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1. NMR experimental workflow for selective long-lived coherence experiments
in large proteins
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Figure S1. Workflow employed for the identification of glycine resonances and selective LLC
excitation of glycine residues in Lysozyme at 950 MHz. Step 1: Broadband excitation and detection
of LLS via pulse sequence of Ref. [3]. Glycine resonances are identified (blue) in this way, but are
not clearly assigned. Step 2: Based on knowledge of resonance frequencies acquired at Step 1,
selective excitation and detection of Gly49 LLS signal (green) utilizing the frequency-selective
pulse sequence of Ref. [4]. This method allows for unambiguous assignment of coupled spins
resonances in each glycine using an LLS filter. Step 3. Once both resonances of one glycine residue
are assigned, a 50 ms polychromatic EBURP2 pulse (with initial frequency offset) allows
simultaneous excitation of transverse magnetization in two spectral regions with opposite sign,
leading to LLC excitation of the selected Glycine residue (red). The excitation spectral regions
(with a spectral width around 70 Hz each) are centered on the previously assigned glycine
resonances.

Table S1. Assigned glycine resonances using the workflow method described above

Residue HA2 (ppm) HA3 (ppm) Av (Hz) @ 950 MHz
G4 4.384 4.034 332.5
Gl6 4.177 3.971 195.7
G49 4.471 3.773 663.1
G67 4.193 3.887 290.7
G117 4.185 3.860 308.8
G126 4.351 3.806 517.8
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2. Theoretical analysis of rotating-frame Overhauser transfer from long-lived
states and coherences

In the following we consider the evolution of a system of three spins, /, S, and K, with
relaxation due to dipolar interactions only, and J-coupling between / and S. For Overhauser
magnetization transfer starting from long-lives states, we note that the cross-relaxation rate
constant between p,;s = I - S and another 1-spin order term of the third spin I?ﬂ, with u = x,y, z,
is null (oy.s/x, = 0) when only dipolar interactions are considered. This can be understood in
terms of operators’ mathematical properties as follows: because dipolar interactions are
characterized by 2-spin order Hamiltonians Hpp = by (34,8, — A - B), the double-commutation
superoperator i DD = [[ﬁ DD [ﬁ pp,» 1| can only modify the correlation order of a targeted operator

with 0 or + 2, as discussed more thoroughly in Ref. [1]. Thus, the singlet population p;; ¢ =1-§
cannot be converted directly through Overhauser effect into a 1-spin term such as polarization at
a third neighboring spin. Nonetheless, if cross-correlated effects between the dipolar mechanism
and other relaxation interactions characterized by 1-spin order Hamiltonians are present, the cross-
relaxation rate oy ;¢ /K, will become non-null and polarization transfer can take place. Chemical

shift anisotropy (CSA) is such a mechanism that should allow polarization transfer from long-lived
states based on heavier Y2-spin nuclei, such as '*C, '°F and *'P, where the shielding anisotropy is
large. Additional analytical investigation was performed within SpinDynamica [2].

For the case of long-lived coherences (LLC’s), discussed in the main text:

Qric = [SoXTo| + [ToXSol + i(I1SoXTol — To){Sol), (1)

The expression of long-lived coherences in terms of Cartesian component can be expressed, in the
habitual z-axis quantization given by an external By field, as a real component Q{{C (z—axis) = I, —
S, and one imaginary component with zero-quantum terms, QfLC(Z_axiS) = (ZIxSy - ZIny). In

the presence of a continuous-wave sustaining field B applied along the x-axis of the laboratory
frame, with amplitude superior to the frequency difference between the two spins, the quantization

axis changes from the z to the x axis, yielding: Q,{{C =1I,— S,an, Q;;c = (ZIZSy - ZIySZ).

