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Materials and Methods

Preparation of NMR samples.
Covalently linked di-ubiquitin (Ub2) was constructed via an isopeptide bond linkage formed
between the e-amino group of a lysine side-chain of one monomeric unit (Ub1), denoted as the
‘proximal’ domain in what follows, and the C-terminal carboxyl group of another monomeric
unit, denoted as the ‘distal’ domain. Two types of linkages - through the side-chains of
endogenous Lys63 (K63) and Lys48 (K48) of ubiquitin - were used in this study. The K63- and
K48-linked Ub2 were assembled enzymatically employing chain-terminating mutations as
described in detail previously.S1,2 Specifically, the distal domain carried either K48R (in K48-Ub2)
or K63R (in K63-Ub2) mutations, while the proximal domain had an additional Asp at the Cterminus. In each of the K63- and K48-linked Ub2 only a single domain, either distal or proximal,
was U-[15N/2H]-labeled, with the other domain at natural isotopic abundance and hence ‘NMRsilent’ in heteronuclear NMR experiments, resulting in a total of four samples of Ub2 for
relaxation-based NMR studies in the absence and presence of lipid-based nanoparticles: (1) distalU-[15N/2H]-K63-Ub2, (2) proximal-U-[15N/2H]-K63-Ub2, (3) distal-U-[15N/2H]-K48-Ub2, and (4)

S2

proximal-U-[15N/2H]-K48-Ub2. U-[15N/2H]-labeled mono-ubiquitin (Ub1) was expressed and
purified as described previously.S1 All NMR samples were prepared in 10 mM phosphate buffer
(K2HPO4/KH2PO4), pH 6.8, and 7% D2O/93% H2O. The final concentration of Ub1 and Ub2
following the addition of liposome solutions (see below) was 0.22 mM.

Preparation and characterization of diamagnetic and paramagnetic liposomes.
The sodium salt of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), the
gadolinium salt of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-diethylenetriaminepentaacetic acid (18:0 PE-DTPA-Gd3+) and cholesterol were purchased from Avanti Polar Lipids
(Alabaster, AL).
Unilamellar vesicles were prepared by dissolving an aliquot of POPG and 20 % (mol/mol)
cholesterol in a chloroform:methanol (2:1) solution. For preparation of paramagnetic vesicles,
10% (mol/mol) of 18:0 PE-DTPA-Gd3+ phospholipid was added to the lipid mixture. The solution
was dried by slow evaporation of the organic solvent to a thin film on the walls of a round-bottom
flask. Any trace of solvent was removed by keeping the lipid thin film under a stream of nitrogen
for 3-4 hours. Re-hydration of the film was carried out by vortex agitation in 10 mM phosphate
buffer (K2HPO4/KH2PO4), pH 6.8 to a final lipid stock concentration of 10 mM. For preparation
of small unilamellar vesicles (SUV), rehydrated lipids were sonicated without cooling at 15 Watt
for at least two 10-min cycles using a probe tip sonicator (Misonix, NY). Any titanium fragments
released by the sonication tip were removed by centrifugation (8000 g x 10 minutes).
Homogenous large unilamellar vesicles (LUV) were obtained by repeatedly extruding the lipid
suspension through polycarbonate filters (successively 1 µm, 400 nm and 100 nm pore sizes) to
obtain uniformly sized unilamellar vesicles of ~100 nm in diameter. Liposome solutions were
stored in the dark above the transition temperature (Tm) to prevent lipid oxidation. The size
distribution of the vesicles was determined using dynamic light scattering (DLS) performed with a
Zetasizer Nano ZS (Malvern Instruments, 4 mW He-Ne laser, λ0 = 633 nm, θ = 173°). The
measurements were repeated 5 times after a 2 min. temperature equilibration (25 °C) on 1 mM (in
lipid) samples.

NMR relaxation measurements.
All NMR experiments were recorded at 25 °C using Bruker Avance-III spectrometers,
equipped with Bruker TCI triple resonance z-axis gradient cryogenic probes operating at 1H
Larmor frequencies of 700.24 and 500.68 MHz. All measurements in the presence of diamagnetic
and paramagnetic POPG vesicles were carried out using protein:lipid ratios of 1:2 (mol/mol).
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15

N-R2 values in the absence and in presence of LUV and SUV liposomes were extracted from

a combination of HSQC-based

15

N R1ρ and R1 measurements using procedures described

previously.S3,4 A15N spin-lock field strength of 1.8 kHz was employed for the

15

N R1ρ

measurements to suppress any potential chemical exchange-induced line broadening. The
following spin-lock periods were used in the 15N R1ρ experiments: 5, 10, 20, 40 and 60 ms at 700
MHz, and 5, 20, 40, 60 and 80 ms at 500 MHz.

