ppm) for spin-5/2 nuclei. See the text for a discussion.

Figure 2 shows the complete results for these quantities from
numerical calculations for spin-5/2 nuclei. We should point out
that identical results have been reported previously by Bull et al.*®
and by Chung and Wimperis.*” Figure 2 also displays the dy-
namic frequency shifts as a function of wyt. for spin-5/2 nuclei.
Here it is often more convenient to define the dynamic frequency
shift in parts per milion to be consistent with the chemical shift
scale:

ASy = x 10° (12)

27T Vo

where v, is the Larmor frequency of the nucleus under detection,
Vo = Wo/27. The results shown in Figure 2e are identical to those
first derived by Werbelow”® and by Werbelow and Pouzard.* It
can be seen that Adg for the CT (component I) is nearly always
negative whereas Ady for the ST, (component II) is essentially

negligible. It should also be noted that, although Ad4 for the ST,
(component I1I) is much larger than those for the other two
components, it can never be observed in practice, either because
of its negligible amplitude or because of its excessive line width
(vide infra).

Using the numerical results shown in Figure 2, we can calculate
theoretical NMR spectra for spin-5/2 nuclei over a large range of
molecular motion (i.e., from wyT. << 1 to woT.>> 1). To illustrate
some of the important spectral features, we present in Figure 3 a
series of theoretical '’O NMR spectra using typical '’O NMR
parameters. When w7, < 0.5, each spectrum exhibits a single
Lorentzian line with the line width being proportional to 7.
When T, is between 1 and S, the multi-Lorentzian features
start to appear. However, although each spectrum should, in
principle, be tri-Lorentzian, the third component is either too
weak or too broad to be visible. As a result, each spectrum is
practically always bi-Lorentzian in this motional range. When

923 dx.doi.org/10.1021/ja1079207 |J. Am. Chem. Soc. 2011, 133, 920-932
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Figure 3. Theoretical 70 NMR line shapes as a function of wg7.. All
spectra were calculated using the numerical results shown in Figure 2
and the following parameters: Pq = 8.5 MHz, d;;, = 0 ppm, and v, =
81.36 MHz (14.09 T). The total line shapes are shown in red, and
individual components are shown in green, blue, and purple.

o7, exceeds 5, only the CT can be detected and the spectrum
shows a single Lorentzian line once again. Most importantly, in
this slow motion limit, the Lorentzian line from the CT can even
be narrower than those observed under the extreme narrowing
condition. In addition, the dynamic frequency shift causes the
CT signal to appear at a lower frequency position from the true
chemical shift position, as indicated in Figure 3.

In the discussion that follows, we will further examine the
quadrupole relaxation properties for spin-5/2 nuclei in three
different motion regimes: (1) fast (wo7. < 1), (2) intermediate
(wot.~ 1), and (3) slow (w7, > 1). The benefit of separating
motion into these categories is that it is now possible to obtain
analytical expressions from which one may gain deeper insight.

3.1.1. Fast Motion Limit. For small organic molecules in
moderate magnetic fields, it is usually true that wor. < 1. As
mentioned earlier, this condition is also known as the extreme
narrowing condition. Under such a circumstance, all spectral
density functions have the same value, ie., Jo = J; = ], = T..
Consequently, the transverse and longitudinal quadrupole
relaxation processes have the same rate:

R® — RO — RI( =R’ = Pq 1. (13)

Itis clear that eq 13 predicts that the line width of the NMR signal
from a quadrupolar nucleus increases with 7. This equation is
often introduced in most NMR textbooks when quadrupole
relaxation processes are discussed. However, it is important to
emphasize that this equation is only valid under the extreme
narrowing condition. As noted earlier, a common mistake is to

apply eq 13 to systems that are in the slow motion regime.
Ironically, as will be shown in the next section, the line width of
the NMR signal from systems that are in the slow motion regime
exhibits a trend exactly opposite that described by eq 13.