Their time evolution is given by:

Prrc(Tmix) = (x — Sx)cos (2] sTmix) + (ZIzSy - ZIySz)Sin(Zﬂ]ISTmix)a (2)

The operator Q. = I, — S, is a linear combination of 1-spin order terms and has a non-zero
cross-relaxation rate constant with the third spin operator K, equal to the difference between

individual cross-relaxation rates of the two I and S spins with the third spin K (ap// K, =
LLC/ ™%

01, /k, — 0s,/k,)- This leads to a pronounced angular dependence of the LLC-ROE transfer with
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a maximum cross-relaxation rate when the three spins are collinear, and a minimum value when
the third spin K is on the perpendicular bisector of the segment connecting I and S nuclei. The
operator Q;, = 21,5, — 2I,,$, is a sum of 2-spin order terms and, based on the above discussion,

has a null cross-relaxation rate with any form of polarization on the third spin I?u, withuy =x,y,z

(apLLC K, = = 0). Because long-lived coherences oscillate between the two components (Q;,. and

Q LLC) with a frequency equal to the scalar coupling constant J;5, the ROE transfer towards the Ky
operator starting from Q;5,. will oscillate with the same frequency, but with a phase difference of
/2 with respect to the LLC’s evolution.

With increasing molecular weight or solvent viscosity, the characteristic rotational correlation
times of analyte molecules, 7., increase. LLC’s lifetimes become shorter than one oscillation
period and the ROE transfer is described by a non-oscillating bi-exponential curve. Nonetheless,
due to the longer lifetime of LLC compared to classical coherences (up to 9 times higher) [3], an
enhanced ROE transfer is predicted by numerical simulations for large proteins [4].

To simplify notation, we introduce for the expectation values of coherences involved in the
ROE process the following symbols: K = (K,), I =(I;), S =(Sy), Qy = (I, +Sy), Qfc =
(I, — S,), and QLLC (2L,S, — 21,S,). Relaxation in the /-S-K system is described by auto-

relaxation rates p; = ps, px and cross-relaxation rates o;s, 07, 05k . Taking into account coherent
evolution due to the J-coupling between the / and S spins, it is found that

dl/dt = —T[]QLLC pil — 0158 — kK, [3]

dS/dt = +mjQ; /. — psS — o151 — oK, [4]
dQ}rc/dt = 21] Qe — (pr — 015) Q-

From Eq. [1-3], the evolution of Q¢ and Q;;is given by

dQiyc/dt = =2m) Q)¢ — pricQitc — 0iucK [5]
dQyLc/dt = +21] Qe — PricQirc [7]

where p.c = p; — 015 and 6/ . = 0y — dsx = o_. The equation for the change rate of K,
dK/dt = _pKK - O-”(I - O—SKSI [8]

can be recast as

dK/dt = —pgK — ULLCQLLC 0+Q+» [9]

where 0, = o;x + ggx. Because of the appearance of Q. in Eq. [7], an additional equation must
be added which, according to Eq. [1] and [2], is

dQ./dt = —p,Qy — 0, K, [10]

where p, = p; + 0;5. However, according to the experimental procedure for producing LLC,
initially Q,(0) = (I, + S,)(0) = 0 and it can be expected that Q. (t) remains small throughout
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the ROESY irradiation. Therefore, we can ignore Eq. [8] and neglect ¢, Q, term in Eq. [7], such
that we are left with the system of equations

dQjyc/dt = —27T]Q2/ch — PricQiic — o1k, [11]
dQp c/dt = +2m] Qi — pLLCQz]fC, [12]
dK/dt = —pgK — %UﬁCQch- [13]

A simple approximate analytical solution can be obtained by assuming that, starting with
the initial condition p(0) = Qf,., the influence of K (K(0) = 0) on the time evolution of Q}%
and Q 2/ LZC can be neglected. This is sensible as long as K (t)/Q},(0) is small throughout of ROESY
irradiation. Neglecting K in Eq. [9,10] we find the solution for Q},. as

QiLc(t) = exp(—pyct) cos(2m]t). [14]

Accordingly, Eq. [11] becomes an inhomogeneous differential equation with ‘source term’
—1/2 0§ -QF,c(t), where Qf,-(t) is given by Eq. [12]. The solution of the inhomogeneous
differential equation is

K(t) = Ae Pkt — e=PLLct[Acos(2m]t) + Bsin(2mjt)], [15]
where
_ (px — pLLC)O_ﬁ,C B = ZHJULKLC
2\/(,01( — pric)? + 4m?j? 2\/(,01( — pric)? + 4m?)?

