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A resonant enhancement of the water-'H relaxation rate at three distinct frequencies in the range 0.5-
3 MHz has been observed in a variety of aqueous biological systems. These so-called quadrupole (Q)
peaks have been linked to a dipolar flip-flop polarization transfer from 'H nuclei to rapidly relaxing
amide *N nuclei in rotationally immobilized proteins. While the Q-peak frequencies conform to the
known amide N quadrupole coupling parameters, a molecular model that accounts for the intensity
and shape of the Q peaks has not been available. Here, we present such a model and test it against an
extensive set of Q-peak data from two fully hydrated crosslinked proteins under conditions of variable
temperature, pH and H/D isotope composition. We propose that polarization transfer from bulk water
to amide "N occurs in three steps: from bulk water to a so-called intermediary proton via material dif-
fusion/exchange, from intermediary to amide proton by cross-relaxation driven by exchange-mediated
orientational randomization of their mutual dipole coupling, and from amide proton to N by resonant
dipolar relaxation ‘of the second kind’, driven by '“N spin fluctuations, which, in turn, are induced by
restricted rigid-body motions of the protein. An essentially equivalent description of the last step can
be formulated in terms of coherent 'H — *N polarization transfer followed by fast '*N relaxation. Using
independent structural and kinetic information, we show that the Q peaks from these two proteins
involve ~7 intermediary protons in internal water molecules and side-chain hydroxyl groups with resi-
dence times of order 10~ s. The model not only accounts quantitatively for the extensive data set, but
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also explains why Q peaks are hardly observed from gelatin gels.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

When a spin I = 1/2 nucleus is dipole-coupled to a rapidly relax-
ing spin S > 1 nucleus with a static residual quadrupole coupling,
enhanced I-spin relaxation is observed at I-spin Larmor frequencies
matching an eigenfrequency of the static S-spin Hamiltonian. This
resonant cross-relaxation phenomenon has been widely exploited
for structural and dynamic studies of solids and liquid crystals [1-
8]. When observed against the background of the field-dependent
longitudinal I-spin relaxation, the resonant enhancement of the I-
spin relaxation induced by the S spin is commonly referred to as
a quadrupole peak (Q peak, QP) in the relaxation rate or as a quad-
rupole dip in the relaxation time.

For biological systems, Q peaks were first observed in protein
powders and attributed to 'H-'*N spin pairs [9], which were also
thought to be of critical importance for the background 'H relaxa-
tion dispersion from aqueous biological systems, including tissues
[10-12]. The latter idea was refuted by the observation that
14N - >N substitution removes the Q peaks but has little effect
on the background dispersion [13]. Subsequently, '"H-'*N Q peaks
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from a wide range of biological systems have been reported by sev-
eral groups [13-19]. Under resonant conditions, the N spins can
evidently act as a relaxation sink not only for protein protons but
also for the water-'H magnetization, even in systems with high
water content, as long as the protein component is immobilized
on the time scale of the inverse static '“N quadrupole coupling.
Current interest in ‘biological’ Q peaks is fuelled by potential appli-
cations in cell biology, e.g. for monitoring protein immobilization
in vivo [18,19], and by the quest for new contrast modalities in
clinical MRI [20]. To realize the full potential of the QP phenome-
non in these areas, a thorough understanding of the underlying
mechanism is needed.

Although the QP phenomenon has been analyzed theoretically
from different perspectives [3,7,9,13,15,21-23], the detailed molec-
ular mechanism of the ubiquitous '"H-'#N Q peaks in biological sys-
tems has not been established. The positions of the Q peaks can be
accurately predicted from the principal components of the 1N resid-
ual quadrupole tensor, but arigorous theory that can also predict the
intensities (absolute and relative) and the width and shape of the Q
peaks has not been available. By *N — >N substitution, Kimmich
and coworkers convincingly demonstrated that '“N spins are
responsible for the Q peaks [13]. Furthermore, a comparison of Q-
peak frequencies with '“N quadrupole coupling constants from
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NQR [24] or MAS NMR [25] studies of crystalline materials unambig-
uously identified the relaxation sinks as amide rather than amino
nitrogens [11]. It is also clear that polarization transfer from 'H to
14N involves dipolar flip-flop transitions under level-matching con-
ditions. However, several key aspects of the mechanism remain ob-
scure. (1) How many steps are required to transfer water-'H
polarization to *N? (2) Which protons act as intermediates along
this pathway? (3) By what mechanism is magnetization relayed be-
tween protons in the different steps of the pathway: dipolar cross-
relaxation, spin diffusion or material exchange? (4) If "TH-'H cross-
relaxation is involved, what motion modulates the dipole coupling?
(5) How should the final 'H — N polarization step be described, as
a coherent process [3] or as a motionally induced cross-relaxation
[9]? (6) In the latter case, what is the motion? Several tentative an-
swers have been given to most of these questions, but a complete
model has not been presented that quantitatively accounts for the
Q peaks in any biological system.

To elucidate the mechanism of 'H-'“N Q peaks in aqueous biolog-
ical systems, we use as model systems the proteins bovine pancre-
atic trypsin inhibitor (BPTI) and mammalian ubiquitin (mUb),
chemically crosslinked by glutaraldehyde [26,27] at a protein con-
centration of ~10% (3000-4000 water molecules per protein mole-
cule). These proteins have been extensively characterized with
respect to structure [28,29], labile-hydrogen exchange [30-34],
internal water exchange [35-37] and external hydration dynamics
[38]. We present an extensive set of QP data from these model sys-
tems, including variable temperature and pH, and H — D substitu-
tion in the protein or water component. We also present QP data
from a gelatin gel.

After extracting the Q peaks from the low-frequency water-'H
magnetic relaxation dispersion (MRD) profile measured with the
field-cycling technique (Sections 2 and 3), we analyze the QP data
in a model-independent way in Section 4. Guided by the results of
this analysis, we then develop a detailed model and show that it ac-
counts quantitatively for the observations (Section 4). A key role in
the model is played by so-called intermediary protons in internal
water molecules and/or hydroxyl groups, the exchange of which is
responsible for the first two steps in the magnetization transfer
pathway: material exchange from bulk water to intermediary pro-
ton and dipolar cross-relaxation between the intermediary and
amide protons, driven by exchange-mediated orientational random-
ization (EMOR) of the dipole coupling. The last step of the mecha-
nism is dipolar relaxation ‘of the second kind’ of the amide proton,
driven by "N spin fluctuations in a process that is closely analogous
to paramagnetic 'H relaxation enhancement by a static zero-field
splitting in the low-field and slow-tumbling limits [22,39-45]. In
Appendix A, we demonstrate that the alternative view of this step
as a coherent 'H — "N polarization transfer [3,5] followed by fast
14N relaxation is essentially equivalent to the former picture of dipo-
lar 'H relaxation driven by '“N spin fluctuations.

2. Materials and methods
2.1. Sample preparation

Bovine pancreatic trypsin inhibitor (BPTI, trade name Trasylol®,
batch 9104, 97% purity by HPLC) was obtained from Bayer Health-
Care AG (Wuppertal, Germany). To remove residual salt, the pro-
tein was exhaustively dialyzed against Millipore water (Millipore,
Billerica, MA) and lyophilized. Mammalian ubiquitin (mUb) was
expressed in Escherichia coli and purified to >99% as described
[37]. Deuterated mUDb (d-mUb) was expressed in a D,0-based min-
imal medium with glucose as the only carbon source and purified
in the same way as unlabeled mUb. Analysis of 'H spectra showed
that 83% of the non-exchangeable protein protons were substi-

tuted by deuterons [46]. Lyophilized protein was dissolved in
ultrapure H,O (Fluka Biochimika), in 75 mM PIPES (piperazine-N-
N'-bis[2-ethane-sulfonic acid]) buffer (Sigma-Aldrich, St. Louis,
MO) in H,0, or in mixtures of H,O and 99.9% D,0 (Spectra Stable
I[sotopes, Columbia, MD). Prior to NMR experiments on mixed-sol-
vent samples, 10-12 days were allowed for H — D exchange with
the protein. Solution pH was adjusted by pl additions of HCl or
NaOH, followed by centrifugation. The protein concentration was
determined before crosslinking by complete amino acid analysis
(performed at the Amino Acid Analysis Center, Dept. of Biochemis-
try and Organic Chemistry, Uppsala University, Sweden) or by
absorbance at 280 nm. The protein was crosslinked by addition
of ice-cold 25% glutaraldehyde (GA) solution (MP Biomedicals
Inc., Solon, OH) as described [37]. Table 1 shows the composition
of all samples examined by 'H MRD.

The bifunctional crosslinking reagent GA has been widely used
for protein immobilization [26]. GA reacts primarily with lysine
(and N-terminal) amino groups [27], forming stable crosslinks by
a mechanism that has not been firmly established [26]. The GA/ly-
sine stoichiometry of the reaction is reported [47] to be ~4 and Nga
was chosen to allow essentially all amino groups in BPTI (5) and
ubiquitin (8) to participate in crosslinks. The amino groups are
fairly uniformly distributed over the protein surfaces.

Gelatin type B from bovine skin was used as supplied by Sigma
(product no. G9382). The amino acid composition of this prepara-
tion has been reported [48] and the average molecular weight is
~50 kDa, corresponding to ~550 residues. The physical gel was
prepared by cooling from 60 °C as described [48].