3.1.2. Intermediate Motion Region. f wot.~ 1, ]y = J1 = Jo;
this situation is often referred to as the intermediate motion region
or the near extreme narrowing condition. In principle, both the
transverse and longitudinal processes contain three exponential
components. However, Halle and Wennerstrom® showed that, in
this motion regime, both transverse and longitudinal relaxation
processes can be approximated to be “nearly exponential”. Using a
perturbation treatment, these workers obtained the following
analytical expressions for quadrupole relaxation rates:®

67
R = =< P’ (3o + 51 +22) (14)
o _ 6T,
RY = s P (2 +8D) (13)

It is known that, while eq 14 works well for wo7. < 1.5,eq 1Sis a
reasonably good approximation for the longitudinal relaxation
process even in the slow motion limit.

3.1.3. Slow Motion Limit. For biological macromolecules or
medium-sized molecules at very high magnetic fields, it is
possible that wot. > 1, which is known as the slow motion
limit. Because now J, > ]| & 4],, R(Z) and RI(IZI) are so much larger
than R{ that their contributions to the observable spectrum are
negligible. As a result, the spectrum once again exhibits a single
Lorentzian line due to RI alone (ie., the QCT signal) having
a full width at half-height (fwhh) of

®)
R 37
Avyy = 17 = mpqz(w]l +56],)
Po\ 1
~(72x1073)[—=) = 16
2% 107 (22 (16

Note that the line width of this QCT signal is now inversely
proportional to 7. This is exactly opposite the situations seen
under the extreme narrowing condition; see eq 13. In the slow
motion limit, the dynamic frequency shift (ppm) of the QCT

signal is given by

&

Aéd = 6obsd _éiso - X 106
2.7'[1/0
P, 2
~ (—6x10°) (—Q> (17)
Vo

where O gpsq is the observed QCT signal position (ppm) and Oy,
is the isotropic chemical shift (ppm). Equation 17 indicates that,
in the slow motion limit, the observed QCT signal always appears
at a lower frequency position from the true isotropic chemical
shift position.

Here it is also important to comment on the motional window
in which the above discussions are valid for the slow motion limit.
Because eqs 16 and 17 are derived from Redfield's relaxation
theory, they are prlicable to slow molecular motions for which
(1/wo)(wo/wq)” > T. > 1/w,, where wy = 271V, and wq =
27Cq. In the context of 70 QCT studies, this window for the
slow motion limit corresponds approximately to 200 ns > 7.>> 1 ns,

dx.doi.org/10.1021/ja1079207 |J. Am. Chem. Soc. 2011, 133, 920-932
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assuming vy = 122 MHz (21.14 T) and Cq = 10 MHz. If the
molecular motion is too slow, hi$h—order effects are expected.®!
3.2. Optimal Resolution in 7O QCT Spectra. If the quadru-
pole interaction is the only relaxation mechanism, eq 16 suggests
that the line width of the QCT signal should decrease monotonically
as T, increases in the slow motion limit. However, for ”O nuclei in
organic and biological molecules, the shielding anisotropy (SA)
interaction may contribute to the transverse relaxation process and
thus the observed line width, especially at high magnetic fields.
Previous studies by Lerner and Torchia® and by Lee and Oldfield®”
have shown the importance of SA contributions to multiexponential
quadrupolar relaxation processes. It is well-known that the SA

contribution to the transverse relaxation can be written as®®
) 2%
Ry = Yy (Psavo)*(8Jo +6J1) (18)

In eq 18, the shielding anisotropy product parameter (ppm, 10~ °),

Pg,, is defined as
_ Nsa®

where Ao and 7)s, are related to the shielding tensor components
(Osw 0y, and 0, defined according to |0,, — Oiso| Z [T — Oiso| =
|0,y — Oiso|) in the following manner:

Op+ 0
Ao = 0 ———= 2 (20)
and
0, — O
yy XX
Msa 0o — O ( )

Hence, if both quadrupole and SA interactions are operative, the
observed line width (and the transverse relaxation rate) in the slow
motion limit becomes