The accuracy of Eq. [13] was tested for various values of the relevant parameters. We have
found that Eq. [13] is accurate for realistic values of p,;¢, px, and o .. Significant deviations
with respect to K(t) computed numerically with Eq. [9-100] occur only under unrealistic
conditions, for example when o, is comparable to py (this situation is not possible as
internuclear distances 17, and rggare in all cases larger than 7yg).
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3. Dependence of the detected LLC-ROE on the environment

The expected angular dependence of the sign and intensity of the detected through-space transfer
LLC-ROE’s is shown in the figure below.
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Figure S2. Simulated angular dependence of the magnetization transfer from ROE LLC as function
of ¢ angle at T, = 15 ns rotational correlation time. The {I, S, K} spin system has the following
geometrical constrains: the internuclear distance between I and S spins is 1.76 A and the distance
between K spin and the middle point of the I-S segment is d = 4.0 A (Spinach [7] notebook provided
as supplementary materials). Stereospecific ROE transfer is obtained from LLC’s by sign reversal
of the build-up due to a closer proximity of the K spin toward either I or S spins.

Predicted oscillations at the source frequency (Gly->Jis = 17 Hz) in the LLC-transferred
magnetization can hamper the magnetization build-up, but are in practice quenched over large
domains of the observed times by oscillations of the detected spins K, explaining the
experimentally-detected rotating-frame Overhauser transfers.

Matlab notebook for calculation of rotating-frame Overhauser transfer intensities

figure ();

tr=0.1:0.001:0.2;

rhoLLC=0.2;

JIN=2;

sigmaf=5;

sigma=sigmaf;

rhokK=0.8;

J=17;

DR=2*sqgrt ( (rhoK-rhoLLC) . "2+ (2*pi*J) ."2);

A= (rhoK-rhoLLC) . *sigma./DR;
B=2*pi*J*sigma./DR;

roe=A.*exp (-rhoK.*tr)-B.*exp (-rhoLLC*tr) .* (A.*cos (2*pi*J*tr)+B.*cos (2*pi*J*tr));
roe osc=roe.*cos (2*pi*JN*tr);

plot(tr,roe osc,'-r');
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Figure S3. Expected rotating-frame transfer between LLC on Gly aliphatic protons (I,S) and an external
proton spin K in the presence (blue) and absence (green) of small-frequency oscillations (here, a frequency
of 2 Hz was considered) for spin K.

Matlab notebook for the calculation of the maximum LLC-ROE effect as function of rotation
correlation time

% Maximum ROE transfer from Ix+Sx (REF) and LLC
% as function of rotational correlation time

clear all;

% close all;

% Spin system

% List of distances, angles and magnetizations

distlist = {2.5, 4, 6, 8};

anglelist = {0, 15, 30, 45};

maglist = {22.3, 11.7};

boollist = {1, 0}; %LLC or REF

for dist = 1:4
forang =1:4
close all;
for magnet = 1:2
forllc=1:2

disp([dist, ang, magnet, llc])

sys.magnet=maglist{magnet}; % 950 MHz =22.3 T; 500 MHz=11.7 T
sys.isotopes={'1H",'IH','IH",'IH'};

sys.output="hush';

dIS=1.77; % Angstrom

dK = distlist{dist}; % Angstrom

dL = dK+2; % Angstrom

theta=anglelist{ang} *pi/180;

% Zeeman interactions

inter.zeeman.scalar={-0.3 0.3 0.8 -0.8}; %Gly-49Hs & another K & L
inter.coupling.scalar{1,2}=17;
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inter.coupling.scalar{3,4}=0;

inter.coupling.scalar{4,4}=0;

inter.coordinates={[-dIS/2,0,0],[dIS/2,0,0],[dK*sin(theta), dK*cos(theta),0], ...
[dL*sin(theta), dL*cos(theta),0]};

