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Mechanism of dilute-spin-exchange in solid-state NMR

George J. Lu and Stanley J. Opella®
Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla,
California 92093-0307, USA

(Received 2 January 2014; accepted 12 March 2014; published online 27 March 2014)

In the stationary, aligned samples used in oriented sample (OS) solid-state NMR, 'H-'H homonu-
clear dipolar couplings are not attenuated as they are in magic angle spinning solid-state NMR;
consequently, they are available for participation in dipolar coupling-based spin-exchange processes.
Here we describe analytically the pathways of '>N-1SN spin-exchange mediated by 'H-'H homonu-
clear dipolar couplings. The mixed-order proton-relay mechanism can be differentiated from the third
spin assisted recoupling mechanism by setting the 'H to an off-resonance frequency so that it is at
the “magic angle” during the spin-exchange interval in the experiment, since the “magic angle” irra-
diation nearly quenches the former but only slightly attenuates the latter. Experimental spectra from
a single crystal of N-acetyl leucine confirm that this proton-relay mechanism plays the dominant
role in PN-ON dilute-spin-exchange in OS solid-state NMR in crystalline samples. Remarkably, the
“forbidden” spin-exchange condition under “magic angle” irradiation results in ’N-'>N cross-peaks
intensities that are comparable to those observed with on-resonance irradiation in applications to
proteins. The mechanism of the proton relay in dilute-spin-exchange is crucial for the design of po-
larization transfer experiments. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869345]
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Il. INTRODUCTION

Experiments that result in the exchange of magnetiza-
tion between two nuclei rank among the most valuable tools
in solid-state NMR.'~* They characterize molecular structure
and dynamics and have a particularly valuable role in the as-
signment of signals to specific sites in organic and biological
molecules.* Notably, the through-space coupling of two nu-
clear spins was the first spin-interaction to be elucidated in
the earliest NMR experiments.> When two nuclei with spin
S = 1/2 are in close spatial proximity, and isolated from
other nuclei, then a doublet results in the spectrum due to
their dipole-dipole coupling. Importantly, when the coupling
is weak because of low-y or large separation of the (dilute,
e.g., *C or ’N) nuclei, then a doublet may not be observed.
However, the weak dipole-dipole couplings that are present
are often sufficient for the exchange of magnetization be-
tween proximate sites. Multiple coupling pathways including
homonuclear spin-diffusion®’ have been observed. In essen-
tially all plausible mechanisms, the nuclei in closer proxim-
ity yield stronger exchange signals than those with greater
separation.

The introduction of the second-order third spin assisted
recoupling (TSAR) method of polarization transfer between
two low-y nuclei ('*C or ’N) that are both coupled to a
third high-y ('H) nucleus® (Figure 1(a)) has led to a re-
naissance in studies of dilute-spin-exchange spectroscopy.’=!
Here we demonstrate theoretically and experimentally that
the dominant mechanism of spin-exchange between dilute nu-
clei in a stationary crystalline sample is “mixed-order proton-
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relay,” which relies on transfers between proximate 'H nuclei
(Figure 1(b)).

Spin-exchange between >N nuclei is frequently utilized
in protein NMR studies for resonance assignment and struc-
ture determination because of the importance of the amide
sites located in the polypeptide backbone. TSAR was adapted
for stationary, aligned samples in oriented sample (OS) solid-
state NMR as the mismatched Hartmann-Hahn (MMHH)
condition.”> TSAR and several other second-order recou-
pling experiments,’>>* including proton driven spin dif-
fusion (PDSD),>3 rely on the presence of nearby 'H
nuclei to transfer magnetization between N sites. The 'H
nucleus participation in the magnetization transfer is proposed
to be through simultaneous coupling to both >N nuclei. Here
we demonstrate that an alternative mechanism is operative,
namely polarization transfer through 'H-'H coupling. No-
tably, this mechanism does not require that each 'H nucleus
be coupled to both N nuclei. Moreover, it more closely re-
flects the distribution of nuclei in polypeptides where >N nu-
clei are usually located on different residues; only rarely does
a 'H nucleus have sizable dipolar couplings to two or more
SN nuclei. By comparing the effects of on-resonance versus
“magic-angle” off-resonance 'H spin-lock irradiation®” it is
possible to separate the two transfer mechanisms for dilute-
spin-exchange.

Il. MATERIALS AND METHODS

The expression, purification, and sample preparation of
intact fd bacteriophage have been described previously.*?
I>N-detected solid-state NMR spectra were obtained on a
700 MHz Bruker Avance spectrometer equipped with a home-
built 'H/'SN double-resonance probe with a strip-shield to

© 2014 AIP Publishing LLC
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FIG. 1. Schematic drawings of the dipolar coupling networks relevant
to SN-I>N dilute-spin-exchange. (a) The second-order TSAR mechanism.
(b) The “mixed-order proton-relay” mechanism.

minimize heating of the lossy samples due to the high fre-
quency, high power radiofrequency irradiations.”"

