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Abstract

Paramagnetic effects provide structure and dynamics information of biomolecules. We developed a
robust method that paramagnetically lightens up high-molecular weight proteins through binding
of a reporter protein that carries lanthanide tags at distinct locations. Transmission of several
independent molecular alignments provides a multitude of paramagnetic restraints for proteins of
unknown 3D structure.
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Lanthanoid tags are used in diverse areas such as NMR spectroscopy[], X-ray
crystallography[] and luminescence-based measurements.[] Unpaired electrons in f orbitals
of lanthanoids cause a paramagnetic effect. When the lanthanoid is located in a target
molecule, the paramagnetic effect results in weak alignment of the molecule in the magnetic
field and affects the signals of its NMR spectrum in a distance (paramagnetic relaxation
enhancement, PRE), orientation (residual dipolar couplings, RDC) and orientation/distance-
dependent way (pseudo-contact shifts, PCS).[] Since the magnetic moment of electrons is
almost three orders of magnitude larger than that of protons, the perturbation is transmitted
over long distances.[] The long-range nature of paramagnetic restraints allows unique
insights into the structure and dynamics of biomolecules.|[, , ]

In order to obtain solvent-nucleus distance information and thereby structural information
about the biomolecule, lanthanoids can be added as soluble complexes to the sample.[]
However, for access to orientation information through RDCs and intra- or intermolecular
distance information, lanthanoids have to be attached to a specific site in the molecule.[, ] In
case of Ca2*- or Mg2*-containing metalloproteins, this can be achieved by substitution of
the natural metal by lanthanoid ions[], while for most proteins, lanthanoids have to be
attached to the target protein by methods such as insertion of lanthanoid binding motifs into
protein loops[], attachment of lanthanoid binding motifs to the N- or C-terminus|, ] or
covalent tagging of a small organic molecule to a surface-reactive cysteine.[, ] In addition,
diamagnetic proteins lacking native metal-binding sites might be fused with entire
paramagnetic protein domains such as zinc finger proteins[], EF hand motifs[] or
calmodulin-binding peptides loaded with paramagnetic lanthanoids to transmit molecular
alignment.[]

For the lanthanoid tagging methods it is essential that the modification does not perturb the
structure and dynamics of the protein. In addition, covalent tagging to reactive cysteines
requires one or a pair (in case of double-legged tags) of unique surface accessible cysteines,
a condition that can be difficult to fulfil especially in large proteins, when they contain
several cysteine residues. Another problem is that in cases where the 3D structure of the
target protein is unknown, it can be difficult to insert a lanthanoid binding loop or select a
surface accessible site to attach the tag. The situation is even more challenging, when
complementary sets of paramagnetic data are to be acquired from different positions of the
tag on the surface of the target protein, which generally requires different single cysteine
mutants of the target protein.

Here we present a strategy that alleviates many of the above mentioned drawbacks and was
motivated by the early approaches of fusion with a paramagnetic domain.[, =] The central
idea is to attach the lanthanoid tag not to the target protein itself, but instead to a reporter
protein, which in turns binds and hence transmits the paramagnetic effects to any target that
contains a specific recognition sequence (Figure 1). In this way the reporter protein can be
tagged in a separate reaction before its mixture/binding with the target protein, such that it
can be applied to proteins with multiple surface accessible cysteines. An important
advantage of the present strategy is that it is applicable to proteins of unknown 3D structure:
as long as there is binding between the target and the reporter protein, the paramagnetic
effect is transmitted. In addition, by designing a set of reporter mutants that are tagged on
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different position on its surface, each mutant can produce independent molecular alignments
on the target protein and the same set of reporter mutants can be employed to study different
proteins of interest.

The reporter protein that was chosen is the Erbin PDZ domain (Figure S1)[]. It is a stable,
103-residue, well-characterized protein that does not contain any cysteine and binds with
high affinity to the sequence TGWETWYV when it is located at the C-terminus of another
protein (Figure S2).[] Six different double-cysteine mutants of the Erbin PDZ domain
(PDZ-1 to PDZ-6) were designed (Figure S1). The mutants were then tagged with the
lanthanoid tag CLaNP-5[], which had been preloaded with the paramagnetic lanthanoid
Tm3* or diamagnetic Lu3*. CLaNP-5 attaches to two cysteine residues, resulting in
increased rigidity of the tag. Even though the tagging of all PDZ mutants was optimized,
tagging efficiency greatly varied (Table S1). In addition, PDZ-4 turned out to be unstable
and was excluded from further analysis.

