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A class of Gd(m) coiled coils achieve high MRI relaxivity, in part due
to their slow rotational correlation time. However, extending their
length is unable to further enhance performance, as the mecha-
nism by which relaxivity is achieved is dominated by the presence
of three inner sphere waters in rapid exchange, through an associ-
ative mechanism.

Complexes of Gd(u) are routinely used to enhance contrast in
magnetic resonance imaging (MRI) to aid in clinical diagnosis.
However, the relaxivity, a measure of efficiency, of most clinical
contrast agents (CAs) is not optimal, in part due to their small
size and rapid tumbling. One strategy for enhancing relaxivity
has been to increase the rotational correlation (tumbling) time
(tr), through the design of macromolecular Gd(ur) complexes,
based on for example, polymers,> nanotubes, nanodia-
monds,” dendrimers,® polysacharides,”® viral capsids,’ lipo-
somes'® and peptides/proteins.”*™* Of relevance to this work
are the reports of Gd(m) coiled coils, a class of artificial minia-
ture metalloproteins, that exhibit high relaxivity compared to
conventional small molecule CAs.**™*”

Linear translation of the Gd(m) binding site towards the
coiled coil N-terminus yields Gd(MB1-1);, a more stable,
highly hydrated (determined for the Tb(m) analogue) and
higher relaxivity complex."® Though the promising relaxivity is
in part thought to be due to their larger size and slower tum-
bling, the mechanism by which relaxivity is achieved is not
well understood. Specifically, the true hydration state of the
bound Gd(m) [crystallographic evidence is lacking] and the rate
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¢ D. J. Smith,f
*3 3nd A. F. A. Peacock (2 *@

of water exchange, key parameters that govern relaxivity, are
unknown.

Herein we report a systematic study of the impact of
peptide length on the structure and function of Ln(ur) coiled
coils based on MB1-1 (Fig. 1). The relationship between Gd(u)
coordination chemistry, coupled with a detailed analysis of the
water exchange chemistry at the Gd(m) centre, and MR relaxiv-
ity, is investigated.

These findings have implications for the design of Gd(m)
peptides/proteins for MRI applications, as well as for metallo
coiled coils and their aqua complexes, for applications in bio-
technology more widely, such as catalysis. Furthermore, these
studies provide important opportunities for insight into the
burgeoning field of lanthanide biochemistry.'®>' This
includes an example where Gd (though inefficient) supports
the growth of a lanthanide dependent methanotroph.*

To fully understand the mechanism by which these Gd(ur)
coiled coils achieve high relaxivity, the relationship between
molecular rotation, the water coordination chemistry of the
bound Gd(um) and relaxivity, has been investigated through a
series of three peptides, designed to form Gd(u) coiled coils of
varying length (Ac-G IAANEWK DAAIEQK (IAAIEQK), G-NH,),
see Fig. 1 and S1.t The short (MB1-1S; x = 2), previously

Fig. 1 Cartoon of a hypothetical short (MB1-1S), medium (MB1-1) and
long (MB1-1L) Gd(i) coiled coil, and a close-up of the proposed binding
site with Gd(in) bound to three inner sphere water molecules.
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reported medium (MB1-1; x = 3)"® and long (MB1-1L; x = 4)
peptides, based on four, five and six heptads, respectively, all
feature a Gd(m) binding site generated by adjacent Asn and
Asp layers, towards the N-terminus (top).

Given that MB1-1 was the most stable and well folded of the
coiled coils which featured the destabilising Asn;Asp; binding
site,'® it was reasoned that the fifth heptad may not be essen-
tial. However, MB1-1S, which consists of four heptads, is
found to be largely unfolded in the apo state, with only a small
change upon the addition of GdCl; (Fig. 2A). This likely
reflects that the Asnz;Asp; binding site, despite being located
towards a terminus, interrupts two hydrophobic packing layers
in two adjacent heptads, leaving only two fully intact heptads,
which are unable to effectively compensate. We therefore con-
clude that a minimum of five heptads are required for the
folding of coiled coils which feature the Asn;Asp; binding site,
even in the presence of Ln(m). Intriguingly, though metallo
coiled coils as short as three heptads are known,>* all reported
Ln(m) coiled coils to date, consist of five heptads.'*%>*72%
These longer lengths likely reflect the destabilising nature of
negatively charged Ln(m) binding sites. Given that MB1-1S
failed to form a folded coiled coil, even in the presence of Gd
(my), its Ln(ur) coordination chemistry is not discussed further,
and instead attention is directed towards comparisons
between the folded MB1-1 and MB1-1L peptides.

The addition of a heptad, lengthening the coiled coil from
five (MB1-1) to six (MB1-1L), has no significant impact on the
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Fig. 2 CD (top) and emission (bottom) spectra of 30 uM (A) MB1-1S, (B)
MB1-1 and (C) MB1-1L peptide monomer, in the absence (solid line) and
presence (dashed line) of 10 pM GdCls (top) or increasing aliquots of
TbClz (bottom), in 10 mM HEPES buffer pH 7.0. lexc = 280 nm.

