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Abstract In an exchanging system between major and
minor species, the transverse paramagnetic relaxation
enhancement rate observed on the resonances of the major
species (Capp
2 ) is dependent upon the exchange regime
between the species. Quantitative analysis of PRE data in
such systems typically assumes that the overall exchange
rate kex between the species is fast on the PRE time scale
(kex  C2). Recently, we have characterized the kinetics of
binding of the model protein ubiquitin to large (LUV) and
small (SUV) unilamellar lipid-based nanoparticles or
liposomes (Ceccon A, Tugarinov V, Bax A, Clore GM
(2016). J Am Chem Soc 138:5789–5792). Building upon
these results and taking advantage of a strong paramagnetic
agent with an isotropic g-tensor, Gd3?, we were able to
measure intermolecular methyl carbon and proton PREs
between paramagnetically-tagged liposomes and ubiquitin.
In the limit of fast exchange (kex  C2) the ratio of the
apparent proton to carbon methyl PREs, (1Hm–Capp
2 )/
(13Cm–Capp
),
is
equal
to
the
square
of
the
ratio
of
the
2
gyromagnetic ratios of the two nuclei, (cH/cC)2. However,
outside the fast exchange regime, under intermediate
exchange conditions (e.g. when C2 is comparable in
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magnitude to kex) the (1Hm–Capp
2 )/( Cm–C2 ) ratio provides a reliable measure of the ‘true’ methyl PREs.
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Paramagnetic Relaxation Enhancement (PRE) is due to an
increase in nuclear spin relaxation rates arising from
interactions of nuclear spins with the spin of an unpaired
electron. In structural biology applications, PRE measurements generally involve covalently attaching a tag containing a paramagnetic center with an isotropic g-tensor
(such as a nitroxide free radical or an appropriate metal ion
such as Mn2? or Gd3?) to the macromolecule of interest.
The PRE is proportional to \r-6[ (where r is the distance
between the nucleus of interest and the unpaired electron),
and, because of the large magnetic moment of the unpaired
electron, the PRE effect is detectable for large nucleuselectron distances extending out to *20 Å for a nitroxide
spin-label and *35 Å for Mn2? and Gd3?. As a result, the
PRE has seen many applications in the study of folded and
unfolded proteins, protein complexes and sparsely populated states (see (Clore and Iwahara 2009; Bashir et al.
2011; Luna et al. 2014; Anthis and Clore 2015; Clore 2015;
Columbus and Kroncke 2015; Volkov 2015) for recent
reviews).
In systems involving exchange between two or more
species (e.g. alternate conformations, interaction between
two binding partners) the experimentally observed PRE is
mediated by inter-conversion between the states characterized by different PREs and, therefore, is dependent upon
the kinetic parameters of the exchange process. This phenomenon has been exploited to detect and characterize
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sparsely populated states where the distances between
protons and the paramagnetic center are significantly
shorter in the minor species than the major one (Iwahara
and Clore 2006; Tang et al. 2006; Volkov et al. 2006).
With a few notable exceptions, such as a recent study by
Kay and co-workers which described the measurement of
PREs in a system undergoing slow exchange using paramagnetic Chemical Exchange Saturation Transfer (paraCEST) (Sekhar et al. 2016), and the analyses of slow-tointermediate exchange in paramagnetic systems (Bertini
et al. 2000; Jensen et al. 2002; Hansen and Led 2003),
analysis of intra- and intermolecular PREs in systems
undergoing inter-conversion between two and more states