ISN-15N spin exchange experiments on a N-acetyl leucine
(NAL) single crystal were performed with 45.45kHz ra-
diofrequency irradiation, 1 ms cross-polarization, 0.1 s Z-
filter, and 5 ms mixing time. During mixing, 'H irradia-
tion was elevated to 50 kHz (4+10% mismatched condition)
for on-resonance spin lock or was dropped to 40.82 kHz
with 28.87 kHz offset (+10% mismatched for effective B
field). Similarly, the spin exchange experiments on the fd
bacteriophage sample used 45.45 kHz irradiation, 1 ms cross-
polarization, 0.1 s Z-filter and various mixing times. The con-
trol experiment used a 0.1 s Z-filter but no spin-lock spin
exchange period. Several mismatched conditions were de-
scribed above, and notably, the 22% mismatch corresponds
to 'H irradiation frequency of 55.6 kHz on resonance or
45.45 kHz with 32 kHz offset. Twenty complex t1 points, 384
complex t2 points, and 400 scans were collected in each ex-
periment. Spectral widths of 10 kHz and 50 kHz were used in
the t1 and t2 dimensions, respectively. With a 4 s relaxation
delay between each scan, the total time for each experiment
was ~ 18 h. For the spectra of 4 s PDSD mixing, the number
of scan was reduced to 208, giving approximately the same to-
tal experimental time. The spectra for fd bacteriophage were
processed with an exponential window function correspond-
ing to 200 Hz line broadening. The data processing and visu-
alization used NMRDraw>? and Sparky.*

Numerical simulations were carried out with SIMPSON
2.0.5* Numerical simulations of OS solid-state NMR spectra
used the same setup as that of the experimental spectra of the
NAL single crystal, namely, 45.45 kHz radiofrequency irra-
diations, 0.1 s Z-filter time, and 5 ms mixing time. Cross-
polarization was replaced by putting initial magnetization di-
rectly on the two >N nuclei. The crystal file of “alphaObeta0”
was used. The spin networks are shown in the figures. In the
simulations of the buildup curves, initial magnetization was
put only at one of the >N nuclei, and the other >N nucleus
was monitored during detection. Only the spin-lock mixing
period was simulated with variable length.

lll. THEORY OF MIXED-ORDER PROTON-RELAY
MECHANISM

Using average Hamiltonian theory, 'N->N spin ex-
change can be analyzed in both types of dipolar coupling
networks (Figure 1), and we focus the discussion on the
terms responsible for the transfer between N nuclei in sta-
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tionary samples. In the case of TSAR these are the tri-
linear terms T\ (T}, T, 1 TN T +1) where spins Nj
and N; are the two ISN and spin H is the 'H.'S It can
be shown that in a simplified scenario of a three-spin sys-
tem, the change of 'H spin lock irradiation from the on-
resonance frequency to the “magic-angle” offset frequency
attenuates the amplitude of the polarlzatlon transfer accord-
ing to HTSAR(on resonance) — HTSAR(maglc angle).

In contrast, for the spin network shown in Figure 1(b),
three mechanisms can be identified. The first is referred to as
the “third-order mechanism.” The flip-flop terms between the
two "N nuclei, mediated by a variety of terms derived from
the 'H spins, appear in the third-order average Hamiltonian
and drive the polarization transfer between the >N nuclei. The
second and third mechanisms are referred to as “multiple-step
mechanisms.” They involve the first-order and second-order
average Hamiltonians and transfer the polarization in more
than one step. Collectively they constitute a “mixed-order
proton-relay mechanism.” It can be shown that most of the
terms responsible for N polarization transfer are averaged to
zero when the 'H spin-lock irradiation is set to the “magic an-
gle;” and the few terms that remain are attenuated by at least
an order of magnitude. Thus, a “magic-angle” 'H spin-lock
nearly quenches the spin exchange, which can be expressed as
ﬁpm,on_,dw(on resonance) —~ 0(magic angle). The an-
alytical derivations of these mechanisms are described below.

A. Second-order TSAR mechanism

The second-order TSAR mechanism can be described
with a minimum of three spins. Here we consider one 'H
spin (spin H) coupled to two >N spins (spins N; and Nj)
(Figure 1(a)), and for simplicity we omit other internal Hamil-
tonian terms such as chemical shifts. Using spherical tensor
operator notations, the Hamiltonian of the system in the usual
rotating frame under a high magnetic field can be written as®

H(t) = Hyy(t) + Hp(1), 1)

Hp(t) = 205 xi TRTY + 20 5, THTY . )

In the absence of magic angle spinning (MAS), the dipolar
couplings are not attenuated, and the spatial part of the dipolar
coupling Hamiltonian wyn; and wp; are time independent.
Note the conversions between spherical tensor operators and
the Cartesian spin operators are

TP = %(31&1& —14-1p), (3a)
T = %(IAJ;t + I3 1), (3b)
Tt = ST, 3o
T{y = Ia:, (3d)
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For stationary, aligned samples used in OS solid-state NMR,
the pulse sequence of polarization transfer by TSAR usually
involves spin-lock pulses on both channels under mismatched
Hartmann-Hahn conditions.?> Therefore, we define the irradi-
ation frequencies of the two channels to be

A
Tl,:tl -

oy =w; + Aw, (4a)

wyN = w1, (4b)

where Aw accounts for the mismatched amplitude. The over-
all effect of the on-resonance spin-lock pulses on >N can be
described as a rotation with the Euler angles