2.2. Relaxation measurements

The water-'H longitudinal relaxation rate, R;, was measured
from 5 kHz to 600 MHz using seven different NMR spectrometers
[37]. A dense frequency sampling was used in the range, 1.5-
3.6 MHz, of the Q_ and Q. peaks and, in some cases, in the range,
0.4-1.5 MHz, of the Qg peak. The R, data in the QP range were mea-
sured on a 1T Stelar fast-field-cycling instrument with polariza-
tion at 40 MHz and detection at 16.6 MHz, a field switching time
of 3 ms, and a 90° pulse length of 6.1 pus. The polarization and
recovery times were set to 4 T; and the number of accumulated
transients was 8 for all samples except B4, where either 4 (B4a-
c) or 20 (B4d) transients were used. The sample temperature was
maintained at 20.0 = 0.1 °C, except for sample B3 where it was var-
ied from 5.0 to 60.0 °C.

2.3. Data treatment

The measured longitudinal relaxation rate, R;, of the bulk-
water-'H resonance consists of a background contribution, R?,

Table 1
Sample composition.
Label Protein pH T (°C) X? Nw® NeaS
B1 BPTI 4.2 20 1 3058 22
B2 BPTI 5.14 20 1 2956 21
B3 BPTI 43 5-60 1 4193 34
B4a BPTI 4.2 20 1 3253 26
B4b BPTI 43 20 0.550 3506 28
B4c BPTI 43 20 0.267 3616 29
B4d BPTI 43 20 0.199 3921 30
U1 mUb 5.34 20 1 3795 27
U2 d-mUb 5.34 20 1 4286 31
2 Atom fraction H in solvent.
b Water/protein mole ratio.
¢ GA/protein mole ratio.
d

Buffer present.
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and a QP contribution, R, due to polarization transfer to amide '*N
nuclei in the protein,

Ri(wo) = R} (o) + R (o) (1)

The QP contribution was obtained by subtracting the background
contribution from the measured R; at each frequency. The function
R?(wo) was constructed from a multi-Lorentzian fit to R; data in the
frequency range 0.1-50 MHz, excluding the narrow intervals of the
Q peaks (Fig. 1a). All QP relaxation rates were scaled to the same
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Fig. 1. R, data for BPTI, sample B3 at 10 °C. (a) Multi-Lorentzian fit to background
dispersion (O), excluding data in the QP ranges (x). (b) Gaussian and (c) Lorentzian
fits to the Q peaks.

water/protein mole ratio, Ny =3000, using the proportionality
RY o 1/Nyw (Section 5.1).

To characterize the Q peaks, the RlQ data were fitted to a sum of
2 or 3 Gaussians (Fig. 1b)

R(v0) =Y C,(2n0) " exp H (2 ”ﬂ @)

Ou

the Q peaks being labeled with « = 0, — and + in order of increasing
frequency (Fig. 1). Each Q peak was thus characterized by three
parameters: (1) the peak frequency v,, (2) the FWHM peak width,
Ay=2 0, (2 In2)'?, and (3) either the integrated peak intensity
C, or the peak amplitude Ca(2na§)’”2. In most cases, the frequency
sampling was not sufficiently dense to fit the small Qo peak.
Lorentzians fits to the Q peaks were less satisfactory (Fig. 1c). All fits
were performed with Marquardt-Levenberg least-squares minimi-
zation [49]. The powder averages required to fit the model to the
RY data were computed numerically with the ZCW scheme [50].

3. Observations

The QP relaxation rate, R?(coo), was determined by subtracting
the monotonic background relaxation dispersion from the mea-
sured R; (Section 2.3). The Q peaks were characterized in terms
of peak frequency (v,), integrated peak intensity (C,) and FWHM
peak width (4,), determined from Gaussian fits (Section 2.3). QP
data were obtained for two crosslinked proteins, BPTI and mUb,
under variable conditions of temperature, pH and H/D isotope
composition of the protein and solvent (Table 1).

3.1. Temperature dependence

The temperature dependence of the Q peaks was examined for
BPTI from 5 to 60 °C. Over this range, the Q_ and Q. peak frequen-
cies decrease linearly by 2.5% (Fig. 2a). The Qg peak was only sam-
pled sufficiently densely to allow a Gaussian fit at three
temperatures (10, 20 and 45 °C). At these temperatures, vy con-
forms to within 5% with the theoretical expectation that
Vo = v+ — v_ (Section 4.1). The linewidths do not show a significant
temperature dependence (Fig. 2c). The Q__ and Q. peaks have sim-
ilar widths, while Qg is more narrow: 4y=0.18%0.02,
A_=0.47 £0.02 and 4, =0.42 +0.01 MHz in the 10-45 °C range.
The integrated peak intensity varies nonmonotonically, with a
weak minimum near 20°C and a weak maximum near 50 °C
(Fig. 2b). The Q_ and Q. intensities have the same temperature
dependence. Averaged over the range 10-45 °C, the peak intensi-
ties are Cp = 0.10, C_=0.65 and C, = 0.82 MHz s~ .

3.2. pH dependence

The pH dependence of the Q peaks was examined for BPTI
(Fig. 3 and Table 2). Upon increasing pH from 4.2 to 5.1, we observe
a slight (20-30 kHz) upshift of the peaks and a more significant
~20% reduction of the integrated intensity of the two peaks.

3.3. Solvent H — D substitution

The effect on the Q peaks of partial H — D substitution in the
water solvent and the labile hydrogens in the protein was exam-
ined by studying BPTI in H,O/D,O solvent mixtures with the pro-
ton fraction, Xy, varying from 0.20 to 1.00. H —» D substitution
has no significant effect on the peak frequencies (Fig. 4a),
v_=2.069 £ 0.006 and v. = 2.764 + 0.004 MHz, or on the linewidths
(Fig. 4c), A_=0.46 £ 0.02 and 4. = 0.40 + 0.03 MHz. In contrast, the
Q-peak intensities are gradually reduced towards zero as protons
are replaced by deuterons (Fig. 4b), consistent with previous re-
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Fig. 2. Temperature dependence of (a) frequency, (b) integrated intensity, and (c)
FWHM width of the Q_ and Q. peaks from BPTI sample B3.

ports of reduced Q-peak intensity on H,O — D,0 substitution at
lower water content [13,14,17].

3.4. BPTI versus mUb

Fig. 5 compares the Q peaks from BPTI (sample B2) and mUb
(sample U1) at similar pH values. As in the other figures, these
R} data have been normalized to the same water/protein mole ra-
tio, Ny = 3000, but mUb is a larger protein than BPTI (8.6 versus
6.5 kDa) and has 40% more protonated amide nitrogens (80 versus
57). Despite these differences, the Q peaks from the two proteins

2.0 | T

v, (MHz)

Fig. 3. Q_ and Q. peaks from BPTI at pH 4.2 (sample B1, ¥) and pH 5.1 (sample B2,
A) with Gaussian fits (curves).

Table 2

Parameter values from Gaussian fits to the Q__ and Q. peaks.
Parameter BPTI pH 4.2 BPTI pH 5.1 mUb d-mUb
v_ (MHz) 2.087(6) 2.103(4) 2.095(4) 2.104(4)
C_(MHzs™') 0.53(3) 0.41(2) 0.40(2) 0.43(2)
A (MHz) 0.45(1) 0.40(1) 0.38(1) 0.43(1)
v. (MHz) 2.777(4) 2.809(3) 2.786(2) 2.780(3)
C, (MHz s71) 0.68(2) 0.56(1) 0.59(1) 0.55(1)
A, (MHz) 0.38(1) 0.36(1) 0.36(1) 0.40(1)

Uncertainty in last digit (one standard deviation) given within parentheses.

are nearly superimposed and the small differences in the Gaussian
parameters are hardly significant (Table 2).

3.5. Protein H — D substitution

We also examined a partially deuterated form of mUb, with 83%
of the nonlabile protons replaced by deuterons [46], while all the la-
bile hydrogens, including the amide hydrogens, carry protons. The
Q peaks of d-mUb differ very little from those of mUb, the only sig-
nificant difference being a slight suppression of the Q.. peak (Fig. 6).

4. Model-independent analysis
4.1. Q-peak frequencies

There is general agreement that the three Q peaks correspond to
transitions between the three nondegenerate eigenstates of the
static 1*N spin Hamiltonian. Indeed, Kimmich et al. showed that
the Q peaks observed from green algae disappear when the pro-
teins are extensively '°N-labeled [13]. Q peaks are not seen for iso-
tropically tumbling proteins, but require immobilization on the
time scale of the inverse quadrupole coupling (~50 ns), leading
to a static residual quadrupole coupling @q. At the MHz 'H fre-
quencies where the Q peaks occur, the "N Larmor frequency is
only 50-200 kHz so the static '*N spin Hamiltonian is dominated
by the residual quadrupole coupling. To first order in the small
Zeeman coupling, the three N transition frequencies are [9]

Q, = %@Q +4 (3a)
Qo =24 (3b)
where

(q = Scq (4)
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Fig. 4. Dependence on solvent proton fraction, Xy, of (a) frequency, (b) integrated
intensity (normalized to Xy = 1), and (c) FWHM width of the Q_ and Q. peaks from
BPTI samples B4a-d. The significance of the fitted curve in (b) is explained in
Section 4.2.

., 1/2
A= {(@) + (o cos .BLF)Z:| )

Here, wyq is the N quadrupole coupling constant,  is the asymme-
try parameter of the N electric field gradient (EFG) tensor, and Bir
is the angle between the axis of the major principal EFG component
and the By field. Further, won = @o(**N) and S¢ is an orientational
order parameter describing the effect of partial motional averaging
of the EFG by motions on time scales shorter than ~50 ns (see
below).

2.0 |

v, (MHz)

Fig.5. Q and Q. peaks from BPTI sample B2 (A) and from mUb sample U1 (@) with
Gaussian fits (curves).

2.0 I T I I T

v, (MHz)

Fig. 6. Q_ and Q. peaks from mUb (sample U1, ®) and d-mUb (sample U2, O) with
Gaussian fits (curves).