2 2 2
JT JT JT

Q

o (Pa\1
(7.2 x 10 3)(V—Q> T—+1.1(P5Av0)zrc (22)
0 c

It is quite interesting to note that the two terms in eq 22 exhibit an
opposite dependence on the applied magnetic field. Consequently,
for a given molecular system, there exists an optimal magnetic field
strength at which the line width of the QCT signal is the smallest. In
this regard, QCT spectroscopy for quadrupolar nuclei is analogous
to the transverse relaxation optimized spectroscopy (TROSY) type
experiments*™*~®® now commonly used for studying spin-1/2 nuclei
in biological macromolecules. It can be readily shown that the
optimal condition for recording QCT spectra is

5 (7.2 x 1073)Pg *

_,.P
Vo't = ~(81x 107 2= (23)

1. lPSAZ PSA
and the corresponding minimal QCT line width is given by
(AVI/Z)mm ~ OISPQPSA (24)

As seen from eq 23, the optimal QCT condition depends on
the interplay of vy, 7., Pq, and Psa. To illustrate how the line

width of 7O QCT signals depends on the applied magnetic field
strength, we present in Figure 4 the theoretical results for several
typical oxygen-containing functional groups: carbonyl groups
(Pq = 8 MHz and Pss = 500 ppm),'>'*~ % hydroxyl groups
(Pq =10 MHz and P, = 50 ppm),”®” 7% C-nitroso groups (Pq =
16 MHz and Pg, = 1000 ppm),73 and carbon monoxy or nitrosyl
ligands (Pq = 2 MHz and Pgs = 800 ppm).”””* As seen from
Figure 4, within each group, although the theoretical value of
(AV1/2)min is the same, whether it is possible to achieve this
optimal resolution with currently available magnetic field
strength depends critically on 7.. One general trend is that, if
Pgp is small, it is always desirable to employ the highest magnetic
field possible. On the other hand, if both Pq and Pg, are large, it
may become crucial to select the optimal field strength for a given
molecular system to have any chance to observe 'O QCT
signals. Nonetheless, these results strongly suggest that '’O QCT
should be applicable to a wide range of biological macromole-
cules at moderate and high magnetic fields (e.g, >14 T).

3.3. Spectral Intensity and Nutation Behavior of QCT
Signals. It is well-known in the context of solid-state NMR
studies of half-integer quadrupolar nuclei that, when the RF field
is much smaller than the quadrupole interaction (the so-called
selective excitation condition), the relative excitation of the
single-quantum coherences for a quadrupolar nucleus during

the duration of an RF pulse (t,) is given by”>7¢

<Im1, mp— 1)

%)
—I+1

Y
_3WII+1) —my(m— 1
24+ 1D)(2I+1)

) sin(v/I(I+ 1) — my(m; — 1) wget,)
(25)

Consequently, the QCT signal (m; = 1/2) would exhibit a
maximal excitation when

— 1 72 1 )
f = VIO 1) —m(m— 1) ore I+ltp(90) (26)
2

This means that the effective 90° pulse width for the CT signal is
I + 1/2 times shorter than that of a conventional 90° pulse,
t,(90°). In addition, eq 25 also predicts that, after an effective
90° pulse, the relative spectral intensity of the CT signal is

CT
_1+1< b 41(13+ ) @)
<Iﬂju mr—1
MIXZII o

For spin-5/2 nuclei such as "0, eq 27 suggests that the
maximum CT signal generated by a single RF pulse is only
3/35 ~ 8.6% of the total signal intensity under the selective
excitation condition. The situation in QCT spectroscopy in the
slow motion limit is analogous to the solid-state case. Thus,
eqs 25—27 are also true for liquid samples in the slow motion
limit, as first experimentally demonstrated by Butler and
Eckert.>* It is also interesting to point out that, if the CT signal
were detected by continuous-wave (CW) NMR, the CT signal
intensity would be 9/35 & 25.7% of the total signal intensity,
3 times larger than that observed by the pulsed NMR method.
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(o) values are listed here: 67.8 MHz (11.75 T), 81.4 MHz (14.1 T), 101.7 MHz (17.6 T), 108.5 MHz (18.8 T), and 122.0 MHz (21.14 T).