Ry (wlt, % O) = exp{—iw;tS;} exp {—i%Sy} . (5a)

The spin-lock irradiations on the 'H channel are usually on
resonance but here it is generalized to be at any angle 6, for
the convenience of subsequent discussions of spin-locking at
the “magic angle:”

Ru(wit,6,0) = exp{—i(w; + Aw)tl;}exp{—ifl,}. (5b)
Note the rotation transforms the spin part of the internal

Hamiltonian (in this case Hp(¢)) through the following gen-
eral transformation equation:

R(a, B, Y)Te R\ (o, B, y)
+k
= Z Ty, exp{—iap}

p=—k

dy (Byexpi—iyq}.  (6)

This provides a convenient way of analyzing pulse sequences,
such as deriving the following interaction frame Hamiltonian:

Ur}l(l()v to + t)HintUrf(to, to + T). (7)

Hiy =

In the current case, Hi, includes only the Hp described in

Eq. (2). The relative ease of performing spin rotation calcula-

tions is the main reason for using spherical tensors instead of
Cartesian tensors.

The time propagator can then be approximated using

Average Hamiltonian Theory with stroboscopic observation

from time tq to to + T,
Ulto + ) = Ups(to, fo + ) exp{—i Ht}, (8)

where H is the average Hamiltonian. Using a Magnus expan-
sion, the first few terms in H are represented using the general
formulae of Bialynicki-Birula et al.:*

—) 1 o+t
H =- Hindt, (9a)

T fo
h+t fo+h
—@
H( ) / dt / dn|
2t

_(%) to+t fo+1 to+1,
/ d, / dt> / dts (A1),

[Hine(12), Hin(t3)] + [Hine(13), [Hine(t2), Hine(11)]).
(9¢)

[Hin(11), Hin(12)], (D)

J. Chem. Phys. 140, 124201 (2014)

Notably, the order numbers in the second-order TSAR mech-
anism and mixed-order proton-relay mechanisms refer to the
number described here during the Magnus expansion. Since
spin lock irradiations in this class of experiments usually last
for several milliseconds, we can assume that both w;t and
Awt satisfy the integers of 27. Explicitly, this can be written
as

2e1m 287
T = = , (10)
i Aw

where € and ¢, are both integers.

For the minimal three-spin system and the simplified in-
ternal Hamiltonian, we can explicitly evaluate the first two
orders in the Magnus expansion using Mathematica with the
assistance of scripts from MathNMR*’ and SpinDynamica:*!

(D

7" =o, (11a)
T2 _ 2oy niognj(@ + Aw)sin*(©)
L AwQRwi + Aw)
X Tll(L)I(TlNJIrlTlNL + 1Ty +1) (11b)
—(2) 1
H, =

21 AwQw + Aw)
X (w1(w + Aw)(a)%],m + w%I’Nj)sinz(O)Tllg
+ (AwQw; + Aw)cos*(0) — wisin(6))

X (a)%{,NiTII(\;i + w%i,Nj Tll(\)lj))' (11c)

The most relevant Hamiltonian is ﬁ(,z) in Eq. (11b), which
contains the three-spin trilinear terms for polarization transfer
between spins N; and N;j; the magnitude of this term has a
sin’(9) relationship with the 'H channel spin-lock angle 6.
Therefore, the term is only attenuated when the 'H spin-lock
pulse is changed from the on-resonance condition (6 = 7/2)

to the “magic-angle” condition:

-2 2@ :
H, (on resonance) — §H1 (magic angle). (12)

B. Third-order mechanism

For the proton-relay mechanism diagrammed in
Figure 1(b), the minimal system contains four spins, rather
than the three spins of the TSAR mechanism. It is straight-
forward to envision that the key flip-flop terms between
the two N atoms would appear in the third-order average
Hamiltonian terms. We can use the same set of formulae
described in the last section to derive this mechanism. We
denote the two 'H spins to be H; and H; and the two N spins
to be N; and N; (Figure 1(b)), and the internal Hamiltonian
now contains:

Hp(t) = \/ngi,Hszlgl’Hj + 20pi ni TH TR
+ 20N T T (13)

The third order average Hamiltonian evaluated from
Eq. (9¢) contains many terms; for simplicity, we only
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evaluate those terms containing zero-quantum flip-flop
terms between spin N; and N; 7V 7" | + TV T}/ 1t is
noted that double-quantum terms also exist in add1t10n to the

=03
H(I) = T1[ngHJ (T1Nil L+ T

4a)1 201 Aw — Aw?* + 3(4a) — 6w Aw — 3Aa)2)cos(29)
X

J. Chem. Phys. 140, 124201 (2014)

zero-quantum terms that we quantify here, as those ana-
lyzed for TSAR mechanism.>'5 The zero-quantum terms
include:

T +1)wHt Hj®Hi Ni®OHj NjSIn 20)