If we identify the peak frequencies v, with the transition fre-
quencies €, then the observed values v_=~~2.1MHz and
v. ~ 2.8 MHz (Table 2 and Fig. 2) yield with Eq. (3a) Vq =~ 3.3 MHz.
Using Eq. (5) with the second term neglected, we also obtain
7 ~ 0.4. These '“N quadrupole parameters are consistent with the
values, Vg =3.0-3.5 MHz and #=0.37-0.42, obtained from NQR
studies of H-bonded amide nitrogens in oligo-glycine crystals at
77 K [24]. In contrast, Vq is only 1.1-1.3 MHz for the a-ammonium
group in amino acids [25], which would yield Q. peaks below
1 MHz. Presumably, the ammonium and guanidinium groups of ly-
sine and arginine side-chains have a similarly small quadrupole
coupling. As previously concluded [11], the observed Q peaks can
be linked to N nuclei in backbone peptide groups and, possibly,
to amide groups in asparagine and glutamine side-chains. Con-
versely, a viable QP model must explain why N in ammonium
and guanidinium groups do not produce Q peaks.

We attribute the weak linear decrease of the Q. peak frequen-
cies with increasing temperature (Fig. 2a) to thermal motional
averaging of the quadrupole coupling. Assuming isotropic (but re-
stricted) motional averaging, so that # is constant, the observed
temperature dependence in the frequencies v. can be linked to
the global order parameter Si. Indeed, for classical small-ampli-
tude harmonic fluctuations, we expect that

3

Se(T) =1 f§<02> =1-—al (6)
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The linear fits shown in Fig. 2a yield a=3.9x 10™* and
4.4 x 104K ! for the two peaks. At 20 °C, this corresponds to
Sc =0.88 and a RMS angular fluctuation of 16 degrees.

The motion responsible for partial averaging of the quadrupole
coupling may occur on any time scale up to ~50 ns. A plausible
candidate is the ‘rocking’ motion of the flexibly crosslinked protein,
which is expected to occur on the nanosecond time scale of free-
protein tumbling. Such restricted rigid-body rotation is a powerful
relaxation mechanism for the N spin. Since both the N Larmor
frequency, von (<100 kHz), and the N quadrupole frequency, Vo
(~3.3 MHz), are small compared to the inverse correlation time,
relaxation is in the extreme motional-narrowing limit. Ignoring
an orientation-dependent factor of order unity, the quadrupolar
relaxation rate is then given by [1,37]

Ro :%(1 —sé>wgrQ :%(552 - 1)@grq (7)

With V¢ = 3.3 MHz, S¢ =0.88 and, say, 7q =7 ns, Eq. (7) predicts a
quadrupolar relaxation time, 1/Rq =3 ps. This order-of-magnitude
estimate is consistent with the general view that the Q peaks are
caused by N nuclei acting as relaxation sinks for the water-'H
magnetization. Indeed, our estimate indicates that “N relaxation
is 5 orders of magnitude faster than the observed water-'H relaxa-
tion (Fig. 1).

Any QP model based on fast '“N relaxation requires a mecha-
nism for polarization transfer from 'H to "¥N. The only plausible
candidate is an energy-conserving flip-flop transition induced by
a 'H-"N dipole coupling [3,9]. This mechanism is only effective
at magnetic field strengths where the 'H Zeeman splitting matches
one of the three '*N splittings, thus accounting for the observed Q-
peak frequencies.

4.2. The amide proton

Since N has a small magnetic moment, only the directly at-
tached amide proton can produce a dipole coupling of the required
strength. To conclusively demonstrate that the amide proton is a
necessary ingredient in the QP mechanism, we measured the Q
peaks from BPTI in H,0/D,0 mixtures with the solvent proton frac-
tion Xy varying from 0.2 to 1 (Fig. 4). Prior to measurements, the
samples were equilibrated for 10-12 days. Although the most dee-
ply buried amide hydrogens in BPTI exchange very slowly [30], all
amide hydrogens close to intermediary protons (in internal waters
or hydroxyl groups; see Sections 4.3 and 5.4) are equilibrated with
the solvent during the 10-12 days that elapsed prior to measure-
ments [31,32].

For the 2H-'“N moiety, level crossing would occur at 'H fre-
quencies higher by a factor y('H)/y(?H) = 6.51 than the observed
Q peaks and polarization transfer (at level crossing) would be a fac-
tor [y(*H)/y(®H)]? = 42.4 slower than for the '"H-1*N moiety. There-
fore, if the amide proton is a necessary part of the QP mechanism,
deuterated amide groups should not contribute significantly to the
observed Q peaks. The integrated Q-peak intensity should then be
proportional to the probability, Pyy, that the amide nitrogen is
bound to a proton (rather than to a deuteron), while the Q-peak
frequency and width should be independent of Xy. The latter pre-
dictions are confirmed by the data (Fig. 4a and c). Furthermore, as
predicted, the integrated Q-peak intensities decrease towards zero
as protons are removed from the solvent, but the intensity is a non-
linear function of Xy (Fig. 4b). Such a nonlinear dependence is in-
deed expected, since [51]

P = X + (1 = Xu)dnu ®)

where the fractionation factor ¢ny is the equilibrium constant for
the exchange reaction

NH + D(aq) = ND + H(aq) 9)

Using Eq. (8) to fit to the Xy-dependence of the Q. peak intensities
(Fig. 4b), we obtain ¢ny = 0.43 £ 0.02. This is in the range 0.28-1.47
reported for the protein staphylococcal nuclease [52,53]. Moreover,
small ¢ny values are linked to strong hydrogen bonds [52,53] and
the amide hydrogens that are close to intermediary protons are in-
deed strongly hydrogen-bonded (Section 5.4).

In conclusion, our analysis of the data in Fig. 4 demonstrates
that the amide proton is an obligatory intermediate in the polari-
zation transfer pathway leading from water protons to the lattice
via amide N nuclei.

4.3. Intermediary protons

Before addressing the quantitative aspects of relaxation in the
NH spin system, we shall consider the preceding magnetization
transfer from bulk water protons to the amide proton. The simplest
mechanism for this step would be a direct exchange process. How-
ever, amide proton exchange is far too slow to account for the ob-
served Q peaks. Clearly, R¢ cannot exceed the rate constant for
magnetization transfer from water to amide protons, which is
(2Nw) 'S, T4t with Ny =3000 the water/protein mole ratio and
Tak the mean residence time of amide proton k. At 20 °C and pH
4.2, a fully solvent-exposed amide proton in poly-alanine [54] or
in the flexible C-terminus of mUb [34] has 74 ~ 1 min. In folded
proteins most amide protons are buried and internally hydrogen-
bonded, so t4 is orders of magnitude longer than for a fully ex-
posed amide proton [30-32,34]. Direct amide proton exchange
thus fails by several orders of magnitude to account for the Q
peaks. Also, since amide proton exchange is base-catalyzed, we
would expect larger Q peaks at higher pH, which is not observed
(Fig. 3 and Table 2).

Since direct exchange is too slow, magnetization must be trans-
ferred to the amide proton by dipolar cross-relaxation or spin dif-
fusion, either directly from water or as the last step in a
magnetization transfer chain that may comprise several exchange
or cross-relaxation/spin-diffusion steps. To determine if non-
exchangeable protein protons are involved in the magnetization
transfer pathway, we measured the Q peaks from normal mUb
and from d-mUb, with 83% of the non-exchangeable protons
substituted by deuterons. The insignificant effect of protein deuter-
ation (Fig. 6 and Table 2) demonstrates that only labile protons
(including water protons) are involved in the magnetization trans-
fer pathway.

In order to enhance the water-'H relaxation rate by ~1s7}, as
observed, the rate of magnetization transfer from labile to amide
proton must be of order 10% s~! since the effect is attenuated by
the ‘dilution factor’ (2Nw)~'. The dipolar cross-relaxation rate can
have this magnitude only if the two protons are close in space
and if their mutual dipole coupling is modulated on the microsec-
ond time scale. We propose that this modulation is produced by
exchange-mediated orientational randomization (EMOR) upon ex-
change of the labile proton. We refer to such labile protons, which
reside near an amide proton and exchange on the microsecond
time scale, as intermediary protons since they mediate the magne-
tization transfer from water to amide proton. Because only a few of
the amide protons in a given protein are close to an intermediary
proton, the Q-peak intensity is not proportional to the total num-
ber of amide protons, as previously assumed [18], but rather to
the number of intermediary protons in the protein.

The intermediary protons must either belong to internal water
molecules or to amino-acid side-chains with labile protons. Under
our solution conditions, the only relevant labile protons are the hy-
droxyl protons in serine, threonine or tyrosine residues. The close
agreement between the Q peaks from BPTI and mUb when normal-
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ized to the same protein concentration (or Ny) must be coinciden-
tal. mUb contains 44% more amide protons than BPTI (88 versus
61), so the Q-peak intensity is clearly not proportional to the total
amide proton (or amide nitrogen) concentration. BPTI contains 4
internal water molecules, two of which have residence times in
the microsecond range [37] and reside within 3 A of amide protons
[28]. In contrast, the single internal water molecule in mUb [29]
has a residence time of only 20 ns at 20 °C [37] and is therefore
not a potent intermediary species. On the other hand, mUb has 7
hydroxyl protons within 3 A of an amide proton, whereas BPTI only
has 3. We thus attribute the Q-peaks to hydroxyl protons in mUb
and to a combination of hydroxyl protons and internal-water pro-
tons in BPTL In Section 5.4 we show that these predictions are
quantitatively consistent with the data.