typically assumes that the overall exchange rate kex
between these states is fast on the timescale of the ‘true’
transverse PRE rate.
Here, we focus on intermolecular PRE measurements
involving a binding equilibrium between the free (unliganded) state of a model protein, ubiquitin, and its complexes with paramagnetically-tagged large (LUV) and
small (SUV) unilamellar lipid nanoparticles or liposomes.
Recently, we characterized the kinetics of ubiquitin binding to both types of liposomes, as well as the global
dynamics that ubiquitin undergoes on the surface of these
nanoparticles (Ceccon et al. 2016). Combined analysis of
life-time line broadening (DR2) of ubiquitin resonances in
the presence of LUV (diameter * 100 nm) and SUV (diameter * 27 nm) nanoparticles differing by an order of
magnitude in their global effective correlation times,
showed that the lifetime of bound ubiquitin was *20 ls,
and that bound ubiquitin undergoes internal rotation on the
microsecond time scale (correlation time *2 ls) about an
axis perpendicular to the lipid surface (Ceccon et al. 2016).
The data on the kinetics and dynamics of ubiquitin-liposome interactions do not, however, report directly on the
location of the binding site on the surface of ubiquitin. To
reliably map the interaction surface of ubiquitin with
liposomes, we therefore supplemented the SUV and LUV
DR2 data with intermolecular PRE measurements using
10 % Gd3?-tagged lipids in the liposome preparation
(Ceccon et al. 2016). Although the rate of inter-conversion
between free ubiquitin and its liposome-bound form is fast
on the chemical shift time-scale, Gd3?(total electron spin
S = 7/2) is a very strong paramagnetic agent resulting in
very high C2 rates in the complex. Consequently, the
magnitude of C2 may become comparable to the exchange
rate kex, placing such a system outside of the fast exchange
limit on the PRE timescale, and as shown below, leading to
a loss of information on the ‘true’ PRE. That is why the
PREs were only interpreted qualitatively in our earlier
study (Ceccon et al. 2016).
In this paper, we present the first attempt at a semiquantitative treatment of intermolecular PRE data in the
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intermediate exchange regime where the ‘true’ PRE rate is
similar in magnitude to the rate of inter-conversion
between the two exchanging states. Building upon knowledge of the binding kinetics of ubiquitin-liposome interactions (Ceccon et al. 2016), we show that measurement of
13
Cmethyl PREs (13Cm–Capp
2 ) in conjunction with methyl
proton PREs (1Hm–Capp
2 ) provides valuable information on
the ‘true’ methyl PREs (which, in favorable cases, can be
recast in terms of distances to the paramagnetic center).
This is achieved by comparing the observed (1Hm–Capp
2 )/
(13Cm–Capp
)
PRE
ratio
with
the
expected
ratio
in
the
2
absence of exchange or in the limit of fast exchange given
by the square of the ratio of the gyromagnetic ratios of the
two nuclei (cH/cC)2.
In a system undergoing two-site exchange between the
free state of a protein (observable state A) and its bound
state (‘dark’ state B), the observed ‘apparent’ PRE, Capp
2 ,
can be calculated as the difference between the decay of
transverse magnetization in the paramagnetic and diamagnetic samples. In the absence of chemical shift differences between the two states, the evolution of
magnetization in this system can be represented as the
difference between two sets of simplified Bloch–McConnell equations (McConnell 1958; Helgstrand et al. 2000)
(note that in our case the paramagnetic label is attached
only to state B):
" A#
"
#
app
þ
k
k
RA
d I
off
2
on
¼
app
app
dt I B
kon
RB2 þ C2 þ kon
"
#!" A #
I
RA þ kapp koff
 2 app on
app
kon
RB2 þ kon
IB