14a
2A0? Q2w + Aw)? (142)
—3) i i j i
Hy = (r ™ + 1 r ) (YT + TN TN o niow viowj v
—20} + 40’ Aw — 180 Aw® — 200 Aw® — 5Aw*
X
4t AwiQw + Aw)?
n (8(1)‘11 + Sa)an) — 28w%Aw2 — 32w Aw® — 8Aa)4)cos(29)
407 AwiQw; + Aw)?
n 3(—2a)‘1‘ — 4w?Aa) —26w%2Aw2 — 4a)1A;u3 — Aw*)cos(40) , (14b)
4o Awi (2w + Aw)
. 2
—03) pHiH] Hi, Hj Ni Ni Nj —sin(20)(3cos<(0) — 1)
H; 6 = + 7, T +T_T ORI HjOHi Ni® (14¢)
111 (2+1 )( 1+1 1,—1 1+1) Hi,HjYHi,Ni®Hj,Nj ﬁAw(2w1+Aw)
—3) T HiHj Hi,Hj i Nj ; —2sin*(0)(3cos*(0) — 1)
Hyy = (T, 5 + 0,5 ) (0L + 1T, +1)“’Hz Hj@WHi Ni®Hj Nj Ao + Aw) . (14d)
We note that FG) and EOI) contain a mixture of the term ﬁ%(an resonance) — 0(magic angle). (15d)
Ty (M T+ TV T} )) and other terms that origi-

nate from commutation between homonuclear and heteronu-
clear dipolar couplings.

In the next step, we evaluate the dependence of these flip-
flop terms in the third-order average Hamiltonian on the 'H

channel with spin-lock angle 6. We can readily see both ﬁ([31)1

and ﬁ(;& vanish when 6 is the magic angle. ﬁ(l and H (,31)

do not vanish at the magic angle but are reduced by factors
of around 18 and 16, respectively, if one assumes the ratio
wi/Aw = 10, i.e., the 10% mismatched condition previously
shown to be optimal for '’N->N spin exchange in a NAL
1. This is summarized below for a comparison with

crystal.
o1
= 10)
w

Eq. (12):
gE)
. W]
(maglcangle, — = 10) , (15a)
Aw

H; (on resonance,

1 —
—~ —H(13)
18

3 w1
ﬁ(,,) (on resonance, — = 10)
Aw

N lﬁ(( ! “’1—10) (15b)
TRl magicangle, e ,

ﬁ(;,), (onresonance) — O(magic angle), (15¢)

Interestingly, H 1 and HY 11 ) reaches zero when the 'H channel
spin-lock angle 6 is 52.92° and 56.53°, respectively. Both of
the angles are very close to the magic angle of 54.7°.

C. Multiple-step mechanisms and repolarization of 'H

Other pathways for polarization transfer from one N
atom to the other in the same four-spin system (Figure 1(b))
are through multiple-step polarization transfer via 'H. They
can also be viewed as proton-relay mechanisms, and their dif-
ference from the one described in the last section is that the
Hamiltonian terms in the above section can convert polariza-
tion in the first "N (expressed as IV*) directly to the polariza-
tion in the second one (I;V" ), while the mechanisms described
here convert polarization IV to 1! (the first 'H) or 17 (the
second 'H) and then, in the subsequent step, to IzNj . These
pathways are summarized in Figure 2.

We start by deriving the second-order average Hamilto-
nian terms for the four-spin system. Similar to the case of
the TSAR mechanism, trilinear terrns 1nV01V1n§ three splns

appear as Tllg'(TlNi1T1 L+ LT 1+1) and T}y’ T1H+l1T
+ T, T]"])). The term T1Igl(T1Nfr1 L+ T T can

transfer polarization from spin N; (a 15N nucleus) to spin Hj
(a 'H nucleus). In contrast to the TSAR mechanism, which
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WHK\ \H

(spin Hi) (spin Hj)

/X

\SN |5N
(spin Nj) (spin Nj)

FIG. 2. Schematic drawing of the pathways for spin exchange from
one N atom to the other. (Green) Third-order proton-relay mechanism.
(Magenta) Second-order two-step mechanism. (Cyan) Mixed-order three-
step mechanism.

involves only heteronuclear couplings, spins H; and H; are
coupled through homonuclear dipolar couphngs and there-
fore additional trilinear terms in the form of T,OJ (T, +1T il

+ 77TV and TH (T TN 4+ T T ) also appear.
The term T ’(TIH] TN] N T]Nfrl) can thus transfer
magnetization from spm H; to spln N;. The relevant second-

order Hamiltonian terms for these two steps are extracted out:

H(Z) _ THI(TNI THJ1 + TNz Hj )

1,+1 1+1
. (9)1 — 3cos*(0) (16a)
X Wi HiWHi. NiSIn(@) ————, a
Hi,Hj®Hi,N Aw
—2) i(mHj Nj Hj Nj
H, = Tlg (Tl -ﬁj-lT jl + Tl ilTl -jH)
. 1 — 3cos2(0)
X a)Hi,Hja)Hj,stzn(G)T. (16b)

Then the evolution of density matrix can be followed through
the formulae

(t) = exp(—i Ht)p(tp) exp(i Ht). (17

When p(ty) = I
o).