If intermediary protons are an integral part of the magnetiza-
tion transfer pathway, it should be possible to find proteins that
do not give rise to Q peaks. Gelatin gels are built from collagen-like
triple-helical junction zones, 100-200 residues in length, con-
nected by flexible single chains [55]. The regular collagen triple he-
lix is densely packed and does not contain any internal water [56].
Water 2H and 70 MRD studies of gelatin gels do reveal some inter-
nal water molecules [48], presumably associated with structural
defects, but these water molecules are too few and to short-lived
(4-40 ns at 10 °C) to produce significant Q peaks. For the gelatin
preparation used in this study, hydroxyl-bearing side-chains
(including hydroxyproline) are present at roughly the same mole
fraction as in mUb, but since all side-chains in gelatin are fully sol-
vent-exposed [57] there are no long-lived conformations with a
hydroxyl protein near an amide proton. On structural grounds,
we thus expect that a gelatin gel should not give rise to significant
Q peaks. This prediction is consistent with published 'H MRD data
from gelatin gels [58]. Because that study did not sample the QP re-
gion densely, we now report new 'H data from a gelatin gel, clearly
demonstrating that the Q peaks from gelatin are insignificant com-
pared to those from BPTI and mUb at the same water content and
pH (Fig. 7). A quantitative analysis of the gelatin data, as in Fig. 1,
does reveal small Q peaks, but the combined integrated intensity of
the Q. peaks (that is, C. + C_) is only 4% of the values obtained for
BPTI and mUb (Table 2). In contrast, large Q peaks have been re-
ported from collagen fibers in tendon [16], but in vivo collagen tri-
ple helices build higher-order structures by lateral self-association
[59] that may well contain internal water molecules with resi-
dence times in the microsecond range.

The requirement of intermediary protons also explains why no
Q peaks have been observed at the frequencies (<1 MHz) corre-
sponding to the "N quadrupole coupling of ammonium and guan-
idinium groups in lysine and arginine side-chains. Because these
charged and flexible side-chains usually protrude into the solvent,
an intermediary proton is not likely to remain in close proximity to
one of the NH protons for as long as a microsecond.

5. Quantitative model
5.1. Magnetization transfer pathway

According to the QP model proposed here, the enhancement of
the water-'H relaxation rate at the three '“N frequencies ,, can be
described in terms of a magnetization transfer scheme (Fig. 8) fea-
turing an intermediary proton (I), an amide proton (A) and 2Ny
external water protons (W). The magnetization transfer pathway
involves three consecutive steps. The mechanism of the first step
is material exchange by water diffusion and/or chemical proton ex-
change. The rate constant for magnetization transfer from I to W is
1/t the inverse of the I-proton residence time. Detailed balance re-
quires the rate constant of the reverse process to be 1/(2Nw t;). The
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Fig. 7. Water-'H relaxation rate from a gelatin gel at pH 5.3 and 10 °C (O) with
barely visible Q peaks. Shown for comparison are the R; data for BPTI at pH 5.1 (A)
and mUDb at pH 5.3 (@), both at 20 °C, from which the Q peaks in Fig. 5 were derived.
All three data sets have been normalized to 50 water molecules per amino acid
residue.

intrinsic relaxation rate of the W protons is denoted Ry. In the sec-
ond step, '"H magnetization is transferred from I to A by dipolar
flip-flop transitions, characterized by the cross-relaxation rate o.
This transfer competes with the back-exchange from I to W and
with the auto-relaxation of the I proton, characterized by the rate
p1. In the last step, the A spin relaxes at a rate p, that can be split in
two parts:

Pa = Prot Pan (10)

Because of its fast quadrupolar relaxation, the N spin is in thermal
equilibrium with the lattice on the time scale of A-spin relaxation.
There is thus no 'H-'*N cross-relaxation in the sense of the Solo-
mon equations [1] and the '“N spin enters the model only via its
contribution, pan, to the A-spin auto-relaxation rate pa. This contri-
bution is ‘resonant’ since it is significant only at the 'H Larmor fre-
quencies @ where the 'H Zeeman splitting matches one of the
three %N splittings. We shall return to pay in Section 5.3.

Magnetization transfer among the W, I and A spins according to
the scheme in Fig. 8 is described by three coupled differential
equations:

dmw 1 1

e~ ‘( W+2Nwrl>mw+2Nwrl m (12)
dm] 1 1
am ,_<pl+r_l>m,+amw-am;\ (11b)
dm
—th — —pma — am (11¢)

where mx = (Mx — M3)/M3, is the reduced longitudinal magnetiza-
tion of spin X. The observed relaxation rate R; characterizes the de-
cay of the W magnetization. Although Eq. (11) predicts a tri-
exponential decay in general, the observed decay is mono-exponen-
tial within experimental accuracy. We can therefore identify R,
with the integral relaxation rate

(@N, 1)

W

Pa
| ¢ Ej

Fig. 8. Schematic view of the magnetization transfer pathway.
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% -1

Ri= | [ de muie)/ma(0) (12)
0

which can be obtained analytically from Eq. (11) as

1 Pa } (13)

Ry =Rw + 1-
T=aw ZNW‘EI[ pa(1+p1) — 0271

This result was obtained with the selective initial condition
mx(0) = xw, although the field-cycling experiments correspond to
the nonselective initial condition my(0) = 1. However, the R, expres-
sions resulting from these two initial conditions do not differ signif-
icantly in the dilute regime, where 2Ny >> 1. For ¢ =0, Eq. (13)
reduces to the familiar two-state exchange formula in the dilute
regime

1 1
Ri=Rw+oox——
RN T 1/p,

According to Egs. (1) and (10), the QP contribution to R; is given
by

RE = Ri(p) — Ri(Ppo) (15)

On substituting R; from Eq. (13), we find that R} can be expressed
as the product of two functions:

(14)

R (@0) = R(wo)L(2) (16)

with

. 2

R= N % 6—2 (17)
2Nw (14 p7)°Ria

Pan

[=—FAR 18
Pan+ Ria (18)
_ O'ZTI

RIA*pAO_Tp[‘C] (19)

The dimensionless shape function L(wg) determines the positions,
widths and relative intensities of the three Q peaks, whereas the
peak rate R, corresponding to R‘% when pan >> Ry, acts as an overall
scaling factor that is essentially independent of frequency.

The preceding treatment pertains to the situation where the W
protons exchange with a single I proton, but a protein generally
contains several I protons. In the dilute regime, different I protons
contribute additively so the total R? is obtained by summing the
product RL over the N; I protons. To limit the number of parameters
in the model, we shall treat the I protons as a homogeneous group
with effective values for the residence time 7; and other micro-
scopic parameters. This approximation has already been imple-
mented in Eq. (17) by multiplying the peak rate for a single I
proton by the number, Nj, of I protons in the protein.

5.2. Peak rate

To calculate the peak rate R, we need to model the spectral den-
sity functions that determine the rates o, p; an pao. These rates are
all dominated by the EMOR modulation of dipole couplings involv-
ing the I proton, with the residence time 7; (in the microsecond
range) as correlation time. It is convenient to single out the effects
of the I-A dipole coupling by writing

Pr= P+ Pix (20)
Pro = Pia t Pax (21)
so that

Pia(@0) = @f14[0.15(0) + 0.3j; () + 0.6j;(20)] (22)

(o) = @p4[0.6f(200) — 0.1j;(0)] (23)
with the reduced spectral density function
. T

w)=——— 24
Ji(w) 1+(a)‘£1)2 (24)
and the residual dipole coupling constant
_ hy?
Mp 1A el Sia (25)

The term p\x in Eq. (20) represents the contribution from all di-
pole couplings of I, except the one to A. These couplings are mod-
ulated by the exchange of the I spin so pix is governed by the same
spectral density, Eq. (24), as pja. We can therefore write px = . pia,
with

1
==
Wy 1A

> @y (26)
k

The term pax in Eq. (21) represents the contribution from all dipole
couplings of A, except the one to I. Because these couplings are
modulated by restricted internal motions with correlation times
much shorter than 7;, we expect that pax << pja. We shall therefore
set pax = 0. The peak rate is shown as a function of 1; in Fig. 9.

If 7; is in the microsecond range, (wo‘rl)2 >> 1 at the MHz fre-
quencies of the Q peaks so pj and ¢ in Egs. (22) and (23) are com-
pletely dominated by the adiabatic spectral density ji(0). In this
adiabatic limit, the peak rate in Eq. (17) is given by

N ¢
2Nyt (14201 + (1+4){]

where { = (@DVIAII)Z/IO. The peak rate R increases linearly with t;
for small t;, passes through a maximum, and then decreases as
773 (Fig. 9). At the Q. frequencies, the approximate Eq. (27) does
not differ significantly from the exact Eq. (17), but at the lower Qg
frequency R is slightly overestimated by Eq. (27) for 7; < 10 ps. Con-
sidering that the proteins contain several I protons (N;> 1), it is
clear that the model can account for the observed R? values of
~1s7! at the Q. peaks, provided that shape function L(w,) in Eq.
(18) is not much smaller than 1 at the peaks.

R= (27)

5.3. Shape function

To complete the model, we must specify the polarization trans-
fer rate pan that governs the shape function L(wo) in Eq. (18). This
process is driven by the residual dipole coupling (averaged by fast
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Fig. 9. Peak rate R at vo =2 MHz versus the I-proton residence time T, calculated
from Eqgs. (17)-(24) with r;a=2.5A, 1=1, N;=1 and Ny = 3000.
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internal motions) between the A proton and the N spin in the
amide N-H group,

. o hy(*H)y(**N)
WpAN = ﬁ TSAN (28)

This coupling is not modulated by the EMOR mechanism, because
the residence time, 74, of the amide proton is many orders of mag-
nitude longer than 1/@pan = 20 ps (Section 4.3). Global restricted
protein rotation modulates the A-N dipole coupling, just like it
modulates the N quadrupole coupling and the I-A dipole cou-
pling, but since @pan is a factor 500 smaller than wq the dipolar
relaxation rate induced by this motion is 5 orders of magnitude
smaller than the quadrupolar relaxation rate, Rq, in Eq. (7). While
this nanosecond motion clearly cannot be responsible for pay, it
contributes to the motional averaging of the residual dipole cou-
pling @pan via the order parameter San.