ð1Þ

where IA and IB are transverse magnetizations of states A
app
and B, respectively, kon
is the apparent association rate
constant, koff is the dissociation rate constant, and RA
2 and
B
R2 are the respective intrinsic transverse relaxation rates of
the two states in the absence of exchange; the first and
second terms on the right-hand side of Eq. 1 describe the
evolution of magnetization in the paramagnetic and diamagnetic samples, respectively.
In practice, the decay of magnetization of the observable
state A is always assumed to be single-exponential (a very
good approximation for the parameters of exchange in this
study). This allows us to express the observable PRE, Capp
2 ,
as the difference between lifetime line broadening in the
A
presence of liposomes (DR2 = RA
2;obs  R2 ) in the paramagnetic sample, DRpara
2 , and in the diamagnetic sample,
app
para
DRdia
:
C
¼
DR
 DRdia
2
2 . The closed-form analytical
2
2
solution for DR2 (applicable for both dia- and paramagnetic
samples), for initial conditions {IA(0) = pA; IB(0) = 0},
where pA is the equilibrium population of state A
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app
(pA = koff =kex , where kex ¼ kon
þ koff ), is given by (see
Supplementary Information for details),
app
ð2Þ
DR2 ¼ ðRB2  RA
2 þ koff þ kon  2gÞ=2
h
2
app 2
B
A
where g ¼ ð1=2Þ ðRB2  RA
2 Þ þ ðkoff þ kon Þ þ 2ðR2  R2 Þ
app 1=2
ðkoff þ kon
Þ . Capp
is then equal to,
2

Capp
2 ¼ C2 =2 þ gdia  gpara

ð3Þ

where gdia = g as defined above, Eq. 2, and gpara is g with
RB2 substituted for (RB2 ? C2).
Figure 1a shows the theoretical dependence of the
observed transverse 1H PRE, 1H-Capp
2 , as a function of the
1
‘true’ PRE, H-C2, calculated numerically for the exchange
parameters of the ubiquitin-LUV liposome interaction
-1
app
B
(kon
= 50 s-1; koff = 51,000 s-1; RA
2 = 10 s ; R2 =
-1
13,500 s (Ceccon et al. 2016)) using Eq. 1 (identical
results are obtained using the analytical solution given by
Eq. 3). If exchange is slow on the PRE time-scale (kex C2), Capp
will asymptotically approach a limit given by,
2
 app

B
A
lim Capp
2 ¼ kon  koff  ðR2  R2 Þ þ 2gdia =2

ð4Þ

C2 !1

(shown by the dashed horizontal line in Fig. 1a). Note that
the expression in Eq. 4 provides values slightly lower than
app
kon
in this regime. Only when RB2 ¼ RA
2 (i.e. the binding
app
partners have similar molecular weights), lim Capp
2 ¼ kon
C2 !1

as is the case for DR2 in the slow exchange regime (Fawzi
et al. 2010). Conversely, in the limit of fast exchange on
both the PRE (kex  C2) and intrinsic transverse relaxation
approaches a limiting
rate (kex  RB2 ) time scales, Capp
2
value of pB C2 (cf. Eq. 3), where pB is the population of the

A

40

app
=kex ). Clearly, the sensibound state (pB = 1–pA = kon
app
tivity of the measured C2 to the ‘true’ C2 decreases as C2
increases: in the limit of very slow exchange on the PRE
time-scale (kex  C2), Capp
is not a good reporter of C2 as
2
its value reaches the limit defined by Eq. 4 (Fig. 1a, dashed
red line). The measured Capp
values are linearly dependent
2
app
on the value of kon
(and the population of the bound state,
pB). Thus, for the same value of C2, higher values of Capp
2
are predicted for SUV liposomes used in this study
app
(kon
* 200 s-1) as illustrated in the inset to Fig. 1a.
Exploiting the strength of the Gd3? paramagnetic probe,
we supplement 1H PREs (routinely acquired in structural
studies of paramagnetically labelled macromolecules, as
the PRE scales with the square of the nuclear gyromagnetic
ratio and is, therefore, largest for 1H nuclei), with 13C PRE
measurements. In methyl groups, combined analysis of
these two sets of PRE data (1Hm– and 13Cm–PRE) is pos1
sible. The theoretical ratio of 1H to 13C Capp
2 , R = ( H m–
app 13
app
C2 )/( Cm–C2 ), calculated as a function of C2 using
Eq. 1 for ubiquitin-liposome interactions with 13C–C2 set
to (cC/cH)2(1H–C2), is shown in Fig. 1b. In the limit of fast
exchange (kex  C2), the ratio R is expected to be equal to
the square of the ratio of the gyromagnetic ratios of the two
nuclei, (cH/cC)2. Beyond this limit, however, R can adopt
values significantly lower than (cH/cC)2. For the ubiquitinliposome system considered here, R is practically indeapp
app
pendent of kon
, because even large changes in kon
do not
affect the exchange regime (kex) to any significant extent in
a system with highly skewed populations of the interconapp
verting species (pA  pB, and kon
 koff * kex). Further,
the dependence of R on C2 in Fig. 1b is only marginally
sensitive to the exact values of the transverse relaxation
rates in the bound state, RB2 , of either methyl proton