Similarly, polarization transfer from spin N; to spin N;
can occur in three steps (cyan color, Figure 2). In the first
step, the same second-order Hamiltonian terms (Eq. (16a))
transfers polarization to spin H;. In the second step, the first-
order Hamiltonian term will drive the polarization to spin H;.
The first-order Hamiltonian contains only the homonuclear
dipolar coupling,

Hj Nj .
, we can obtain non-zero I,/ and I’

3 0)—1
wal Hj Hl i —COS (2 ) . (18)
Lastly, the trilinear term will transfer magnetization from spin
H; to spin Nj:

—=(2) H H H
Hy =T j(T1+l1 1+T1i1T1+1)

. 1 — 3cos?(9)
X a)H,-’Hja)Hj,stzn(@)T. (19)

The important realization is again that all relevant terms
in Egs. (16), (18), and (19) have a 1 — 3cos*(0) dependence
on the 'H channel spin-lock angle 6. Therefore, these mecha-
nisms of polarization transfer will also be quenched by setting
the 'H channel spin-lock irradiation at the magic angle.

Another difference of these two mechanisms from the
one shown in the last section is that they lead to repolariza-
tion of 'H. Due to their large differences in gyromagnetic ra-
tios, the cross- polarization from low-y nuclei back to high-

J. Chem. Phys. 140, 124201 (2014)

y nuclei usually causes substantial depolarization of the for-
mer. Since 'H usually experiences shorter T, and faster de-
cay, their repolarization during spin exchange may become
a pathway to drain the magnetization. This is related to one
of the speculated reasons for the performance of these pulse
sequences in biological sample, which will be discussed in
Sec. V.

IV. NUMERICAL SIMULATIONS AND EXPERIMENTAL
RESULTS

The analytical results described in Sec. III have shown
that by switching the 'H irradiation frequency from on-
resonance to off-resonance at the magic angle, the “mixed-
order proton-relay” mechanism will be nearly quenched,
while the TSAR mechanism will only be slightly attenuated.
This suggests an experimental method to differentiate the two
mechanisms by comparing the polarization transfer efficiency
in the presence of on-resonance and off-resonance “magic-
angle” 'H irradiation. The numerical simulations of the two-
dimensional 'SN-'SN spin exchange spectra (Figures 3(a)—
3(d)) and the magnetization buildup curve (Figure 4) vali-
date the conclusions. The dipolar coupling networks used for
simulation of the different mechanisms are drawn on the left
of Figures 3(a)-3(d). The TSAR mechanism (Figures 3(a)
and 3(b)) relies on the same 'H being coupled to two "N
atoms, but the proton-relay mechanisms (Figures 3(c) and
3(d)) do not. Instead, proton-relay mechanisms transfer po-
larization via 'H-'H homonuclear dipolar couplings. In the
simulated spectra, all expected cross-peaks are visible, except
for those in Figure 3(d), which supports the theoretical result
of “magic-angle” irradiation suppressing polarization trans-
fers via proton-relay mechanisms.

The comparison of the two experimental spectra obtained
from a single crystal of NAL (Figures 3(e) and 3(f)) shows
nearly completely quenched spin exchange in the presence of
the “magic-angle” spin-lock irradiation, which demonstrates
that the proton-relay mechanism is the main contributor to the
ISN-I>N spin exchange. The spin-lock contact time is 5 ms
for both simulations and experiments, and during this inter-
val the cross-peaks in Figure 2(e) approach saturation, since
their intensities are nearly the same as the diagonal peaks. For
the spectrum in Figure 2(f), however, we observed continuing
but slow buildup beyond 9 ms, the longest duration tested.
This agrees with the simulation of the polarization buildup
(Figure 4(d)). MMHH contact times around 5 ms are most
relevant with the consideration of applying these pulse se-
quences to protein samples in OS solid-state NMR, because
their shorter Ty, values usually results in loss of signal inten-
sity at longer mixing times,3%-31:37:42

Under MAS conditions, the proton-relay mechanism is
suppressed because of the averaging of homonuclear dipolar
couplings. The extent of suppression is directly related to the
spinning speed. This might provide a partial explanation for
the contrast between the mixing times used in MAS solid-
state NMR and OS solid-state NMR. In "N-!>N correlation
experiments under MAS condition,'” the mixing time is typi-
cally 20 ms but most of the observed cross-peaks are sequen-
tial in helix (~3 A) or B-sheet (< 5 A) structures. By contrast,
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FIG. 3. Numerical simulation and experimental '>N-'SN spin exchange spectra that differentiate TSAR and proton-relay mechanisms by 'H spin-lock pulses
on-resonance or off-resonance at the magic angle. The pulse sequences are drawn on the top. (a)—(d) are simulated spectra. (e) and (f) are experimental spectra.
(a), (¢), and (e) are with on-resonance 'H spin-lock irradiation. (b), (d), and (f) are with “magic-angle” 'H spin-lock irradiation. (a) and (b) Numerical simulation
on the spin network for the TSAR mechanism, where “magic-angle” irradiation only slightly attenuates the spin exchange. (c) and (d) Numerical simulation on
the spin network for proton-relay mechanisms, where “magic-angle” irradiation nearly quenches the spin exchange. (e) and (f) Experimental results obtained
from the NAL single crystal sample. The arrows indicate the cross-peaks resulting from spin-exchange. Notably, the four resonances arise from the four uniquely
oriented amide sites in each unit cell of an NAL crystal.
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FIG. 4. Numerical simulation of the polarization buildup curve resulting from ISN-BN spin-exchange. (a) and (c) On-resonance 'H spin-lock pulse. (b) and (d)
Magic-angle 'H spin-lock pulse. Drawn on the left are the spin networks proposed for TSAR mechanism (top row) and for mixed-order proton-relay mechanism

(bottom row).

in OS solid-state NMR, most reports show that 5 ms mixing
provides all cross-peaks among '’N spins in a NAL single
crystal, which has inter-molecular '>N-'>N distances greater
than 6.5 A. Under slow spinning, the incomplete averaging of
homonuclear couplings makes the situation resemble that en-
countered in OS solid-state NMR, but this requires an analysis
beyond that in this article.