4. RESULTS AND DISCUSSION

Figure S shows the '’O QCT NMR spectra of a ternary
complex consisting of ovotransferrin, AP, and [0, oxalate in
aqueous solution. Ovotransferrin (OTf) belongs to a family of
iron-binding proteins known as transferrins. OTf s a single-chain
80 kDa glycoprotein consisting of two homologous N- and
C-lobes. Each OTf molecule is also capable of binding two
AP’" cations and two synergistic anions (e.g., carbonate or
oxalate) with high affinity (K3~ 10~ "> M).”” It can be seen from
Figure 5 that, in the presence of excessive oxalate ligands, both
free and protein-bound oxalates were observed in the '”O NMR
spectra. After ultrafiltration treatment, the very strong '’O NMR
signal from free oxalate ligands, 5(*”O) = 263 ppm, was success-
fully removed, leaving behind only those from protein-bound
oxalate ligands. It is also important to point out that, while the
resonance position (ppm) of the free ligand signal is invariant as a
function of the applied magnetic field, the apparent resonance
positions (ppm) of the QCT signals do change as a function of
the applied field due to the presence of dynamic frequency shifts,
as explained in the Theory section; see eq 17. Another way to
identify QCT signals is to examine the nutation behavior as
shown in Figure 6. Here the 7O QCT signals from protein-
bound oxalate ligands reach a maximum at ~6 us, 3 times shorter
than the 90° pulse width measured for the water signal, t,(90°)
18 us. This observation is in agreement with that predicted by
eq 26. Similar nutation behaviors have been previously reported
in QCT studies.***®

To obtain accurate '”O chemical shifts for the protein-bound
ligands, we need to perform 70 QCT experiments at multiple
magnetic fields. Figure 7 shows the results from such QCT
experiments for OTf—Al—['"0O,]oxalate at three magnetic
fields, 11.74, 14.09, and 21.14 T. Also shown in Figure 7 are
the 7O QCT results for a pyruvate kinase—Mg—ATP—
['704]oxalate complex. PK is a tetramer consisting of four equal
subunits of a total molecular mass of ca. 240 kDa. Both Mg®" and
K" are required as cofactors for optimal PK activity. In the
presence of ATP, oxalate is known to bind tightly to PK.”® In fact,
a crystal structure of the PK—Mg—ATP—oxalate complex has
been reported.”” As seen clearly from Figure 7b,d, the resonance
positions of the '’O QCT signals change as a function of the
applied magnetic field in a way predicted by eq 17. That is, the
resonance position (ppm) of a QCT signal changes linearly with
(1/v4)* Thus, the true '”O chemical shift, 9., and the quad-
rupole product parameter, Pq, can be determined from the
y-intercept and the slope of each of the straight lines, respectively;
see Figure 7. From such an analysis, we obtained the values of 0,
and Pq for each of the four oxygen sites of the protein-bound
oxalate ligand. The results are summarized in Table 1, and the
detailed experimental values are provided in the Supporting
Information. We should point out that, although the homologous
N- and C-lobes of OTf in the complexed form are slightly
different, as seen in their "*C and *’Al NMR spectra,® we have
observed only one set of 'O QCT signals in OTf—
Al—["70,]oxalate. This is not totally unexpected because the
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Figure 5. Experimental 7O NMR spectra of OTf—Al—["O,]oxalate
in aqueous solution before and after ultrafiltration (3 kDa cutoff
membrane) at (a) 14.09 T and (b) 21.14 T. The protein concentration
was 1.5 mM. Number of transients and total experimental time (given
in parentheses) for collecting each spectrum: (a) before ultrafiltration,
0.86 x 10° transients (14 h); after ultrafiltration, 2.00 x 10° transients
(8 h); (b) before ultrafiltration, 0.18 x 10° transients (6 h); after ultra-
filtration, 0.71 x 10° transients (3 h). Different recycle delays ranging
from S to 100 ms were used in collecting the above spectra.
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Figure 6. Dependence of the integrated '”O NMR signal intensity on
the excitation pulse width observed for OTf—Al—['70,]oxalate (QCT
signal) and for a liquid H,O sample at 14.09 T. The RF field strength,
w,/27, was 13.9 kHz.