15

N-R1 measurements were performed using

delays of 40, 160, 240, 320 and 400 ms. Each 2D experiment comprised 128*× 512* (500 MHz)
or 128*× 850* (700 MHz) complex points in the indirect (15N) and direct (1H) dimensions,
respectively, corresponding to respective acquisition times of 100 ms and 73 ms at 500 MHz, and
72 ms and 87 ms at 700 MHz. Experiments were acquired with 16 scans per FID and an inter-scan
delay of 2.0 s, resulting in net acquisition times of ~16 hr. per experiment.
1

HN-R2 relaxation experiments were carried out using standard procedures.S5 Relaxation delays

of 4, 8, 16, 24, 32 and 40 ms were used for the diamagnetic samples, while the delays of 2, 4, 8,
12, 16 and 20 ms were used for the paramagnetic samples.
NMR spectra were processed using the nmrPipe/nmrDraw suite of programs,S6 and the
relaxation decays were best fit to a single exponential. Errors in the extracted rates were estimated
from Monte Carlo simulations. Lifetime line-broadening (ΔR2) values were calculated as the
difference between

15

N or 1HN R2 values obtained in the presence and absence of LUV/SUV

vesicles. Amide proton (1HN) intermolecular transverse PRE rates ( G app
) were obtained from the
2
difference between the R2 rates obtained in the presence of paramagnetic and diamagnetic LUVs.

Calculation of 15N-DR2 in the presence of LUV and SUV liposomes.
In the absence of chemical shift differences between the free and bound states of the protein,
the evolution of magnetization between the free (A) and bound (B) states is given by a simplified
form of the Bloch-McConnell equations,S7,S8
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where IA and IB are the transverse magnetizations of states A and B, respectively; koff and konapp are
the dissociation and pseudo-first order apparent association rate constants; and R2A and R2B are the
intrinsic transverse relaxation rates in the free and bound states, respectively (in the absence of
exchange). DR2 values can be calculated by propagating Eq S1 and ‘reading off’ the transverse
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magnetization of the (observable) state A at two separated time-points assuming singleexponential decay:

ΔR2 = ln[I A (τ 1 ) / I A (τ 2 )] / (τ 2 − τ 1 )

(S2.1)

where the delays t1 and t2 were set to 10 and 70 ms (for 15N-DR2 LUV) and 10 and 30 ms (for
15

N-DR2 SUV). t1 was chosen to remove any small deviations from single-exponential behaviour

and t2 was chosen to match the order of magnitude of the experimental decay.
Approximate solutions of Eq S1 can be obtained by retaining only the leading term in the
characteristic polynomial of the evolution matrix on the right-hand side of Eq S1.S8 Using this
approach, it can be shown that DR2 is to a very good approximation given by,

ΔR2 = konapp

ΔR
R2B
≈ konapp
koff + ΔR
koff + R2B

(S2.2)

where DR = R2B - R2A ≈ R2B as for both LUV and SUV interactions R2B >> R2A . Note that in the limit
app
of fast exchange ( koff >> R2B ) and for highly skewed populations ( koff >> kon
), ΔR2 ≈ pB R2B ,

where pB is the population of the bound state B.
Calculation of 15N transverse spin relaxation rates in the bound state
In an isolated
15

15

N-H spin-pair, the

N-1H dipolar interaction and

15

15

N-R2 is accounted for by the sum of two mechanisms,

N chemical shift anisotropy (CSA), and is related to molecular

motions of Ub2 on the surface of liposomes through their dependence on linear combinations of
the spectral density function J evaluated at a finite number of frequencies ω:S9

15

−3
N-R2 = 0.05(γ Hγ N  < rHN
>) 2 [4J (0) + J (ω H − ω N ) + 3J (ω N ) + 6J (ω H ) + 6J (ω H + ω N )]

+ (1/ 45)ω N2 (σ || − σ ⊥ ) 2 (3J (ω N ) + 4J (0)]

where gH and gN are the gyromagnetic ratios of 1H and

15

(S3)

N nuclei, respectively;  is Planck’s

constant divided by 2p; rHN is the N-H bond length (1.02 Å); and ( σ || - σ ⊥ ) is the 15N CSA (-170
ppm), where σ || and σ ⊥ are the parallel and perpendicular components of the axially symmetric
15