V. DILUTE SPIN EXCHANGE IN PROTEINS
A. Selectively '°N-Val labeled fd bacteriophage

To optimize the spin exchange conditions and to test the
different effects of on-resonance and “magic-angle” 'H spin-
lock pulses to protein samples, multiple spectra need to be
collected, and in each spectrum, the signals must have rea-
sonably large signal-to-noise ratios. Additionally, for quantifi-
cation a signal would ideally be from an isolated cross-peak
involving only one pair of assigned >N nuclei rather than a
cluster of cross-peaks.

Considering all these criteria, we have chosen to perform
experiments on a magnetically aligned sample of selectively
I5N-Val labeled fd bacteriophage. The high-resolution struc-
ture of the major coat protein in intact fd bacteriophage has
been solved by OS solid-state NMR.*? Interestingly, the se-
quence of the fd coat protein contains four nearby valines,
V29, V30, V31, and V33. The first three valines are sequen-
tial and can be tested for sequential resonance assignments,
while the spin exchange with V33 can be potentially used
for longer-range i/i+3 and i/i+4 spin exchange experiments.
The four valine signals are reasonably well separated in one-
dimensional OS solid-state NMR spectrum.*> These proper-

ties allow us to perform multiple 18-h experiments to test
each spin exchange condition and monitor the cross-peak in-
tensity for a single pair of N nuclei with a signal-to-noise
ratio greater than 6:1, which can be difficult to obtain with
other protein samples.?!

In the example spectra (Figure 5(a)), cross-peaks from
the V29/V30 and V30/V31 pairs are of sizable intensity. Since
the cross-peaks of V30/V31 are close to the diagonal, we fo-
cus on the two cross-peaks of V29/V30 for the quantification
and systematic comparison of intensities. Cross-peaks involv-
ing V33 are near or below the noise level in the current ex-
periments. Therefore, the characterization of long-range spin
exchange may require longer signal averaging or the devel-
opment of stronger samples, and is beyond the scope of the
present study. The pulse length and mismatch percentage be-
tween 'H and "N channels are the first parameters to optimize
(Figure 5(b)), and on-resonance 'H spin-lock pulses are used
in this case. While in all spectra a 5 ms pulse length yields
the highest intensity, a 22% mismatch has provided slightly
higher intensity than other conditions. This optimal mismatch
percentage agrees with the previously found optimal condi-
tion for the similar filamentous Pf1 bacteriophage.®' There-
fore, we chose 5 ms length and 22% mismatch for the compar-
ison between on-resonance and “magic-angle” 'H spin-lock
pulses (Figure 5(c)). Remarkably, the results are quite differ-
ent from those obtained from the NAL single crystal. While
the “magic-angle” 'H spin-lock irradiation nearly quenches
the spin exchange in the NAL single crystal, it provides bet-
ter results than the on-resonance pulse in the aligned sample
of fd bacteriophage. It should be noted that the highest cross-
peak intensity using “magic-angle” irradiation appears in the
spectrum with 7 ms mixing time, rather than 5 ms mixing
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FIG. 5. Experimental optimization of 'N-1N spin exchange condition
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spin exchange efficiency. (b) Optimization of the mismatch percentage and
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son of cross-peak intensity between the on-resonance and magic-angle 'H
spin-lock pulses, with the mismatch percentage maintained at 22%. Trans-
fer efficiency is calculated by dividing the cross-peak intensity in the ex-
periments by the main peak intensity in the control experiment, which
uses a 0.1 s Z-filter and no spin-lock pulses.>® Notably, the mismatch
percentage for magic-angle pulses is calculated from the ratio of Beg of
'H channel and By of I5N channel; by contrast, the ratio of the two B;
fields is used in the calculation for on-resonance pulses. (d) The sensi-
tivity to the mismatch percentage is different between NAL single crys-

tal and fd phage sample. Cross-peak intensities are plotted in an arbitrary
scale (a.u.).
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time in those spectra using on-resonance irradiation, possibly
because the “magic-angle” spin-lock lengthens T;,. We have
also tested “magic-angle” 'H spin-lock pulses on a sample
of the membrane-bound form of uniformly '*N-labeled Pf1
coat protein in magnetically aligned bicelles. The data showed
strong cross-peaks from 'SN-N spin exchange, which
are about the same intensity as those from on-resonance
irradiations.

In conclusion, the experimental results from protein sam-
ples undergoing global motions, such as filamentous bacterio-
phage particles and membrane proteins rotating about the bi-
layer normal, are in contrast to the analytical derivations and
experimental results from the NAL single crystal. While the
“magic-angle” 'H spin-lock irradiation nearly quenches the
spin exchange in a single crystal, in proteins it provides strong
cross-peaks that are of similar intensities as the on-resonance
case. This phenomenon may result from the combined ef-

fect of several underlying mechanisms, which are discussed
in Sec. V B.