resolution in the present 'O QCT NMR spectra (fwhh ~
6 ppm at 21.14 T) is not sufficient to resolve sites that may differ by
only 1—2 ppm. Similarly, the four subunits in the functional PK
tetramer may also be slightly different. Again, we have observed
only one set of 7O QCT signals in PK—Mg—ATP—["70,]-
oxalate in aqueous solution. In light of this observation, it is
perhaps not so useful to uniformly label a protein by 'O (even
when this may become feasible in the future). Rather, the true

advantage of 7O QCT is in cases where either specific amino
acid residues in a protein or a ligand that is bound to a protein can
be selectively labeled by 0.

As seen from Figure 7, the spectral resolution generally
improves with an increase of the applied magnetic field strength.
For example, at 21.14 T, four well-resolved 70 NMR signals
were observed for the protein-bound oxalate ligand, indicat-
ing that the four oxygen atoms within each oxalate molecule
experience a quite different chemical environment (vide infra).
This kind of spectral resolution for 7O NMR has never been
achieved before in the context of biological macromolecules. The
0 QCT spectra of PK—Mg—ATP—["70,]oxalate shown in
Figure 7c deserve further commenting. In this particular protein
sample, we deliberately kept a small amount of free ['”O,]oxalate
ligands. As seen from Figure 7c, the 70 QCT signals from the
protein—ligand complex at all three magnetic fields exhibit line
widths comparable to (or even narrower than in some cases)
those observed for the free oxalate ligand. This is quite remark-
able considering the fact that the PK—Mg—ATP— ['70,]oxalate
complex (~240 kDa) is nearly 3000 times larger than a free
oxalate ligand (88 Da). This illustrates the advantage of '"O
QCT spectroscopy in studying macromolecules.

Another source of information from '”O QCT spectra is the
observed line width as a function of the applied magnetic field.
Figure 8 shows the experimental results for OTf—Al—[""0,]-
oxalate and PK—Mg—ATP—[17O4]0xalate complexes at three
magnetic fields. It is interesting to note that, while the line width
(Hz) of the QCT signals for OTf—Al—oxalate generally de-
creases with an increase of the applied magnetic field, it does not
decrease nearly as fast as one would expect on the basis of eq 16.
Furthermore, the line width of the 7O QCT signals from PK—
Mg—ATP— ['70,]oxalate reaches a minimum at 14.09 T. These
observations immediately suggest that '’O SA interactions must
be important in both of these systems. We were able to fit the
general trends by using eq 22 with an additional constant of
100 Hz that accounts for other field-independent contributions
(such as field inhomogeneity and "H—""0 dipolar interactions)
to the observed line width. Such an analysis yielded the SA product
parameter, Pg,, and the molecular rotational correlation time, 7,
for both OTf—Al—oxalate and PK—Mg—ATP—oxalate. These
results are also given in Table 1. For OTf—Al—oxalate, we found
a 7. value of 65 % 10 ns at 298 K. This is in reasonably good
agreement with those determined by Vogel and colleagues.® For
PK—Mg—ATP—oxalate, the molecular tumbling is much
slower, 7. = 180 & 10 ns, in qualitative agreement with the
10~ s that is expected from the Stokes—Einstein relation for
PK—Mg—ATP—oxalate (ca. 240 kDa) in aqueous solution. It is
interesting to note that, while the optimal 'O QCT condition
for OTf—Al—oxalate (7. = 65 ns) is above 21.14 T, it occurs near
14.09 T for PK—Mg—ATP—oxalate (7. = 180 ns). Thus, the
experimental observations shown in Figure 8 resemble somewhat
the 7. dependence illustrated in Figure 4a. These 7. values also
strongly suggest that the oxalate ligand is tightly bound to the
protein in both complexes without any ligand exchange or local
flexible motion.