As noted in Section 5.2, the shape function L(w¢) must be of or-
der 1 at the Q. peaks to account for the observed peak amplitudes.
This means that pay at the peak must be at least comparable to Ry,
which is of order 103 s~ (Section 5.2). Such a high rate can only be
obtained if the A-N dipole coupling is modulated on the microsec-
ond time scale. Since persistent motions of the protein backbone
do not occur on this time scale, the only remaining possibility is
that pay is governed by dipolar relaxation ‘of the second kind’, that
is, the dipole coupling is averaged to zero by transitions in the “N
spin system. This relaxation mechanism is well known in the con-
text of paramagnetically enhanced 'H relaxation, where S > 1 elec-
tron spin relaxation induced by modulation of the zero-field
splitting (ZFS) plays the same role as quadrupolar '“N relaxation
does here [22]. The conventional Solomon-Bloembergen-Morgan
treatment is valid in the high-field regime, where the Zeeman cou-
pling is much larger than the ZFS [45]. Here we are in the opposite
regime, where the static quadrupole coupling is larger than the N
Zeeman coupling. This regime has also been analyzed in the elec-
tron-spin ZFS context [39-45].

In Appendix A, we show that the resonant contribution to pan
(the other contributions can safely be neglected) can be expressed
as

Pan(@0) = Pian(eo) (29)

where the o sum runs over the three “N transitions (labeled 0, —
and + as before), and

e (30)

, 2,
4 (o) == @3 \\By——— 22—
Pin(wo) g @panbx (RS)Z (w0 — Qa)z

In general, the coefficients By, the N frequencies €, and the
quadrupolar relaxation rates Ry, all depend on the orientation of
the By field relative to the principal '*N EFG frame, specified by
the Euler angles Qr=(—, Bir, 71r)- Since all orientations are repre-
sented with equal probability in the sample, the observed Q-peak
rate R? is an isotropic powder average. Accordingly, the shape
function in Eq. (18) should be evaluated as

L(@o) = > Ly(ax) (31)

with

1 ! Pian(@0; Pre, Vir)
le W) = — d»\ / dCOS AN s PLFy /LF
() 4n /o e 1 hue Pan(o; B, Vir) + Ria(wo)

_/ P
B <pAN + RIA> G2)

where p, in the denominator is the sum in Eq. (29).
For the quantitative data analysis, the 1“N frequencies €, were
computed numerically by diagonalizing the static '*N spin Hamil-

tonian (Appendix A). The simple expressions in Egs. (3) and (5) are
only valid in the low-field regime, when wqy is small compared to
q. As seen from Fig. 10, this approximation is not quantitatively
accurate. We neglect the orientation dependence of the quadrupo-
lar relaxation rates, but we allow for a spin-state dependence by
stipulating that Ry = Ry and R) = pRq, with Rq and u treated as
model parameters. For a given Rq, Eq. (7) may be used to estimate
the associated correlation time, 7q.

The coefficients B, were computed numerically from Eqs. (A20)
and (A24). In the low-field regime, approximate analytical expres-
sions can be derived for B,, see Eq. (A26). As a further approxima-
tion, one may pre-average these expressions over the Qr
distribution so that the powder average in Eq. (32) only involves
the frequencies ©2,. We then obtain

(Bs)=1 +% Sin’ Bp[1 = os(20tep))] (33a)
(Bo) =1+ 3c0s? (33b)

where orp and Bgp are the spherical polar angles that specify the ori-
entation of the N-H bond with respect to the principal frame of the
14N EFG tensor. According to this approximate result, opp affects the
relative intensity of the Q. and Q_ peaks, whereas fBgp affects the
intensity of Qg relative to Q..

As seen from Fig. 11, the low-field approximation yields a quite
accurate lineshape function, although the peaks are slightly down-
shifted in frequency. As expected, the shift is most noticeable for
the highest-frequency Q. peak. However, pre-averaging of the B,
coefficients leads to a significant overestimate of the Q. intensity.
The absolute integrated intensity, I,, of the shape function for peak
Q, is obtained from Eqgs. (30) and (32) by noting that Rjs can be re-
garded as a constant over the frequency range of the Q peak
(Section 5.1):

* 27000} 203 B\
b= [ doolson) == (B, 1 e (34)

For sufficiently large Rq, I is thus proportional to (B,). However,
for the (representative) parameter values used in Fig. 11, the sec-
ond term within parentheses in Eq. (34) is of order 1, which ac-
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Fig. 10. '“N frequencies Qo, 2_ and €, (from left to right), computed exactly by
numerical diagonalization and from the low-field formula (3), versus 'H Larmor
frequency, wo. The Q;r-dependent range of Q, values is bounded by the two curves
(exact) or indicated by the shaded region (low-field approximation). Each panel
depicts 200 x 200 kHz and the dashed line is Q= w,. Parameter values:
Vq =3.22 MHz, = 0.4, op = 30° and fp = 90°.
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Fig. 11. (a) Shape function L(wo) computed without approximations (solid curve),
with the low-field approximation (dotted), and with the low-field approximation
and pre-averaged B, coefficients (dash-dotted). The dashed curve was calculated
from a spin-temperature approach in the low-field approximation (Appendix A). (b)
Enlargement of the Q. peak. Parameter values: Vq =3.22 MHz, # = 0.4, op = 30°,
Bep=90° @pan = 4.89 x 101571, 1/Rg=3 ps, pt=1, Ria = 2280 s~ ! (corresponding to
ra=2.5A, 2=1and 7;=10 ps).

counts for the deviation of the dash-dotted curve in Fig. 11. Since R
is essentially independent of wg in the QP range, the observed inte-
grated Q-peak intensity is given by

Co = R(Q)1(Qy) (35)

For an order-of-magnitude estimate, we use Eq. (27) (adiabatic lim-
it) with 1 { << 1 (for 7; less than the maximum in Fig. 9) and we ne-
glect the second term in Eq. (34) (which requires that Rq is not too
small). With these approximations,

(B) (36)

The last two factors in this expression are determined by the essen-
tially invariant properties of the amide group: the bond length ray,
the bond order parameter Say, and the orientation of the EFG tensor
in the molecule frame (ap, Srp). As long as 7; and tq are in the plau-
sible broad ranges assumed in the derivation, the Q-peak intensity
C, is independent of dynamic parameters. It should therefore not
depend much on temperature, in accord with our observations
(Fig. 2b). The intensity C, is inversely proportional to the water con-
tent (Ny), as demonstrated previously [18] and as is also evident
from our raw data (before Nyy scaling). The critical parameter that
accounts for the variation of Q-peak intensity among different pro-
teins is the number, Nj, of intermediary protons. For BPTI and mUb,

N; is in the range 5-10. With Ny = 3000, @pan =4.89 x 10%s7,
orp ~ 30° and fp &~ 90°, Egs. (33a) and (36) yield C, ~1 MHz s7,
which is consistent with our data (Table 2).

We now consider the width of the Q peaks. According to Eqgs.
(30) and (32), Ly(my) is a Lorentzian with (FWHM) linewidth

_ 172
Zw%_AN&)

S DA 7
9RinRS &7

Ay, = 2Ry (1 +
In addition to this homogeneous broadening, the orientation depen-
dence of the frequency €2, adds ~50 kHz (Fig. 10) inhomogeneous
broadening for Q. (and less for Qg). To explain the observed Q.. line-
widths of ~400kHz (Table 2) with homogeneous broadening
according to Eq. (37), we need 1/Rq = 0.8 ps. Such a short quadrupo-
lar relaxation time seems unlikely in view of Eq. (7). Furthermore, if
the observed linewidth were of a purely homogeneous origin, the Q
peaks would be Lorentzian. However, the Q peaks are more nearly
Gaussian than Lorentzian (Fig. 1). Even more decisively, Egs. (7)
and (37) imply that the linewidth should be a strongly decreasing
function of temperature. With an activation energy of 20 k] mol™!
for 7q (a low estimate), the linewidth should decrease by a factor
4 over the temperature range examined in Fig. 2c, whereas no sig-
nificant temperature variation is observed.

These considerations lead us to conclude that the Q-peak width
is predominantly of inhomogeneous origin. Specifically, we pro-
pose that a Gaussian distribution of the order parameter Sq, and
thus of the residual quadrupole coupling @q, see Eq. (4), results
from spatial variation in the degree and topology of intermolecular
crosslinks within the disordered protein gel. The shape function
L,(mwo) in Eq. (32) should then be averaged over the distribution

_ _ 2
fla) = (2n03) " ? exp [_% <%Ta’3> } (38)

As we shall see, the observed Q-peak widths can be explained by as
little as ~5% relative variation in (q. We specify the relative HWHM
width of the distribution by the parameter, 5o = (21n2)"%0q J@f.