N chemical shift tensor. The form of the spectral density function J adopted in this work is

specified in Eq. 2 of the main text.
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Construction of the target error function.
The minimization of the following error function F was performed in the combined analysis of
LUV and SUV 15N-DR2 data for each distal/proximal K63/K48-linked sample of Ub2,
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where the subscript i refers to residue number, s represents the standard error of the measurement,
and a1,a2 are the scaling factors that define the relative contribution of LUV and SUV data to the
total error function. Throughout this work, we report the values obtained with a1 = a2 = 1 ensuring
the same weight for LUV and SUV data. ΔR2calc in Eq. S4 is equal to ΔR2overall of the main text and
consists of two contributions,

ΔR2calc = ΔR2overall = ΔR2 + F iso

(S5)

where ΔR2 is calculated using Eq. S2.1 after propagation of Eq. S1 or Eq. S2.2, the relaxation rates
R2B are calculated using Eq. S3 combined with Eq. 2 of the main text, and Fiso represents a

uniform contribution to

15

N-DR2 that takes into account the two additional binding modes of a

given Ub2 domain, i.e. modes (2) and (3) in Fig. 1D of the main text. Using Eqs. S5 and S2.2 and
considering that in the macromolecular limit, only the spectral density at zero frequency
iso
contributes significantly to the relaxation rates, Fiso for SUV interactions, FSUV
, can be recast, for

example, in the following form,
iso
max
app,SUV
FSUV
≈ ΔR2,SUV
− kon
K R (τ CSUV + τ w′ ) / koff

(S6)

max
where ΔR2,SUV
is chosen for simplicity because [P2(cosα)]2 = 1 in this case, K R is a constant that

incorporates dipolar and CSA relaxation constants in Eq. S3 and S w = 0.5 (KR ~ 0.775×109 s-1),
2

and the rest of the parameters are defined in the main text. A similar expression can be obtained
iso
for FLUV
. Eq. S6 shows that Fiso is linearly anti-correlated with the apparent association rate
app
app
constant kon
. Simultaneous determination of Fiso and kon
by non-linear least squares fitting

procedures is therefore very problematic without additional assumptions about either of the two
parameters.
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fit (see main text). The minimizations of the target function in Eq. S4 were performed using
home-written Matlab software (MathWorks Inc. MA). The uncertainties in the values of the
optimized parameters, corresponding to confidence intervals of ±1 S.D., were determined from the
variance-covariance matrix of the non-linear fit. Convergence of the solution was confirmed by
varying initial values for all parameters and obtaining the same solution within the reported errors.
Relationship to spectral density function of Brainard & SzaboS10
In the notation adopted in this work (see Eq 2 of the main text), the correlation function, C(t),
derived by Brainard and SzaboS10 to describe internal rotation of a bond vector around a symmetry
axis defined in the molecular frame when the axis undergoes diffusive motions (wobbling) around
its equilibrium position, has the following form,

2

2
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(S7)

⎭

(2) (α ) are reduced elements of the Wigner rotation matrix of order 2:
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(S8)

After Fourier transformation of Eq. S7, we obtain,

J (w ) = S w2 [ P2 (cos a )]2

ì
tC
t r¢
t r¢¢ ü
+ S w2 í[3cos2 a sin 2 a ]
+ [(3 / 4)sin 4 a ]
ý
2
2
1 + (wt C )
1 + (wt r¢ )
1 + (wt r¢¢) 2 þ
î

ì
t w¢
t w¢¢
t w¢¢¢ ü
+(1 - S ) í[ P2 (cos a )]2
+ [3cos 2 a sin 2 a ]
+ [(3 / 4)sin 4 a ]
ý
2
2
1 + (wt w¢ )
1 + (wt w¢¢ )
1 + (wt w¢¢¢) 2 þ
î
2
w

where
τr' = (1/τC + 1/6τr)-1 ; τr'' = (1/τC + 2/3τr)-1 ; τw' = (1/τC + 1/τw)-1;
τw'' = (1/τC + 1/6τr + 1/τw - 1/6τw)-1 ; τw''' = (1/τC + 4/6τr + 1/τw - 4/6τw)-1.