As we have determined the 7. values for OTf—Al—oxalate and
PK—Mg—ATP—oxalate, we are able to characterize quantita-
tively the molecular motions in these systems. At 14.09 T, for
example, w,T. is equal to 33 and 92 for OTf—Al—oxalate and
PK—Mg—ATP—oxalate, respectively. Indeed these systems are
safely in the slow motion region. More generally, if we choose
WoT. = 10 as a criterion for the slow motion limit, simple
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Figure 7. Experimental (upper traces) and best fitted (lower traces) 70 QCT spectra and the associated data analysis for (a, b) OTf—Al-["70,]-
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calculations suggest that '’O QCT spectroscopy is applicable to
any macromolecular system with 7. = 20 ns at 14.09 T. Of
course, with higher magnetic fields, macromolecules suitable for
70 QCT studies can be easily extended to 7. < 20 ns. This means
that '”O QCT spectroscopy should be applicable to a wide range
of biological macromolecules with currently available moderate
and ultrahigh magnetic fields.

In "0 QCT spectroscopy, since the line width of QCT signals
depends critically on 7, any factor that may change the value of 7.
for a particular system will have some impacts on the quality of
QCT spectra. In the discussion that follows, we examine two of

928

these factors: temperature and solvent viscosity. These factors
were first investigated in the context of QCT studies by
Andersson et al.*' and by Butler and Eckert.** Figure 9 shows
the 7O QCT spectra obtained for an avidin—['7O, ]biotin
complex in aqueous solution at different temperatures. The
signal at 275 ppm is due to the free biotin ligands in solution,
whereas the signal at 220 ppm is originated from the protein-
bound biotin ligands. As expected, as the temperature of the
sample decreases (giving rise to a longer 7,.), the line width of the
signal from free biotin ligands increases substantially. This is
because free biotin ligands are under the extreme narrowing

dx.doi.org/10.1021/ja1079207 |J. Am. Chem. Soc. 2011, 133, 920-932
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Table 1. Experimental '’O NMR Parameters and Molecular Rotational Correlation Times Determined for Two Protein—Ligand

Complexes in Aqueous Solution

system O atom Oiso/PPm Po/MHz Psa/ppm T./ns
OTf—Al—["70,]oxalate 01 283 +1 7.8540.05 550450 65+10
02 275+1 7.62£0.05 550+ 50 65410
03 231+1 6.08 £ 0.05 450+ 50 65+10
04 22+1 6.14£0.05 450450 65+10
PK—Mg—ATP—["70,]oxalate 01 203+1 8.42+0.05 450450 180+ 10
02 25841 7.38 £ 0.05 410450 180+ 10
03 24341 6.92+0.05 410450 1804+ 10
04 28+1 6.65+0.05 410450 1804+ 10
(a) 2500 l free
— 2000 1 01,02 protein-bound
N
I
£
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Ke}
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Figure 8. Experimental (data points) and calculated (lines) results of
the averaged 'O QCT line width as a function of the applied magnetic
field for (a) OTf—Al—[""O,]oxalate and (b) PK—Mg—ATP—['70,]-
oxalate. All experiments were performed at 298 K.

condition; see eq 13. In contrast, the 70 QCT signal from
protein-bound biotin ligands becomes narrower with a decrease
in temperature, because the protein—ligand complex is in the
slow motion limit; see eq 16. As a result, the relative intensity of
the QCT signal increases dramatically at low temperatures. This
illustrates that it is preferable, in general, to perform QCT
experiments at low temperatures. Of course, for proteins in
aqueous solution, the operating temperature range is rather
limited. Figure 10 shows the 'O QCT spectra obtained for
the same PK—Mg—ATP—[""0,]oxalate complex in pure aque-
ous solution and in 20% (v/v) glycerol/water solution. In the
aqueous solution, a large signal arising from the free oxalate

T T T T

350 300 250 200 ppm
Figure 9. Experimental variable-temperature 7O NMR spectra of the
avidin—["7O, ] biotin complex in aqueous solution. The protein concentra-

tion was 1 mM. All spectra were recorded at 14.09 T. For each spectrum, a
total of 0.22 x 10° transients were recorded with a recycle time of 10 ms.

l free
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——

20% (Vi)
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T T T T T T T
330 300 270 240 210 180 150 ppm