B

14
app

30
150

(1H-Γ2/13C-Γ2)

1H-Γ app (s-1)
2

LUV

20

100

50

10

SUV
0
0

0

0

2

2

4

4
6
1H-Γ (s-1)
2

6

8

8

16

12

14

10

12
10

8

8

6

0

2

4

6

8

4

10
x 104

2

10
x 104

10
x 10 5

Fig. 1 Theoretical dependence of the (A) observed 1H-Capp
rate and
2
(B) (1H-C2/13C-C2)app ratio on the ‘true’ 1H-C2 rate. Curves are
calculated by solving Eq. 1 numerically using the parameters of the
app
= 50 s-1; koff = 51,000 s-1;
ubiquitin-LUV liposome system: kon
-1
-1
A
B
R2 = 10 s ; R2 = 13,500 s (Ceccon et al. 2016). The asymptotic
limit calculated using Eq. 4 is indicated by the dashed red line. The
inset in panel A shows the same plot calculated for the ubiquitin-SUV
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2 = 10 s ;
RB2 = 1500 s-1 (Ceccon et al. 2016). Note that LUVs and SUV
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LUV, red; SUV, blue. The inset in panel B shows an expanded plot of
the region 6 B (1H–C2/13C–C2)app B 16, corresponding to the values
observed experimentally
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(1Hm–RB2 ) or methyl carbon (13Cm–RB2 ), providing the
magnitude of these two relaxation rates are not dramatically different. However, even for 1Hm–RB2 values that are
\ * fourfold larger than 13Cm–RB2 , variations in the ratio
R remain very small. Conversely, as in exchanging systems
with highly skewed populations of the interconverting
species, the exchange regime is determined primarily by
the dissociation rate constant, koff, and hence the ratio R is
very sensitive to the value of koff (see Supporting Information, Fig. S1). Comparison of the experimentally measured R value with the limiting value (c2H/c2C = 15.81) thus
serves as a robust measure of the ‘true’ PRE in both LUVand SUV-ubiquitin complexes which are characterized by
the same value of koff (Ceccon et al. 2016).
Paramagnetically tagged, negatively charged liposomes
were obtained by addition of the gadolinium salt of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-diethylenetriamine pentaacetic acid (PE-DTPA-Gd3?) at 10 % mol/mol
concentration to LUV/SUV liposome formulations. LUV
liposomes were prepared as described previously (Ceccon
et al. 2016), while the extrusion step was omitted and replaced
by sonication in the preparation of SUV particles (see Supplementary Information). Figure 2A and B show the 1Hm–
Capp
and 13Cm–Capp
profiles, respectively, measured on
2
2
ubiquitin in the presence of LUV liposomes (1:2 ubiquitin:lipid molar ratio), while Fig. 2C and D show the corresponding data obtained with SUV particles (1:0.5 molar
ratio). The experimental details pertaining to liposome
preparation and NMR acquisition of 1HN, 1Hm, and 13Cm PRE
data are described in the Supplementary Information. As in
our previous study (Ceccon et al. 2016), where we concentrated on amide (1HN) and methyl (1Hm) proton PREs only, a
uniform background PRE is observed in the plots shown in
Fig. 2A-D, equal to *27 and 2 s-1 for 1Hm and 13Cm,
respectively, in the ubiquitin-LUV system, and to *7 and
0.5 s-1 for 1Hm and 13Cm, respectively, in ubiquitin-SUV
system. The background arises from the magnetic field generated by the paramagnetic tags attached to the liposome
nanoparticles (note that a relatively high concentration of
Gd3? tags is used)—an effect similar to the blood-oxygenlevel dependent (BOLD) effect in functional MRI (Ogawa
et al. 1990). Unlike the PRE effect itself, the background
scales approximately with the concentration of (Gd3?-tagged) lipids, i.e. it is dependent on the total amount of
gadolinium ions in solution. As the background stems from a
relaxation mechanism that is different from that of the conventional PRE, it has to be subtracted from the measured
1
Hm–Capp
and 13Cm–Capp
values before any meaningful
2
2
analysis can be undertaken. As in our previous study of
ubiquitin-liposome interactions (Ceccon et al. 2016), as a
‘negative control’, we conducted PRE measurements of (1)
ubiquitin in the presence of zwitterionic (POPC) liposomes,
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Gd3?–tagged negatively charged liposomes. A and B 1H and 13C
methyl PREs, respectively, for ubiquitin in the presence of negatively
charged POPG LUV liposomes (filled red circles; 1:2 ubiquitin:lipid
molar ratio). C and D 1H and 13C methyl PREs, respectively, for
ubiquitin in the presence of negatively charged POPG SUV liposomes
(filled blue circles; 1:0.5 ubiquitin:lipid molar ratio). The dashed
horizontal lines in panels (A–D) show the approximate level of the
PRE background (see text). Control PRE values obtained for the 1H
and 13C methyls of ubiquitin in the presence of zwitterionic POPC
liposomes are shown with open red (LUV) and blue (SUV) circles.
The regions in proximity to the ubiquitin-liposome binding surface
are highlighted in grey. E Experimental ratios of 1H to 13C methyl
app
13
PREs, R = (1Hm–Capp
2 )/( Cm–C2 ), obtained in the presence of
negatively charged LUV (filled red circles) and SUV (filled blue
circles) particles. The values of R obtained for ubiquitin in the
presence of zwiterionic POPC liposomes are shown with open red
circles, while the values of R measured for GB1 in the presence of
negatively charged POPG liposomes are shown with filled black
circles. The theoretical ratio of (cH/cC)2 = 15.81, predicted in the
absence of binding, is displayed by the horizontal dashed line