(S9)

S7
Note that the rotational and wobbling motions in Eq. S9 are inter-dependent, and a-priori no
assumptions are necessary as to their relative time-scales (τr and τw). Eq S9 is to be compared with
2

2

(2)
Eq 2 of the main text. As ∑ ⎡⎣ db0 (α ) ⎤⎦ =1 , if τr'' is assumed to be equal to τr' , then the second
b=−2

term in Eq S9 can be reduced to Sw2 (1 - [ P2 (cos a )]2 )

t r¢
which is equivalent to the second
1 + (wt r¢ ) 2

term in Eq 2 of the main text. The use of the spectral density function in Eq. S9 instead of that in
Eq. 2 of the main text yields the parameters of exchange and dynamics of ubiquitin-liposome
interactions that are very similar to those reported in the main text, except that the derived values
of τr are approximately equal to 1/6 of the reported values by virtue of the different definitions of
the effective correlation times of rotational motion in Eq S8 and Eq 2 of the main text.
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Figure S1. 15N-DR2 profiles obtained for the distal (shown in red) and proximal (in blue) domains
of (A) K63-linked and (B) K48-linked di-ubiquitin (Ub2) in the presence of negatively charged
POPG LUVs (solid lines) and SUVs (dashed lines). The [15N/ 2H]-labeled domain in the various
Ub2 constructs is depicted by a filled-in circle in the cartoon representations shown in each panel.
All the experimental data were collected at pH 6.8, 25 °C using 1:2 protein:lipid molar ratios at a
protein concentration of 0.22 mM. The larger average value of ΔR2 observed in the presence of
SUVs compared to LUVs is the result of two competing factors: the population of the bound state,
pB and the total effective correlation time τC. Assuming the same koff for LUVs and SUVs, the
app
app
larger value of pB for SUVs than LUVs is due to a larger value of kon
. kon
is the product of the
second order association rate constant kon and the concentration of nanoparticles. For a purely
diffusion controlled reaction, the former is proportional to the radius of the nanoparticles, while
app
the latter is inversely proportional to the cube of the radius of the nanoparticles. Thus, kon
is
approximately proportional to the inverse square of the nanoparticle radius, which in this instance
is ~16 times larger for SUVs than LUVs (see main text Table 1). tC, on the other hand, is
dependent on both the rotational correlation time of the nanoparticle and the exchange rate (kex ~
koff). From Table 1 of the main text the ratio of tC for LUVs to SUVs ranges from ~9 to ~13.
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Figure S2. (A) 15N-DR2 profiles obtained for mono-ubiquitin (Ub1) in the presence of POPG
LUVs (filled symbols) and SUVs (open symbols). (B) Amide proton (1HN) intermolecular
transverse PREs (Γ2) observed for Ub1 in the presence of negatively charged Gd3+-tagged POPG
LUVs. All the experimental data were collected at pH 6.8, 25 °C, and a 1:2 protein:lipid molar
ratio with a protein concentration of 0.22 mM.
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Figure S3. Dependence of 15N-DR2 on (A) nanoparticle size (SUV vs. LUV), and (B) magnetic
field strength (700 and 500 MHz) measured on the [15N/2H]-labeled distal domain of K63-linked
Ub2 (represented by the filled-in circle in the cartoon representations shown in each panel). The
average ratio of 15N-DR2 values at 700 to 500 MHz is 1.19, in good agreement with the calculated
ratio of 1.20 from a relaxation mechanism based on the one-bond 1H-15N dipolar interaction and a
-170 ppm 15N chemical shift anisotropy. All the experimental data were collected at pH 6.8, 25
°C, and a 1:2 Ub2:lipid molar ratio with a protein concentration of 0.22 mM.
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Figure S4. Mapping of 1HN intermolecular PREs on surface representations of K48- and K63linked di-ubiquitin (Ub2). Crystal structures of K48-linked Ub2 in (A) the closed state (PDB ID
1AAR)S11 and (B) the open state (PDB 3NS8).S12 (C) Crystal structure of K63-linked Ub2 (PDB
ID 3H7P).S13 PREs are color-coded from red (~18-20 s-1) to white for the distal domains and from
blue (~16-18 s-1) to white for the proximal domains (the background is ~6.5 s-1 in both cases).
Residues Leu8, Ile44, Val70 that form a surface hydrophobic patch in each Ub unit are shown in
green.
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Figure S5. Calculated theoretical dependence of the ratio R = (DR2max - FSUV
) / (DR2min - FSUV
) on
the correlation time of internal rotation tr for di-ubiquitin (Ub2) on the surface of SUV
nanoparticles. The ratios R are calculated with the exchange and dynamics parameters of
interactions with SUV liposomes for K63- and K48-linked Ub2 constructs (left and right panels,
iso
respectively) using the upper bounds for FSUV
reported in Table 1 of the main text. Experimental
ratios R obtained in the presence of SUVs and the corresponding tr values (approximately equal to
the lower bounds reported in Table 1 of the main text) are indicated for distal (red dashed lines)
and proximal (blue dashed line) domains of the K63- and K48-linked Ub2. The [15N/2H]-labeled
domain is depicted by a filled-in circle (red, distal; blue, proximal) in the cartoon representation in
each panel.