Fi;ure 10. Experimental 7O NMR spectra of PK—Mg—ATP—
['"O,]oxalate in different solvents. All experiments were performed at
298 K. The protein concentration was 0.3 mM. Number of transients
and total experimental time (given in parentheses) for collecting each
spectrum: in water, 1.4 X 10° transients (5.8 h); in 20% (v/v) glycerol/
water, 2.4 x 10° transients (10 h).
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Gly 296

Figure 11. Partial crystal structures of (a) OTf—Al—oxalate and (b) PK—Mg—ATP—oxalate to illustrate the oxalate binding environment. For the sake
of clarity, the following axial ligands are omitted: Tyr 188 and Asp 63 at the Al center in (a) and Glu 271 and y-phosphate at the Mg center in (b). See the

text for a discussion.

ligands was observed at 263 ppm, in addition to the four QCT
signals from the protein-bound oxalate ligands. In the 20% (v/v)
glycerol/water solution, however, the signal from free oxalate
ligands is broadened beyond detection, whereas the QCT signals
remain essentially unchanged. This suggests that 7. for free
oxalate ligands is increased substantially on going from aqueous
to 20% glycerol/water solution, leading to significant line broad-
ening as predicted by eq 13. For the PK—Mg—ATP—
oxalate complex, however, because the dependence of the
QCT line width on 7, is rather shallow at large 7. values, as seen
in Figure 8b, the addition of 20% glycerol has only a minimal
effect on the observed QCT line width. Therefore, one can utilize
this large discrepancy in 7, values to “filter out” signals from small
molecules (i.e., spectral editing). These results illustrate that both
temperature and solvent viscosity can be used either for achieving
optimal resolution or for spectral editing. In princi7p1e, one may
also use multiple-quantum filtering experiments***” to eliminate
signals from small molecules, but the sensitivity of that experi-
ment may not be sufficient to be useful for studying biological
macromolecules.

Now that we have demonstrated '’O QCT spectroscopy and
determined new 'O NMR parameters for protein-bound
ligands, we turn our attention to the interpretation of these
new '’O NMR parameters and their relationships to chemical
bonding and molecular structure. The fact that a common ligand,
oxalate, was used in OTf—Al—oxalate and PK—Mg—ATP—oxalate
allows us to analyze results from both complexes together. Figure 11
shows the oxalate binding environment in OTf—Al—oxalate and
PK—Mg—ATP—oxalate complexes. While the structure for PK—
Mg—ATP—oxalate is based on a genuine crystal structure (PDB ID
1AUS),” the structure for OTf—Al—oxalate is constructed by first
replacing the Fe" center in the crystal structure of human serum
transferrin—Fe®* —oxalate (PDB ID 1RYO)®' by AI*" and then
performing partial geometry optimization for the oxalate ligand as
described previously by us.** The overall structures around the
oxalate binding site in these two very different proteins are
remarkably similar. In both cases, the oxalate ligand is bound to a
metal center in the bidentate mode. For convenience, we refer to the
two oxygen atoms of the oxalate ligand that are bound to a metal
center as the “coordination end” and the other two oxygen atoms as