B. Discussion of motion interference and spin
exchange distance

We recently generalized the “motion-adapted” proper-
ties of a homonuclear decoupling sequence MSHOT-Pi4/Pi,
whose performance is especially efficient for membrane pro-
tein samples but not for single crystals.***** The underlying
mechanism of the “motion-adapted” property was character-
ized theoretically and experimentally as the interference be-
tween the protein’s rotational exchange motion and the ra-
diofrequency pulses. Importantly, in recent work to apply
multiple contact cross-polarization to enhance signals, Nev-
zorov and co-workers observed much more pronounced sig-
nal enhancement for membrane protein sample than for NAL
single crystal,*#® and this technique was later adapted to en-
hance signals in MAS solid-state NMR on membrane pro-
teins undergoing rotational diffusion.*’ Another study ana-
lyzed the effect of the static disorder and uniaxial rotational
diffusion of the protein samples on the appearance of sepa-
rated local field spectra and showed evidence of inhomoge-
neously broadened line widths.*® Here the discovery that a
“magic-angle” 'H spin-lock pulse is a “forbidden” condition
in a single crystal but provides better '’'N->N spin exchange
in a bacteriophage sample, is to a certain extent, another case
of a “motion-adapted” sequence and may have its roots in a

similar underlying mechanism.

This speculation is supported theoretically, since we pre-
viously showed that a “magic-angle” 'H spin-lock pulse (i.e.,
Lee-Goldberg condition) has the highest susceptibility to mo-
tional interference, compared to other homonuclear decou-
pling sequences such as SAMPI4 and MSHOT-Pi4.** The rea-
son is because in the first-order average Hamiltonian,

1 h+7T
7= / di~/6wp
T Jiy

x 3 TAE exp(—imawes 1) Onagic),  (20)

m=-2
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the spatial component, wp, of the homonuclear dipolar
coupling, which becomes time-dependent as a result of
sample rotational motion, interferes with the averaging of
exp { —imweyt} and causes the Hamiltonian term to become
non-zero. The same effect occurs for most of the Hamilto-
nians discussed in this article. Note that all the Hamiltonian
terms shown in Egs. (11), (14), (16), (18), and (19) are cal-
culated by integration over the t period under the assump-
tion that dipolar couplings ww; Hj, @HiNi» and wy;jN; are time-
independent. These terms will have more complicated depen-
dence on the 'H spin lock angle #, and many additional terms
would appear if the spatial part of the dipolar couplings inter-
feres with their averaging by the term exp { —imwt}. There-
fore, we could qualitatively conclude that, when motion inter-
ference effects exist for a protein undergoing global reorien-
tation, the “magic-angle” 'H spin-lock pulse becomes much
less efficient in stopping the polarization transfer through 'H-
'H homonuclear dipolar couplings, and this condition is no
longer “forbidden.”

Similarly, sample motions can also cause the Hartmann-
Hahn match or mismatch condition to be more promiscuous in
protein samples. For example, rotational motions at the mis-
matched frequency can partially recreate the matching con-
dition between the two channels. This may be one of the
reasons that in the NAL single crystal the mismatch percent-
age strongly influences the cross-peak intensity, but in the
fd bacteriophage sample the effect is much less pronounced
(Figure 5(d)). The less specific matching conditions in protein
samples further increase the potential spin-exchange path-
ways, but also may result in the adverse effect that the polar-
ization on the '°N spins can be drained through transferring
to the 'H spins.

We have described how the sample motions may partially
reverse the inhibition of polarization transfer from “magic-
angle” irradiations; however, this still leaves the open ques-
tion of how the “magic-angle” pulse can produce cross-peak
intensities similar to, or even in some case larger than, the
on-resonance pulse. One of the reasons may be that “magic-
angle” irradiation provides tighter restrictions on polariza-
tion transfers than on-resonance irradiation does. Therefore,
pathways between a pair of >N spins may become more lo-
cal in nature and involve a smaller group of 'H spins. More
specifically, magic-angle irradiation strongly suppresses the
multiple-step mechanisms and thus reduces the repolariza-
tion of 'H spins. Since 'H spins in protein samples usually
experience fast decay and short Ty, relaxation times, the re-
duction in 'H repolarization may conserve the energy during
spin-exchange. The slowdown of decay and conservation of
energy is reflected by the polarization reaching maxima at
longer contact time when magic-angle irradiation is applied
(Figure 5(c)). Another view of spin exchange was recently
provided by Khitrin et al. based on spin temperature theory,?’
where the authors drew analogy between the on-resonance
MMHH pulse sequence and the cross-relaxation driven spin
diffusion (CRDSD).*’ The article has only analyzed the on-
resonance MMHH pulses, and we have noted the “magic-
angle” spin-lock irradiations described here would add ad-
ditional complication to the situation by slowing down the
equilibration in the proton bath. Potentially, the analysis from

J. Chem. Phys. 140, 124201 (2014)

spin temperature theories on magic-angle irradiation may also
contribute important views to the question.