and (2) the negatively charged protein GB1 (net charge -4 at
pH = 6.8) with negatively charged POPG liposomes. Both
measurements yield PREs essentially in the background
(shown with open red and blue circles for LUV and SUV,
respectively, in Fig. 2A-D) indicating that the interactions of
ubiquitin with negatively charged liposome nanoparticles are
specific and require a positively charged patch on the surface
of ubiquitin. We note that after background subtraction is
carried out, the PREs in the presence of negatively charged
POPG LUVs remain higher by a factor of *2 on average
(taken over all methyls in ubiquitin with 1Hm and 13Cm PREs
above the background) compared to those for ubiquitinapp
POPG SUVs despite the fact that kon
(and, hence, the population of the bound state) for the ubiquitin-SUV interaction
under the conditions of this study (1:0.5 protein:lipid ratio) is
*fourfold higher than that for the ubiquitin-LUV interaction.
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This observation can be explained only if the ‘true’ PRE C2 is
significantly lower for ubiquitin-SUV than ubiquitin-LUV
complexes, as we show below is indeed the case.
Figure 2E plots the ratios R of methyl 1Hm to 13Cm PREs
obtained for ILV methyls in the ubiquitin-LUV (red circles) and ubiquitin-SUV (blue circles) systems after
background subtraction. The values of R obtained for
ubiquitin in the presence of zwitterionic POPC liposomes
and those measured for GB1 in the presence of negatively
charged POPG liposomes cluster around the theoretical
ratio of (cH/cC)2 = 15.81 predicted in the absence of
binding (Fig. 2e), while for ubiquitin in the presence of
negatively charged POPG LUV- or SUV-liposomes, the
average ratio R is 6.9 and 9.8 for LUVs and SUVs,
respectively. For the subset of methyl groups, where PREs
could be measured for both LUV and SUV liposomes, the
values of R are systematically higher in the presence of
SUV particles indicating that the exchange regime on the
PRE timescale is somewhat different for the interactions
with SUV and LUV particles. This can only occur if C2 is
significantly lower in the SUV case.
The effective global correlation times (derived from the
rotational diffusion correlation times and the rate of
exchange) for ubiquitin-SUV and ubiquitin-LUV complexes obtained from relaxation analysis are *1.6 and
*16 ls, respectively (Ceccon et al. 2016). For these correlation times, one would expect that at high static magnetic fields the PRE would be dominated by the Curie spin
relaxation mechanism. The contribution of this mechanism
to PRE can be easily ascertained by PRE measurements at
different spectrometer fields, as Curie spin relaxation is
dependent on the square of the magnetic field. This
expectation, however, is not borne out by our experimental
data. While the PRE background is dependent upon the
spectrometer field (Fig. 3a) as expected from previous
reports on the field dependence of the BOLD effect (Gati
et al. 1997; Triantafyllou et al. 2011), after subtraction of
the background the 1HN PRE values measured for ubiquitin