%Basis formalism
bas.formalism="sphten-liouv’;
bas.approximation="none';

maxLLC=[]; tau_C=[];
num_points = 25;

for j=logspace(-3,2,num_points) % Log scale for tauC = [1ps 100 ns]
% Relaxation theory
inter.relaxation={'redfield'};
inter.equilibrium='zero';
inter.rlx_keep="labframe";
inter.tau_c={j*1e-9}; tau C=[tau C j*1e-9];

% Spinach housekeeping
spin_system=create(sys,inter);
spin_system=Dbasis(spin_system,bas);
spin_system=assume(spin_system,'nmr");

% Equilibrium density operator
H_temp=hamiltonian(assume(spin_system,'labframe’'),'left');
rho_eq=equilibrium(spin_system,H_temp);

% Operators and superoperators
Ip=operator(spin_system,'L+',[1]);
ISp=operator(spin_system,'L+',[1 2]);
ISKp=operator(spin_system,'L+','1H");
ISx=(ISp+ISp")/2; ISy=(ISp-I1Sp")/(21);
Ix=(Ip+1p")/2; ISKx=(ISKp+ISKp')/2;
H=hamiltonian(assume(spin_system, nmr'),'comm');
R=relaxation(spin_system);

L=H+1i*R;

%Build the component state
Kp=state(spin_system, {'L+'},{3});
Km=state(spin_system,{'L-'},{3});
Kx=(Kp+Km)/2;

% Run experiments

amp_CW=4000; tau_ CW=4/17; npoints=1000;
rhol=step(spin_system,Ix,rho_eq,boollist{llc}*pi);
rho2=step(spin_system,ISy,rtho1,pi/2);

traj_evl=evolution(spin_system,L+2*pi*amp CW*ISKx,Kx,rho2,tau CW/npoints,npoints,'observable');
traj _ev2=evolution(spin_system,L-

2*pi*amp CW*ISKx,Kx,rho2,tau CW/npoints,npoints,'observable');
traj ev=traj_evl-+traj ev2;

maxLLC=[maxLLC max(abs(traj_ev))];
end
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figure(1)
semilogx(logspace(-3,2,num_points),maxLLC); hold on;
plt=Plot();
plt.LineWidth = [2];
plt.BoxDim =[5 4];
plt.LineStyle = {-','-",'--",'--"};
plt.Colors= {[0, 0, 0],[1, 0, 01,[0, 0, 01,1, O, O]};
plt.XLabel = \tau {C} [ns]';
plt.YLabel = 'Maximum ROE transfer [a.u.]";
pltLegend = {'from I {x}+S {x} (B _{0} =223 T)"'from LLC (B_{0} =22.3T)'...
fromI {x}+S {x} (B_{0} =11.7 T),'from LLC (B_{0} =11.7 T)'};
plt.LegendLoc = "NorthWest';
plt.XScale ="'"log'; % 'linear' or 'log'
% plt.XGrid = 'on'; % 'on' or 'off
end

end

saveas(figure(1), strcat("a", string(anglelist{ang}), "d", string(distlist{dist}), '.png"));

close all;

end
end
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4. 2D ROE LLC experiments
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Figure S5. ROE LLC 2D spectrum (recorded with pulse sequence from Fig 1C) superimposed with slices
from ROESY 2D spectrum for Gly117 residue. Spatial neighbors within a 10 A radius have been assigned.
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5. Interaction of Lysozyme with trisaccharide NAG-NAM-NAG

Figure S2. Interaction of trisaccharide NAM-NAG-NAM (blue) with Lysozyme based on PDB structure
‘OLYZ’. Long-lived coherences excited on aliphatic protons of widespread Gly residues can sense
biological interactions directly or via Overhauser-interaction mediated transfers (e.g. Gly49H*23 interact

with Asn46H®, which is in direct contact with the ligand).
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