5.4. Model parameters

The model parameters can be divided in two groups. Parame-
ters associated with the N quadrupole coupling and its modula-
tion determine the position, width, shape and relative intensity
of the Q peaks. Parameters associated with the dipole couplings
of the intermediary (I) and amide (A) protons and the modulation
of these couplings determine the absolute intensity of the Q peaks.
In fitting the model to the Q-peak data, we used the most general
version of the model (Appendix A), with numerical diagonalization
of the static "N spin Hamiltonian (without assuming low-field
conditions) and numerical averaging of the shape function over
the Qir and Vg distributions. Fits based on the low-field version
of the model yield significant differences in only two parameters:
Vq is lower by 15 kHz, consistent with the results in Fig. 11, and
agp is larger by ~15°. As seen from Figs. 12 and 13, the model ac-
counts almost quantitatively for the observed frequencies, relative
and absolute intensities, widths and shapes of the Q peaks mea-
sured on crosslinked BPTI and mUb. As the last step of our analysis,
we now examine whether the parameter values obtained from
these fits (Table 3) are consistent with independent information
about N quadrupole couplings in amide groups and about the
structure and dynamics of BPTI and mUb.

The frequencies ©,, and thus the Q-peak positions, are deter-
mined by the static residual '*N quadrupole coupling parameters
Vq and » (Appendix A). The fits yield essentially the same quadru-
pole coupling parameters for all samples: vq = 3.23 £ 0.02 MHz and
1 =0.41+0.01. As already seen from the preliminary analysis (Sec-
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Fig. 12. Model fits to Q peaks from BPTI at (a) pH 5.1 and 20 °C (sample B2) and (b)
at pH 4.3 and 10 °C (sample B3).

tion 4.1), these values are consistent with the quadrupole parame-
ters obtained from NQR studies of oligopeptide crystals [24]. For
example, for the three peptide groups in tetra-glycine vq = 3.20-
3.48 MHz and 7 = 0.37-0.42 [24]. With a global order parameter
Sc=0.88, as deduced from the temperature dependence of the
peak positions (Section 4.1), Eq. (4) yields a rigid-lattice quadru-
pole coupling vq=3.27/0.88 =3.72 MHz, somewhat larger than
the NQR values for crystalline tetra-glycine. Presumably, there is
some motional averaging also in the crystal, in addition to electro-
static perturbations from the charged end groups of the zwitter-
ionic oligopeptide.

The shape of the Q peaks is determined by the width, gq, of the
Gaussian Vg distribution (38) and by the '*N quadrupolar relaxa-
tion rate, Rq. These parameters depend on sample characteristics,
such as the degree and heterogeneity of intermolecular crosslinks,
and their values are not known a priori. All samples yield similar
relative halfwidths of 5-6% for the assumed Gaussian vq distribu-
tion. If this spread is attributed to the global order parameter, it
corresponds to a variation of 0.05 in Sg around its mean value of
0.88. Even such a small variation has a dominant effect on the
width and shape of the Q peaks because the quadrupole coupling
is large.

The relative integrated peak intensity is largely determined by
the angles arp and frp of the N-H bond relative to the principal
frame of the N EFG tensor. Experimental and theoretical studies
of small peptides show that the axis of the largest principal EFG
component is perpendicular to the N-H bond, so that ggp =90°
[24,60-63]. Some studies conclude that the axis of the smallest
principal EFG component is close to the N-H bond [60], so that
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Fig. 13. Model fits to Q peaks from (a) mUb and (b) d-mUb, both at pH 5.3 and
20 °C.

Table 3
Parameter values from model fits to Q-peak data.?
Parameter BPTI (B2) BPTI (B3) mUb (U1) d-mUb (U2)
vqo (MHz) 3.246(4) 3.216(5) 3.231(3) 3.223(4)
n 0.415(3) 0.416(3) 0.403(3) 0.401 (4)
5q (%) 5.5(4) 5.2(5) 5.6(4) 6.2(5)
aep (°) 18(1) 19(1) 16(1) 20(1)
Rél (us) 2.8(1.0) 2.2(4) 3.8(1.5) 2.6(1.3)
NP 4.3(1) 4.9(1) 4.2(1) 4.1(1)

2 Data at 20 °C comprising the Q. peaks in all cases except BPTI (sample B3),
where all three Q peaks measured at 10 °C were fitted. Uncertainty in the last digit
(one standard deviation) given within parentheses.

b From fit based on Eq. (38).

arp ~ 0, while other studies have reported values of 30° [24] or
13° [63] for this angle. It is not clear if these differences reflect
methodological limitations or real variations. In the fits, fgp was
fixed at 90° while ofp was treated as an adjustable parameter.
The resulting agp values, in the range 15-20°, are consistent with
previous estimates. The significantly larger ofp angle for d-mUb
as compared to mUb (Table 3), which according to Eq. (33a) ac-
counts for the smaller intensity difference between the Q. and
Q_ peaks for the deuterated protein (Fig. 13), may be a genuine iso-
tope effect on the orientation of the EFG tensor.

The N quadrupolar relaxation time, 1/Ry=3 % 1 ps, does not
differ significantly between the two proteins or among different
samples. Inserting this Rq value, vq = 3.23 MHz and S¢, = 0.88 into
Eq. (7), we obtain for the correlation time tq = 7.4 + 2.5 ns, which
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is of the order-of-magnitude expected for restricted rotational dif-
fusion of the flexibly crosslinked proteins.

The ‘dipole parameters’ mainly influence the absolute inte-
grated intensity of the Q peaks via the peak rate R and via the effec-
tive rate Ry, that determines the maximum value of the shape
function L,. Because the main effect of these parameters is a uni-
form scaling of the Q peaks, they can be approximately combined
into a single effective parameter. To find this composite parameter,
we first note that for the microsecond t; values of interest,
(woT1)? >> 1 so that R and Ry, are in the adiabatic limit; cf. Eq.
(27). Under the stronger condition that t; is significantly longer
than ~10 ps, we expect that R4 is significantly larger than pan
even at the peaks. Then Egs. (16)-(19) yield the approximate result

W3 AN -

RY (o) = 53 Ni({pan (@0)) (39)
W

where wpany IS given by Eq. (28) with Sav=1,

Pan(o) = Pan(o)/ @3 4y is given by Egs. (29) and (30), the double
angular brackets signify averaging over the Qr and vq distribu-
tions, and

2
San
1+ A(@pat)?/10

The first factor in Eq. (39) is determined by the known quantities
Ny (=3000 here) and ray (=1.01 A) and the last factor, ({(pan(wo))),
is determined by the ‘quadrupole parameters’ Vo, #, 0q, %p, S
and Rq. All the ‘dipole parameters’ (Nj, ia, Sia, San, 4 and 7;) combine
into the single effective parameter N;, which acts as a frequency-
independent scaling factor. Because the quantity within square
brackets in Eq. (40) is <1, N constitutes a lower bound on the num-
ber, N, of intermediary protons in the protein.

The fits shown in Figs. 12 and 13 were performed with the exact
model, without any assumptions about 7. However, to obtain a
convergent fit, only N; and 7; were adjusted while the remaining
‘dipole parameters’ were fixed. Even so, N; and 7, cannot be deter-
mined with useful accuracy because of their large covariance.
When only two Q peaks are fitted, these two parameters also cov-
ary with oy r. To extract meaningful information about N; and 7, we
therefore used Eq. (39). The values of N; and oy quoted in Table 3
were obtained in this way. The values of the other parameters in
Table 3 did not differ significantly from those obtained with the full
model and the fitted curves were indistinguishable. The single fit
that includes the Qg peak (Fig. 12a) also involves the parameter
W, for which the fit (to the full model) yields 2.2 + 0.4.

As the final test of the proposed QP model, we now show that
intermediary protons of the required numbers and with the re-
quired properties are indeed present in BPTI and mUb. For mUb,
where the single internal water molecule is too short-lived to con-
tribute significantly to the Q peaks (Section 4.3), the I protons must
be labile protons in protein side-chains. The carboxyl protons have
submicrosecond residence times at 20 °C [64], making their contri-
bution negligibly small, and, in any case, the 11 carboxyl groups in
mUb are >90% deprotonated at pH 5.3 [65]. Ubiquitin contains 11
hydroxyl protons in serine (3), threonine (7) and tyrosine (1)
side-chains. According to the crystal structure [29] (with hydro-
gens added in standard geometry), five of these 11 hydroxyl pro-
tons reside within 2.4 A of at least one backbone amide proton
(Thr-7, Thr-9, Thr-55, Tyr-59 and Ser-65) and two more are within
2.8 A (Ser-20 and Thr-22). A quantitative analysis of the back-
ground water-'H dispersion profile, R(wy), from the same mUb
samples as examined here indicates that the residence time, 7|, of
the hydroxyl protons is of order 10-100 us at 20 °C [46]. Because
this is two orders of magnitude shorter than expected [33] for
catalysis by HsO" ions at pH 5.3, it was concluded that hydroxyl
proton exchange in this sample is catalyzed mainly by acidic glu-

Ni=N (40)

taraldehyde reaction products and, to a lesser extent, by the buffer
[46]. The fits in Fig. 13 yield 7, values of order 107> s, consistent
with the values deduced from the background dispersion although
the strong covariance with Nj introduces a large uncertainty. For
such 1; values, the ‘adiabatic approximation’, Eqs. (39) and (40),
should be reasonably accurate, so we can use the N; values in Ta-
ble 3 to estimate N;. With 7,=30 s, San=Sia=Sc=0.88, 2=0.5
and ria = 2.3 A (as obtained from a typical fit), we obtain from Eq.
(40) and Table 3: N; ~ N;/0.6 ~ 7. Considering the approximations
involved, this estimate is certainly consistent with our assignment
of 7 hydroxyl protons as the intermediary protons responsible for
the Q peaks from mUb.