in the presence of liposomes are practically field-independent as shown in Fig. 3b, c for LUVs and SUVs, respectively. Very high global correlation times for ubiquitinLUV and –SUV complexes can be only reconciled with the
observed absence of Curie spin relaxation if the electronic
correlation time for liposome-attached Gd3?–DTPA is very
high (in the low microsecond range).
In the limit of a very high correlation time sc,eff, the
electronic longitudinal relaxation time (T1e) of Gd3? is
practically independent of sc,eff (Benmelouka et al. 2007).
T1e, however, does depend on the strength of the static
(spectrometer) magnetic field and the vibrational correlation time, sv, which, in turn, is a function of (i) the type of
metal coordination cage, (ii) temperature, and, most
importantly, (iii) the chemistry of cage attachment to the
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surface of a nanoparticle. For example, very low vibrational times (*1 ps) were reported for free Gd3?–DTPA
(Benmelouka et al. 2007), while values of 20–24 ps have
been reported by Bertini and co-workers (Alhaique et al.
2002; Bertini et al. 2004) for liposome-attached PE-DTPA
with a 14–carbon long lipid chain at 298 K–the closest
analogue to our study, where an 18-carbon lipid chain is
used. Using the Solomon-Bloembergen-Morgan (SBM)
equations for electron longitudinal relaxation (Benmelouka
et al. 2007) with sv = 20 ps, we calculate a value of 2.7 ls
for the Gd3? T1e (at 700 MHz and 298 K). Using this value
for T1e in the Solomon-Bloembergen equations for the PRE
(Clore and Iwahara 2009) due to nuclear-electron dipole–
dipole and Curie-spin relaxation mechanisms, we estimate
that the contribution of Curie-spin relaxation to the total
PRE is only *12 % for LUV complexes and less than 2 %
for SUV ones. Even for LUV liposomes, this contribution
is relatively small, and would translate to a slope
of * 1.06 in Fig. 3b. The fact that even smaller ratios of
PREs at two spectrometer fields are observed in the plot of
Fig. 3b may be the result of inaccuracies in background
subtraction (note that the bulk of the PRE field dependence
is thus subtracted with the background which shows significant dependence on the spectrometer field, Fig. 3a).
We note that because the resulting value of the Gd3? T1e
(2.7 ls) exceeds the value of sc,eff for the ubiquitin-SUV
complex (1.6 ls), even PREs due to nucleus-electron
dipolar interactions effectively become dependent of the
value of the global correlation time. That is why the calculation of the ‘true’ PRE C2 for ubiquitin-SUV complexes
(for an arbitrary distance between the nucleus and unpaired
electrons of Gd3?) results in *2.3-fold lower values than
for ubiquitin-LUV complexes (sc,eff * 16 ls), leading to
smaller apparent PRE values (cf. Fig. 2a vs 2c, and Fig. 2b
vs 2d) and systematically higher 1H to 13C methyl PRE
ratios for ubiquitin-SUV as compared to ubiquitin-LUV
complexes (Fig. 2e). The values of the 1H to 13C methyl
PRE ratios obtained for individual methyl groups of
ubiquitin in the presence of LUV and SUV liposomes are:
7.9 and 11.3, respectively, for Leu8-d1; 7.5 and 10.3 for