Table 1 Peptide characterization data
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extent of peptide folding for either the apo or Gd(m) complex,
as determined from the CD spectra (Fig. 2B and C, S27).
Though these findings suggest that the extra heptad does not
induce further coiled coil folding, it has previously been
reported to enhance stability with respect to denaturation, by
~5 kecal mol™.** Despite a shift in the chemical denaturation
profiles that supports enhanced stability on addition of the 6™
heptad (Fig. S3t), we were unable to fit our data reliably due to
the lack of a clear baseline for the unfolding transition.
Similarly, thermal unfolding profiles of MB1-1 and MB1-1L, do
not show a clear baseline for the unfolding transition, but do
importantly show that the Gd(MB1-1); and Gd(MB1-1L); com-
plexes remain folded at biologically relevant temperature
(37 °C), see Fig. S4.f Our data are, therefore, consistent with
no significant enhancement in folding, but a qualitive
enhancement in stability, on extending the coiled coil length.

Tb(w) luminescence experiments (Fig. 2 and S5f) comp-
lement the CD titrations as they provide important insight into
the Ln(m) coordination chemistry. Regardless of coiled coil
length, titrations are consistent with one Tb(u) ion saturating
a binding site generated by a three stranded coiled coil, and
with the same apparent affinity (within error, Table 1).
Importantly, any enhancement in peptide stability achieved by
lengthening the peptide, has not translated into a significant
change in binding affinity. The current binding constants
(apparent logK, ~5.0) are considerably lower than current
clinical MRI contrast agents,>® and would require significant
enhancement prior to translation into a clinical setting.

Further interrogation of the Tb(u) coordination environ-
ments, revealed similar Tb(wm) hydration states (see Table 1
and Fig. S61), when complexed to MB1-1 and MB1-1L, respect-
ively. The 6™ heptad, introduced ca. 4-5 nm away from the
binding site at the opposite end of the coiled coil, does not
have a significant impact on coiled coil folding, Tb(u) affinity,
or water penetration and coordination, but does slightly
enhance the coiled coils stability (vide supra). We hypothesised
that, as for Tb(m), the Gd(ur) complexes of MB1-1 and MB1-1L
would feature the same coordination chemistry. However, the
Gd(MB1-1); and Gd(MB1-1L); complexes could differ in their
rotational correlation times.

Extending the coiled coil length yields complexes of
differing molecular weight, 12.2 kDa and 14.4 kDa for Gd
(MB1-1); and Gd(MB1-1L);, respectively. Hydrodynamic calcu-
lations yielded theoretical rotational correlation times around

% Folding”

rmMt st 7 mM ™t st r YmMt st 7 YmM st

Peptide  Apo 1Eq.Gd*  Logkm”  #H,0m°  wms  (77T) (77 (1T aT
MB1-1S  20+1 33+4 — — — — — — —

MB1-1 s0+6f 83+7f 53+0.17 31:x02f 7 10.0 = 1.5 89.3 +16.87 64.3+3.2 87.6+0.9
MB1-1L 842 85+ 2 5.0+ 0.2 3.7£0.7 10 10.9+0.8 81.8+5.4 67.4+4.2 96.5 + 3.2

“Determined by CD spectroscopy, see ESLt ” Apparent binding constant for the Tb®* complex as determined by fluorescence spectroscopy.
°Number of coordinated waters as determined by luminescence emission of the Tb*" complex. ¢ Theoretical rotational correlation time around
the minor axis. ° Relaxivity as determined by NMR spectroscopy on the Gd** complexes. Data from ref. 15.
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the minor axis of 7 and 10 ns for the Gd(MB1-1); and Gd(MB1-
1L); complexes, respectively, and have been used to predict
longitudinal relaxivity (r;) at two field strengths (clinically
more relevant 1 T and higher field at 7 T), as a function of
water exchange rate, see Fig. S7.1

Relaxivity data for Gd(ui) coiled coils recorded for the first
time at low field (1 T), shows a significant increase in the
longitudinal relaxivity (r;) compared to data at high field (7 T),
see Fig. S8 and Table 1. Relaxivity at this clinically more rele-
vant field, r; > 60 mM ™" s~ (1 T), is highly competitive when
compared to typical single digit values reported for small
molecule clinical Gd(m) CAs.*®

Despite differences in molecular weight and theoretical
differences in tumbling rates, the experimental relaxivities for
Gd(MB1-1); and Gd(MB1-1L); are the same (within error) at
both low and high field strength (Fig. S8t and Table 1). At low
field, slowing rotational correlation time is generally con-
sidered an effective strategy for enhancing relaxivity. Given
that changes in tumbling on this timescale is not the limiting
factor, a greater understanding of the Gd(m)-water coordi-
nation chemistry is thus required.

To determine the water exchange chemistry at the bound
Gd(m), variable temperature '’O NMR studies were performed.
The temperature dependence of the reduced transverse relax-
ation rates of Gd(MB1-1); and Gd(H,0)s (aqueous GdCls),
show that both complexes operate in the fast water exchange
regime (Fig. S9t). Fitting the number of inner sphere water
molecules yielded values of 3.5 + 0.6 and 7.7 + 1.3 for the Gd
(MB1-1); and aqua Gd(m) complexes, respectively. The former
is in good agreement with the value obtained spectroscopically
for the Th(MB1-1); analogue, see Table 1.