BPTI has 8 hydroxyl protons, 3 of which are within 3 A of a
backbone amide proton (Tyr-35, Ser-47 and Thr-54) [28]. We
would thus expect smaller Q peaks from BPTI than from mUb,
but they are, in fact, very similar (Fig. 5). However, BPTI has four
internal water molecules, two of which have residence times in
the ps range [37] and at least one amide proton within 3 A. The
two proteins thus contain a similar number of I protons and should
therefore, to first order, yield Q peaks of similar intensity [cf. Eq.
(36)]. However, the quantitative analysis of the Q peaks from BPTI
is complicated by the presence of two types of I protons with sig-
nificantly different residence times. This complication may explain
the somewhat inferior fits obtained for BPTI as compared to mUb.
The dependence of the Q peaks on the residence time 7; is subtle.
For a homogeneous class of I protons, we expect the Q-peak inten-
sity to exhibit a weak maximum as a function of 7. The apparent
pH dependence for BPTI (Fig. 3 and Table 2) is probably caused
by the buffer present at pH 5.1 but not at pH 4.2 (Table 1) giving
a shorter hydroxyl 7; at pH 5.1. Further, the complex temperature
dependence of the Q-peak intensity from BPTI, featuring not only
the expected maximum but also a minimum (Fig. 2b), may be
attributed to the two classes of I protons (hydroxyl protons and
internal-water protons) in BPTI giving rise to two distinct maxima.
A further complication for BPTI, which we have not attempted to
incorporate in the model, is the presence of dipole couplings
among the different internal-water protons.

6. Conclusions

In this study, we have presented an extensive set of Q-peak data
from crosslinked BPTI and mUb and developed a relaxation model
that accounts quantitatively for the data in terms of the structure
and dynamics of these well-characterized proteins. In the follow-
ing, we summarize the salient features of our Q-peak model, indi-
cating similarities and differences with previous treatments.

Magnetization transfer from bulk water to amide protons is not
a direct process, but proceeds in two steps via intermediary pro-
tons in internal water molecules or side-chain hydroxyl groups.
Efficient magnetization transfer relies on two critical properties
of the intermediary proton: it resides near (<3 A) at least one
amide proton and it has a residence time in the microsecond range
(1-100 ps). Importantly, the exchange of the intermediary proton
is responsible for both magnetization transfer steps. In the first
step, bulk-water magnetization is transferred to the intermediary
proton via molecular diffusion coupled to intermittent protein con-
formational fluctuations (internal water molecules) or via diffusion
and acid-catalyzed proton exchange (hydroxyl protons). In the sec-
ond step, the residence time of the intermediary proton becomes
the correlation time for dipolar cross-relaxation with the nearby
amide proton. This mechanism of exchange-mediated orienta-
tional randomization (EMOR) of 'H-'H dipole couplings is also
responsible for the background (non-resonant) 'H relaxation dis-
persion [58,66], but a larger subset of the internal water molecules
and labile protons are then active since there is no requirement of
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proximity to amide protons. For the EMOR mechanism, full mo-
tional narrowing (of the dipole coupling) requires fast exchange.
When the residence time of the intermediary proton becomes
much longer than the inverse dipole coupling (~20 ps), cross-
relaxation no longer yields effective magnetization transfer to the
amide proton. In the dilute regime (Nyw >> 1), this breakdown of
the motional-narrowing condition is (approximately) captured by
the model [58,66,67].

Previous authors have either ignored the magnetization transfer
from bulk water to the amide proton [21,23] or assumed fast-ex-
change conditions [13,15]. Whereas Kimmich et al. did not specify
the mechanism for this exchange [13], Koenig proposed a model
similar to ours but with the important difference that he identified
the intermediary protons as water molecules at the protein surface
with a residence time of 0.3 ns [15]. With such a short residence
time, a large number of intermediary protons is required to ac-
count for the observed Q-peak intensity and Koenig assumed that
all amide groups are solvent-exposed with an adjacent 0.3 ns
water molecule. However, we now know that nearly all water mol-
ecules in contact with the external protein surface have much
shorter residence times [38,68]. Furthermore, even if the residence
time were in the nanosecond range, EMOR-induced cross-relaxa-
tion would be in the motional-narrowing (fast-exchange) regime
where the Q-peak intensity should decrease strongly with increas-
ing temperature, contrary to observation. Finally, Koenig’s model
with interfacial intermediary protons does not, like our model, ex-
plain the near absence of Q peaks from gelatin gels.

The last step in the polarization transfer scheme is the relaxa-
tion of the amide proton by dipolar relaxation ‘of the second kind’,
where the 'H-'“N dipole coupling is modulated by N spin fluctu-
ations on the microsecond time scale. Our analysis indicates that
the N spin relaxation time is ~3 ps, which is short compared to
the inverse 'H-'N dipole coupling (~20 ps) so the motional-nar-
rowing approximation is valid. An alternative, essentially equiva-
lent picture of the resonant dipolar relaxation of the amide
proton is a coherent polarization transfer from the amide proton
to the rapidly relaxing '“N nucleus. In contrast to our model, pre-
vious authors have argued that the relaxation of the amide proton
is driven by restricted fluctuations in the polypeptide backbone
[9,11,13,14] or by slow isotropic protein tumbling [21,23]. How-
ever, at least in the model systems investigated here, those pro-
cesses do not occur on the required microsecond time scale.
Koenig did invoke dipolar relaxation ‘of the second kind’, but did
not present a rigorous treatment of this mechanism [15]. Rather,
he proposed a modification of the Bloembergen-Solomon-Morgan
theory [45], which incorrectly predicts that all three Q peaks have
the same intensity. Moreover, this ad hoc theory predicts Lorentz-
ian Q peaks with a linewidth (FWHM) given by Rq/n. However, the
lineshape is more Gaussian than Lorentzian and the linewidth is
insensitive to temperature and a factor ~4 larger than the homoge-
neous width of ~100 kHz corresponding to 1/Rq~ 3 s, as indi-
cated by our analysis. These considerations lead us to conclude,
as did Kimmich et al. [13], that the Q-peak width is dominated
by inhomogeneous broadening associated with a distribution of
the (residual) N quadrupole coupling. In a randomly crosslinked
protein gel, it is natural to associate this distribution with the glo-
bal order parameter Sg, but a contribution to ¢q from intrinsic
geometry-dependent variations in the EFG tensor cannot be
excluded.

The model developed and tested here accounts for the origin of
Q peaks in water-rich biological materials, such as our model sys-
tems and most biological cells and tissues. Q peaks are also ob-
served from biological materials with very low water content,
such as lyophilized protein powders [9,11,13], in which case the
measured 'H relaxation rate pertains to the protein proton magne-
tization. The model presented here is not directly applicable under

such conditions, where "H-'H spin diffusion within the protein
may play a role and the mechanism of '¥N quadrupolar relaxation
may differ from the one proposed here. However, in water-rich
systems, magnetization transfer pathways involving nonlabile pro-
tein protons are not important, as demonstrated by the insignifi-
cant effect of H — D substitution in the protein. For partially
hydrated protein powders and other low-water systems, the mech-
anism described here may still be dominant, but the intermediary
protons are then augmented by water molecules trapped at pro-
tein-protein interfaces which may have residence times in the
microsecond range [69].

The main implications of the present work for potential applica-
tions of the QP phenomenon in cell biology and diagnostic medi-
cine stem from our identification of the intermediary protons.
First, since only a small subset of all amide protons are close to
an intermediary proton, the Q-peak intensity is proportional to
the concentration of intermediary protons rather than to the con-
centration of amide groups. Second, the number of intermediary
protons is governed not only by the protein structure, but also by
solution conditions, notably the presence of proton-exchange
catalysts.
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Appendix A

Here we present explicit results for the relaxation rate, pan, of
the amide proton, induced by its dipole coupling with the cova-
lently attached 'N spin. This coupling is modulated by transi-
tions among the !“N states, induced by the !*N residual
quadrupole coupling, which, in turn, is modulated by restricted
protein rotation. Essentially the same result for pay can be ob-
tained by three different theoretical approaches. We consider
first the most general of these approaches, which has been used
previously to analyze 'H relaxation induced by a dipole coupling
to an electron (S=1) spin relaxed by a static ZFS interaction
[39]. Throughout Appendix A, the amide 'H and '*N spins are
denoted by I and S, respectively. Note that the symbols I and
A in the main text refer to the intermediary and amide proton,
respectively.

The relevant part of the spin Hamiltonian is partitioned as

H=H+Hs+Hs = H + HY + H" + His (A1)
The I-spin Hamiltonian is simply the Zeeman coupling,

H; = wol) (A2)
where @y is the 'H Larmor frequency. The static S-spin Hamiltonian
comprises the Zeeman coupling and the residual N electric quad-
rupole interaction,

HY = o5 + 92 3520 — 241 (20 4 0] (A3)

4 2

Here, ws is the N Larmor frequency, @ is the residual quad-
rupole coupling constant and 7 is the asymmetry parameter of the
electric field gradient (EFG) tensor at the N nucleus. The super-
scripts L and F indicate that the spin operator components are ex-
pressed in the lab frame or in the principal frame of the EFG tensor,
respectively. The term H{" in Eq. (A1) is the fluctuating part of the
quadrupole coupling, responsible for “N relaxation. The last term
in Eq. (A1) is the 'H-'“N dipole coupling
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His = —V6p an Z TL (IS) DMO(QLD) (Ad)

with the residual dipole coupling constant wpan given by Eq. (28).
Further, D,ZV,O(QLD) are rank-2 Wigner functions, ©;p are the Euler
angles transforming from the lab frame to the dipolar frame D (with
the Zp axis along the N-H bond), and T{),(IS) are normalized irre-
ducible spherical two-spin tensor components. The latter can be
decomposed in terms of single-spin operators as

1 2
-0V (ol S )se @9

It is convenient to transform the S-spin operators and the Wigner
functions from the lab frame (L) to the principal frame (F) of the
14N EFG:

S(lLM N Z Dy p(@1r) SF (A6)

P=1

Dio(@w) = Z Do (2ur)Dg(2ep) (A7)