Ile44-d1; 7.4 and 10.5 for Val70-d1; 6.9 and 9.5 for Val70d2; 7.4 and 10.5 for Leu71-d1; 6.5 and 9.5 for Leu73-d1;
and 6.3 and 9.4 for Leu73-d2.
The complexity of the paramagnetic labeling pattern
involving multiple Gd3? tags on the surface of liposomes,
as well as the complicated dynamics of the ubiquitin
liposome-bound state (Ceccon et al. 2016) preclude direct
interpretation of the PRE data in terms of distances
between the relaxation-enhanced nuclei and the unpaired
electrons of the paramagnetic probe. However, using the
theoretical curves shown in Fig. 1b, we can reliably estimate the ‘true’ 1H methyl PRE values for the ubiquitinliposome complexes from the 1H to 13C methyl PRE ratios
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(R). The calculated ‘true’ 1Hm–C2 values range from
*60,000 s-1 (R = 7.9 for Leu8-d1) to *80,000 s-1
(R = 6.3 for Leu73-d1) for LUV complexes, and from
*30,000 s-1 (R = 11.3 for Leu8-d1) to * 40,000 s-1
(R = 9.4 for Leu73-d1) for SUV complexes. The estimated
values of C2 for LUV and SUV liposomes thus lie at
opposing ends of the exchange rate (kex * 50,000 s-1). It
is clear, however, that in both instances the calculated C2
values are not in the fast exchange limit usually assumed to
be applicable in studies of intermolecular PREs. Both LUV
and SUV calculated C2 values correspond to distances of
18–19 Å between nuclear probes and the electrons of the
Gd3? tag. For a subset of methyl groups in ubiquitin, PREs
(specifically for Ile13-d1, R = 9.2; Ile36-d1, R = 9.9;
Leu50-d1, R = 8.6; Leu50-d2, R = 10.5; Ile61-d1,
R = 9.6; Leu67-d1, R = 10.6; and Leu67-d1, R = 9.1)
could be measured only in the presence of SUV liposomes
app
due to the larger value of kon
and concomitant larger
population of the bound state.
The property of the 1H to 13C methyl PRE ratio, R, that
is particularly attractive lies in its virtual independence on
app
the value of the binding on-rate, kon
, and, hence, the
population of the bound state (at least, for the ubiquitinliposome interactions in question, where the populations of
the exchanging species are highly skewed, pA  pB, and
app
kon
 koff * kex). As a consequence, for particles covering a wide range of sizes, the ratio R is not sensitive to
the exact quantities of liposomes added, which may be
difficult to control experimentally. Therefore, the determination of C2 via analysis of the ratio R (cf. Figure 1b) is
less error-prone than a direct estimation of C2 from 1Hm–
Capp
or 1HN–C2app values (Fig. 1a).
2
In conclusion, using the strong paramagnetic agent
Gd3? we were able to measure methyl carbon PREs, 13Cm–
1
app
Capp
2 , in conjunction with methyl proton PREs, Hm–C2 ,
for the model protein ubiquitin binding to LUV and SUV
liposome nanoparticles. We show that the ratio of these
13
app
PREs, R = (1Hm–Capp
2 )/( Cm–C2 ), which in the limit of

fast exchange is equal to the square of the ratio of gyromagnetic ratios c of the two nuclei, (cH/cC)2, serves as a
robust measure of the ‘true’ methyl PRE in the complex,
C2, in the intermediate exchange regime where C2 is
comparable in magnitude to the rate of exchange kex.
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