Assuming three inner sphere waters for Gd(MB1-1)3, the fits
to the Swift-Connick equation (see ESIt) yield the rate (6.4 x
107% 57", giving a water residence time of 1.56 ns), enthalpy
(AH* 18.0 = 0.4 k] mol™") and entropy activation parameters
(AS* —15.9 + 1.3 J K* mol™?) for water exchange at the bound
metal in Gd(MB1-1);, see Table 2. Measuring k., as a function
of pressure yields an activation volume, AV#, of —0.5 + 0.4 cm®
mol ™, Fig. $10.}

The water residency time was found to be short (1.56 ns)
and of the same order of magnitude as that measured for free
aqueous Gd(m) (1.02 ns). In contrast, coordination of various
polyamine carboxylate ligands to Gd(u) can slow down the
water exchange processes by up to two orders of magnitude
(k2% = 8 x 10° s™" and k2% ~ 10° s™" for the aqua and chelated
complexes, respectively).>* However, the nature of the coordi-
nating ligand has a huge impact. For example, the presence of

Table 2 Rates and activation parameters for water exchange at Gd(n)

Gd(H,0);(MB1-1); Gd(H,0)s
K28 (s 6.4 x 10° 9.8 x 10°
AH* (k] mol™) 18.0 + 0.4 16.3 = 0.4
AS* (J K™ mol™) -15.9+1.3 -18.0+ 1.3
AV (cm® mol™) —0.5+0.4 (-3.3+0.2)*"
#H,064 3.5+0.6 77413

This journal is © The Royal Society of Chemistry 2023
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more O~ ligands, such as those provided by MB1-1, compared
to N-donor atoms, labilises coordinated water molecules.?" In
the case of the Gd(MB1-1); complex, the water exchange rates
are only slightly slower than that of Gd(H,0)s. Not only is this
much faster than for small molecule Gd(m) complexes, but it
is also fast compared to a water residence time of 10 ns,
reported for a Gd(m) binding site engineered onto the surface
of a rat adhesion protein.**

The activation enthalpy for water exchange at the Gd(m) centre
of Gd(MB1-1); is similar to that obtained for the Gd(H,O)s
control and significantly lower than those reported for other Gd
(m) CAs (~50 kJ mol).*° This, together with the negative values
of activation entropy, indicates that the coordination sphere of
Gd(m) in Gd(MB1-1); must be less crowded (max 8-coordinate)
than in most small molecule chelated complexes.”® We propose
that the water exchange processes at the Gd(MB1-1); complex
follows an associatively activated interchange mechanism (),
which is in line with the obtained negative values of AS* and
small negative value of activation volume.

NMR measurements also reveal that data can be best fit
with scalar coupling constants of ~1.5 MHz for Gd(MB1-1)3,
compared to the lower values of 0.8 and ~0.6 MHz for the free
aqua and chelated Gd(un) complexes. This would be consistent
with a shorter distance between the Gd(m) and the oxygen of
exchanging water (rg4-o) for Gd(MB1-1); compared to the aqua
and chelated small molecule Gd(um) complexes, further sup-
porting a non-crowded Gd(m) coordination sphere.

This work for the first time explores the mechanism by
which a new class of Gd(m) complexes, based on the coiled
coil, achieve competitive MR relaxivity, when compared to
clinical CAs. This is in part due to their large size and slow
rotational correlation time. The coiled coil can be extended, to
further slow the tumbling of the complex, without impacting on
the coordination chemistry of the metal binding site. However, it
is not a strategy by which relaxivity can be further enhanced. The
MR relaxivity is achieved by rapid exchange of three inner sphere
waters, through an associative mechanism, at a coordinatively
unsaturated Gd(m) site. The water exchange rate is almost as fast
as for free Gd(m). Predicting the impact of rotational correlation
time (zg) on ry for Gd(m) bound to three waters with a water resi-
dency time of 1.56 ns, is shown in Fig. S11,} and demonstrates
that no significant improvement can be achieved by extending
the coiled coil further. Relaxivity enhancement could hypotheti-
cally be achieved by increasing the water residency time. For
example, the binding site could be redesigned by altering the
sterics and hydrogen bonding opportunities presented by second
coordination sphere residues.

The experimentally determined water exchange rate, and an
understanding of the water coordination chemistry at a protein
bound Ln(m), has important implications for the development of
MRI contrast agents. It also provides important insight into the
behaviour of native sites in Ln(m) biochemistry, a rapidly growing
area of research. For example, though not clear if biologically rele-
vant, the X-ray crystal structure of methylacidiphilum fumarioli-
cum SolV methanol dehydrogenase (pdb 4MAE) was found to
contain solvent coordinated to the bound Ce at the active site.
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Finally, to the best of our knowledge this is the first report of the
water exchange rate at a M-OH, site within a coiled coil, and as
such could have important implications for metallo peptide and
protein design more widely.
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