Combining Eqgs. (A4)-(A7) and using a contraction formula for Wig-
ner functions and 3j-symbols [70], we obtain the dipolar Hamilto-
nian on the desired form

His = —pan Z Z T§L

N=-1 P=-1

(S)Enp(Q1r, Qrp) (A8)

with the angular functions

S m(l 2 1 1 2
Ene(Qur, Q) = V30 D (1) <P M M- P>DN,M7P(‘QLF)DMO(‘QFD)
(A9)

The dipolar relaxation rate of the amide proton can be obtained
from the linear response formula [71]

Tl'ls{ [Hh I:IIS(T)} [His, Hl]}

Trys {H,2 }

where the dipolar Hamiltonian in the first commutator is expressed
in the interaction representation

I:IIS( ) _ el (Hi+Hs) tH e i(Hj+Hs)t

punlon) = [z (A10)

(A11)
Combining Egs. (A8)-(A11), using standard commutation relations
[70] and evaluating I-spin traces, we find

1 1
= 4@29_ANRG Z Z ElP(QLF,QFD)ETp/ (Qur, Qrp)

P=—1p——1

Pan(@o)
X /Oo dtexp(iwoT)Gpp (T) (A12)
0

with the quantum-mechanical S-spin time correlation function

1
Gop (%) = 5 Trs{exp [iH ]S () exp [-iH 7Sy } (A13)
where the time-dependent S-spin operators are defined as
S(lF;’(T) _ e—iHéﬂ)teiHstsgP:;)efiHStetHS t (A14)

The time dependence of Gpp (1) reflects coherent evolution under
HY as well as incoherent evolution under H{". To exhibit the former
explicitly, we evaluate the S-spin trace in Eq. (A13) in the eigenbasis
of the static S-spin Hamiltonian,

Dlk) = Eelk) (A15)

We thus obtain

G (1) = 5 Z Z exp[ R+ ioow)T| (kISTHI (KISEL D (A16)

where wy = E; — E; and R are the characteristic decay (or fluctua-
tion) rates of the S-spin system [40,42,43]. Since '*N relaxation is in
the extreme motional-narrowing limit (Section 4.1), these rates

should not depend on the projection indices P and P
Combination of Eqs. (A12) and (A16) now yields

Ry
o) w By—— A17
Pan(@o) DANZ 21: IIR2,+((1)0—601<1)2 ( )
where
1 2
By =6| > (kISTHIDErp(Qur, Q) (A18)

P=-1

Among the 9 terms in Eq. (A17) only 3 are ‘resonant’. The remaining
6 terms are discarded since they do not contribute significantly to
the Q peaks. The Q-peak frequencies correspond to the following
S-spin transitions

Q. =Ey1 —E (A19a)
Qo =E; —E_4 (A19b)
The coefficients corresponding to these frequencies are
1 2
B. =6|> " (0[S h|1)Erp(Qur, Q) (A20a)
P=-1
1 2
Bo=6[> (—1|S{}|1)Eip(Qur, Qo) (A20b)
P=—1

Finally, we assume that the relaxation rates Ry, are related to the
quadrupolar relaxation rate Rq in Eq. (7) as

Ré = Ro‘i1 = RQ
Ry =R.11 = URy

(A21a)
(A21b)

with the constant u regarded as a model parameter. We thus arrive
at Egs. (29) and (30) of the main text.

To calculate the Q-peak frequencies €2, and the associated coef-
ficients B,, we need the eigenvalues and eigenvectors of Hf5°>
Although an analytical solution is available [72], we used a numer-
ical diagonalization of the matrix representation of Hgo) in the basis
of S-spin angular momentum eigenvectors (in the F frame):

(o)) . ) nig
—WsCos fig +7 —3 sin e~ =
0 _ Ws o i o} We ot i
Hg” = | — 3% sin pgen -3 — 9% sin e s
e — 95 sin fpeir s cos fip + 22

(A22)

Let V be the eigenvector matrix and € the diagonal eigenvalue ma-
trix. Then

HOV =vo (A23)
and

(kIS = (VSpV),, (A24)
where Sp is the matrix representation of S{'. In the low-field regime,
where

s < 122 (A25)

a perturbation treatment yields the Q-peak frequencies in Egs. (3)-
(5) and the coefficients
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B: = 3|cLE1_1(Lir, Q) F CE11(Cr, -QFD)|2 (A26a)
By = 12‘C+C,E1'0(Q]_p, Q]:D)|2 (A26b)
where

1/2
C. = %(1 + % €OS fir) (A27)

with 4 given by Eq. (5).

The relaxation rate pan depends on the orientation ;¢ mainly
via the frequencies €2,, which in the low-field regime only depend
on fir. In addition, a dependence on Q;r enters via the coefficients
B, and the rates Rg,. The latter is neglected here. As an approxima-
tion, we may also remove the orientation dependence from the
coefficients by pre-averaging them over the powder distribution.
This leads to the simple expressions in Eq. (33).

The second approach [9] starts from the BWR master equation
for the IS spin density operator [1] and the spin Hamiltonian in
Eq. (A1), but with Hs = H§O), that is, S-spin fluctuations are not trea-
ted explicitly. We first consider the related but different problem of
I-spin relaxation induced by isotropic modulation of the Euler an-
gles Qp in the I-S dipole coupling in Eq. (A4). The relevant time
correlation functions are then

exp(—7/7p)

(Dgp(QLD(T))Dﬂ;’ (Qip(0))) = gk Onn Opp 2K+ 1)

(A28)
The dipolar correlation time, tp, may, for example, be the I-spin res-
idence time (EMOR mechanism). As in the first approach, this treat-
ment yields an expression for pay as a linear combination of
spectral densities at frequencies wg — @y, where we only retain
the three ‘resonant’ terms. Introducing the low-field approximation
and pre-averaging the coefficients in the spectral densities, we ob-
tain the same result as from the first approach with these two
approximations with the only difference that Rj, is replaced by 1/
7p. If the rate of S-spin transitions is isotropic (as in the extreme
narrowing limit) and level-independent (Ré = ROQ), it has the same
effect on the I-spin relaxation as an orientational randomization
of the strong-collision type (A28).

In the third approach, we start from an extended polarization
transfer scheme which now includes the '#N spin explicitly
(Fig. 14). Note that the spins associated with the amide proton (A)
and nitrogen (N) are denoted by I and S, respectively, in Appendix
A. The extended scheme is described by four coupled rate equa-
tions, in place of the three in Eq. (11). Evaluating the integral relax-
ation R; defined in Eq. (12), we find that the QP rate R?, defined in
Eq. (15), can still be expressed as the product of a peak rate R and a
shape function L, as in Eq. (16). The expression for R is the same as
before, Eq. (17), but the shape function in Eq. (18) is replaced by

Pan
: Pan(1+KRia/Rq) + Ria (A29)
When N relaxation is sufficiently fast, meaning Rq >> KRia, this
expression reduces to Eq. (18).

In the simpler scheme of Fig. 8, pan describes relaxation of the
amide proton, that is transfer of polarization energy to the lattice.
The N spin does not appear explicitly, but is treated as a part

Fig. 14. Extended polarization transfer scheme.
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Fig. 15. (a) Frequency dependence of powder-averaged polarization transfer rate,
(pan(@o)), in units of ps~'. Parameter values: vg=3.34 MHz, =04, ogp=0°,
Brp =90°, and Rq = 2000 s~ . (b) Peaks in (p,y (o)) on an expanded frequency scale.
For (pay (o)) and (piy (o)), the amplitude has also been magnified by a factor 4.0
or 1.5, respectively. (c) Frequency dependence of the powder-averaged ‘shape
factor’ (L(y)) for Ria(2 MHz) = 25571,

of the lattice. In the extended scheme of Fig. 14, pan describes
coherent and reversible polarization transfer from A to N (that is,
from I to S), with x =(3/8) [y("H)/y(**N)]? = 71.77 to satisfy de-
tailed balance. Energy transfer to the lattice occurs in the subse-
quent step of N quadrupolar relaxation. If this step is
sufficiently fast, the flow of polarization energy from A to the lat-
tice via N becomes effectively irreversible, as in the simple scheme,
and a spin-temperature approach [3,5,73] can be adopted wherein
the coherent polarization transfer pay is given by an expression
that is formally identical to Eq. (A10) except that Hs = HY in the
spin Hamiltonian of Eq. (1) (as in the second approach).

The derivation of pay therefore follows the same steps as in the
first approach except that Gpp(7) in Eq. (A16) now describes purely
coherent evolution (R = 0). The final result for pay is again given
by Eq. (A17), but with the Lorentzians replaced by delta functions
d(mo — wy). However, the Lorentzian form may be reintroduced as
an ad hoc modification to account for homogeneous broadening of
the '“N levels. The only difference between the first and third ap-
proach is then the term kR /Rq in Eq. (A29). When this term is
<<1, the two approaches are entirely equivalent. For the parameter
values required to fit the QP data (Section 5.4), this is not quite the
case. For example, in the low-field approximation, the Q. peak
amplitude of the shape function, L.(€2.), is ~25% lower in the third
approach than in the more rigorous first approach (Fig. 11b).

To illustrate the effect of powder averaging, we show in Fig. 15
the averaged polarization rate (p, (o)) computed with Rq set to a
small value of 2000 s~ ! to make the homogeneous broadening neg-
ligible compared to the inhomogeneous broadening due to the ori-
entation dependence of the frequencies 2,. The widths of the
peaks in (p,y(@o)) are only 7 kHz (o = 0), 35 kHz (—) and 60 kHz
(+), an order-of-magnitude less than the observed Q-peak widths.
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Fig. 15 also shows the powder-averaged shape function (L(wy)),
with L(wo) given by Eq. (A29).
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