the “open end”. On the basis of our previous knowledge about the
relationship between 'O NMR parameters and chemical bonding
(ie, metal—ligand and hydrogen-bonding interactions)® and the
trend reported by Wong et al.** for some simple oxalate—metal
systems, we can easily assign O; and O, to the open end and O3 and
04 to the coordination end of the oxalate ligand. As seen from
Figure 11, in both complexes, one of the two oxygen atoms within
the coordination end, O4, is involved in a very strong hydrogen
bond, in addition to the metal—ligand interaction. In particular,
while in OTf—Al—oxalate O4 is hydrogen bonded to a water
molecule with an O4- - - O,, distance of 2.88 A, 04 in PK—Mg—
ATP—oxalate is hydrogen bonded to the NH; " group from Lys
269 with an O4- - N distance of 2.53 A. These strong hydrogen-
bonding interactions cause a small reduction in both &y, and Pq for
04 as compared with those for O3. Interestingly, the two oxygen
atoms within the open end of the oxalate also experience different
hydrogen bonding interactions. In OTf—Al—oxalate, O1 is strongly
hydrogen bonded to the side chain of Arg 124 (ro...n = 2.66 A),
but O2 is involved in two hydrogen bonds (rg...o = 2.80 A and
ro-..n=2.75A). As aresult, O2 exhibits slightly smaller 5, and Pq
than does O1. In PK—Mg—ATP—oxalate, the structural difference
between O1 and O2 is even larger. In particular, while O2 is involved
in two hydrogen bonds (rq...o =244 Aand ro...y=3.01 A), O1
is free of any hydrogen-bonding interaction. Therefore, O1 and O2
in PK—Mg—ATP— oxalate have quite different 0y, and Pq values.
It is also interesting to note the hydrogen-bonding difference
between the two O2 atoms in the two complexes. Although both
02 atoms are involved in two hydrogen bonds, O2 in PK—Mg—
ATP—oxalate is involved in a very strong hydrogen bond to the side
chain of Thr 327 (ro...o0 = 244 A). This explains why O2 in
PK—Mg—ATP—oxalate has 0y, = 258 ppm, a value that is smaller
than that of O2 in OTf—Al—oxalate by 17 ppm. In general, it is well-
known that the stronger the hydrogen bonding interaction that an
oxalate oxygen atom is involved in, the smaller the values of its J;,
and PQQ In fact, there exists a correlation between O, and Pq
observed for the oxalate ligands as shown in Figure 12. This type of
correlation has been found before in carbonyl compounds.”™ We
also note that the '’O NMR parameters obtained in this study for
OTf—Al—oxalate in aqueous solution are in excellent agreement
with those measured from our recent solid-state 7O NMR study.”
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Figure 12. Correlation between experimental 7O quadrupole product
parameters (Pq) and isotropic chemical shifts (0;s,) observed for oxalate
ligands bound to OTf and PK. The data are given in Table 1.

This suggests that OTf—Al—oxalate adopts the same structure
in both solution and the solid state. The data shown in Figure 12
also illustrate the remarkable sensitivity of '’O NMR para-
meters toward chemical bonding. Depending on the actual
chemical environment, 05, and Pq for an oxalate oxygen atom
can vary by 65 ppm and 2.35 MHz, respectively. Recently, we
have shown that one can use solid-state '”O NMR parameters
to refine the molecular structure for a protein-bound ligand.**
Similarly, we may also use '’O NMR parameters obtained from
QCT spectroscopy for structural refinement.

5. CONCLUSION

In this study, we have shown that QCT spectroscopy is a
general method of obtaining high-resolution '”O NMR spec-
tra for lar%e protein—ligand complexes in aqueous solution.
From the 'O NMR point of view, because most proteins are
in the slow motion limit at moderate or high magnetic fields
(ca. >14 T), we anticipate that '’O QCT NMR will become a
standard technique for studying biological macromolecules in
aqueous solution. Another important issue is the overall
sensitivity of '’O QCT NMR experiments. Here we have
demonstrated that '"O-labeled ligands at an approximately
30% 'O enrichment level can be detected in protein—ligand
complexes of 240 kDa with <1 mM protein concentrations.
With a combination of higher '’O enrichment (e.g., 90%),
longer acquisition times (e.g., 24 h), and ultrahigh magnetic
fields (e.g., 21 T), the upper limit of the molecular size suitable
for O QCT can be readily increased to 400—500 kDa.
Potentially, '’O QCT may also be used for probing ligand
exchange processes in aqueous solution. We should also
emphasize that, although protein—ligand complexes are used
as examples in this study, applications of this QCT approach
to other biological macromolecules can be easily envisioned.
For future '”O QCT studies of biological macromolecules, the
main challenge lies in the development of synthetic methods
that allow labeling of a particular functional group within
biological macromolecules with '7O. It is a truly exciting
prospect if all common elements found in biological macro-
molecules, H, C, N, P, and O, can be equally accessible by
NMR spectroscopy. We believe that this work represents an
important step toward this general goal.
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