It should also be noted that N spins in fd bacteriophage
sample are closer in space than those in NAL single crystals,
which provides better opportunities for second-order TSAR
mechanism to function; however, the 'H-'>N dipolar coupling
between non-bonded 'H and >N spins is still very small.
We have calculated the orientation-dependent 'H-'SN dipo-
lar couplings between the amide groups of residues V29 and
V30 based on the structure of the coat protein in intact fd bac-
teriophage particles.*”> While the directly bonded 'H and '°N
have dipolar couplings >6 kHz, the inter-residual dipolar cou-
plings relevant to the TSAR mechanism are only 208 Hz and
167 Hz. Other possible 'H simultaneously coupled to both
15N has dipolar couplings of 410 Hz and 24 Hz, or 167 Hz and
56 Hz. The lack of 'H that can strongly couple to both "N
undermines the efficient spin-exchange through the TSAR
mechanism. Nevertheless, we note that a dipeptide single
crystal N-acetyl-L-'3N-valyl-L-""N-leucine (NAVL) was pre-
viously used to monitor spin-exchange for the intramolecular
cross-peak between valine and leucine,?’-?° and the compar-
ison of this rigid crystal sample with biological protein sam-
ple undergoing rotational motions may be useful for further
understanding spin-exchange. The increase of spin-exchange
through the TSAR mechanism is likely to work synergisti-
cally with the reduction in 'H repolarization and the motion-
induced 'H coupling pathways to make magic-angle pulse an
efficient condition.

In terms of the practical applications, the angle of the 'H
spin-lock irradiation, which can be varied from on-resonance
to the “magic-angle,” offers a potential way to adjust the range
of spin-exchange and provides another degree of freedom to
optimize dilute-spin-exchange experiments. Notably, it has
also been shown that varying the mismatch percentage can
also be used to adjust the range of spin-exchange through the
dipolar truncation effect in MMHH experiments.*° Due to the
complexity of spin-exchange mechanisms, optimal conditions
may need to be identified empirically for each sample, espe-
cially proteins undergoing global reorientation.

C. The comparison of PDSD and MMHH

For "N-!°N spin-exchange in OS solid-state NMR, the
comparisons of proton-driven spin diffusion (PDSD) and the
recently developed pulse sequences, MMHH or CRDSD,
have been made in single crystals’”?° and membrane pro-
teins in aligned bicelles.>*>" Depending on the orientation of
the single crystal, PDSD was reported to give much higher
cross-peak intensity or nearly no cross-peak intensity with
up to 4 s mixing. Similarly, with membrane-bound Pf1 coat
protein it was shown that the PDSD spectrum had high-
intensity cross-peaks for many sequential connections, but
also missed several connections that were otherwise shown
in MMHH spectra.’® In our recent application to a mercury
transporter protein,>® similar trends showed that the PDSD
spectrum provided a strong cross-peak for one pair of neigh-
boring leucines while it was completely missing for the other
pair. The MMHH spectrum showed cross-peaks for both pairs
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FIG. 6. One-dimensional slices of '>’N-13N spin-exchange spectra in the sample of SN-Val labeled intact fd bacteriophage. Arrows denote the V30-V29
cross-peak. (a) Control spectrum with 0.1 s Z-filter and no MMHH pulse. (b) Magic-angle MMHH spin-exchange spectrum with 7 ms contact time and
22% mismatched amplitude. (c) A 4 s PDSD spin-exchange spectrum. All the spectra are acquired with approximately the same amount of time for reliable
comparison of signal to noise, and the plots are scaled to match the same noise level.

of residues, albeit with intensities that were much lower than
the single cross-peak observed in the PDSD spectrum.

In the fd bacteriophage sample we systematically opti-
mized the spin exchange conditions. For PDSD experiments,
we varied the mixing time between 3 and 6 s. A 4 s mixing
time was found to give the largest V29-V30 cross-peak inten-
sity, agreeing with the results obtained from a NAVL single
crystal.?” One of the cross-peaks is compared to the MMHH
spectrum and the control experiment in Figure 6. The cross-
peak in the PDSD spectrum shows significantly higher inten-
sity than that in the MMHH spectrum, agreeing with previ-
ous reports. Notably, we have already taken into account that
the amount of time needed to collect each scan is different
between MMHH and PDSD experiments, for the fd bacte-
riophage sample, even with far fewer scans, the cross-peak
intensity of the PDSD spectrum is still higher than that of
the MMHH spectrum. By contrast, we have found that in
the NAL single crystal sample the performance of MMHH
mixing exceeds that of PDSD, after taking into account the
different amount of time for each experiment. Qualitatively,
the higher intensity in the PDSD spectrum compared to the
MMHH spectrum is likely due to the differences in T; and
T, relaxation times. For intact bacteriophage or membrane
proteins in aligned bicelles, T;, is even shorter than that
in a single crystal, leading to a rapid decay of the MMHH
cross-peaks.

VI. CONCLUSION

Awareness of the proton-relay mechanism for spin-
exchange is important for designing polarization transfer ex-
periments. Switching of the 'H irradiation frequency between
on-resonance and off-resonance up to the “magic angle” of-
fers another degree of freedom to optimize the exchange of
magnetization, especially for biological samples where sub-
stantial motions may be present.
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