The strategy was tested on the 8 kDa protein ubiquitin and the 42 kDa maltose binding
protein[] (MBP), both with the C-terminal TGWETWYV extension. Binding of wild-type
PDZ to ubiquitin and MBP was slow on the NMR time scale. In line with the high affinity of
the PDZ-TGWETWYV interaction, binding to MBP was saturated at a 2:1 excess of PDZ. As
the PDZ domain is not labelled with 1°N, unbound PDZ does not contribute to the signal

in 15N-edited NMR experiments. In addition, chemical shift changes induced by PDZ-
binding in ubiquitin and MBP away from the C-terminus were small, indicating that PDZ-
binding does not perturb the structure of the protein of interest (Figure S3a and S3b). The
data demonstrate formation of well-defined PDZ-protein complexes suitable for NMR.

We then added the PDZ mutants, already tagged with CLaNP-5, to 15N-labelled
ubiquitinTCWETWV as well as 15N/2H-labelled or 1°N/23C/2H-labeled MBPTCWETW,
Binding of the PDZ domains induced RDCs, PCSs and PREs (Figure 2, S3 and S4).

2D 1H-15N HSQC spectra of ubiquitin and MBP were of high quality (Figure 2a and S3b).
In case of MBP, we also obtained 3D HNCO experiments (Figure S4g). Thus, the increase in
molecular weight due to binding of the PDZ domain (Figure S5) did not interfere with the
precise measurement of RDCs and PCSs (Figures 2 and S3e).

At a proton Larmor frequency of 900 MHz, RDCs induced by PDZ-1 in ubiquitin ranged
from -7.3 to +5.8 Hz (Figure 2c). The fit of 57 experimental RDCs to the 3D structure of
ubiquitin was of very high quality with a Pearson's correlation coefficient of 0.99. At 600
MHz, the RDCs decreased according to the change in field strength by a factor 2.25, but the
correlation coefficient to the 3D structure remained at 0.98 (Figure S3c). In case of MBP,
experimental RDC induced by PDZ-2 were in the range from -11.2 to 7.9 Hz (Figure 2d and
Table 1). The fit of the experimental RDCs and PCSs to the 3D structure of MBP resulted in
Pearson correlation coefficients of 0.95 and 0.97, respectively (Figure 2d, e). The lower
quality of the RDC fit when compared to ubiquitin is due to the lower precision of the RDC
measurement at the increased molecular weight as well as the lower resolution of the 3D
structure of MBP. The magnitude of alignment transmitted to MBP varied between different
PDZ mutants (Table 1). The small size of RDCs transmitted by PDZ-5 is likely due to a
higher flexibility of the CLaNP-5 tag in PDZ-5, where the two cysteine residues/attachment
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sites are not located in rigid secondary structures (Figure S1). Taken together the data
demonstrated that high-quality paramagnetic restraints for both small and large proteins can
be obtained by external tagging.

The experimental RDCs were then used to determine the properties of the alignment tensors
induced in MBP by the five PDZ variants. Figure 3 illustrates the orientation of the
alignment tensors using a Sanson-Flamsteed projection. In agreement with the high quality
of the experimental RDCs, the orientations of the three tensor axes were well defined.
Moreover, the orientations of the axes differed largely between the PDZ variants.
Quantification using a generalized angle in the five-dimensional space spanned by the Saupe
matrix revealed that each alignment tensor differed by more than 30° from any of the other
four tensors (Figure 3f). For some of the combinations, 5D angles of 90-130° were found.
Thus, the use of the different PDZ variants allows access to multiple independent
alignments.

In addition to orientational restraints, lanthanoids caused relaxation of NMR signals of
nearby nuclei. For example, when adding PDZ-1 to MBPTCWETWV residues from 46 to 55
were broadened beyond detection (Figure 4a). The location of these residues in the 3D
structure of MBP is close to the C-terminus, where PDZ binds to the peptide sequence
TGWETWYV (Figure 4e). Comparison of PRE broadening profiles of MBP in complex with
different PDZ variants further showed that larger PRE effects were produced by those PDZ
variants for which the tagging site is close to the TGWETWYV binding pocket. For example,
PDZz-1, whose tagging site is just next to several residues that participate in binding to
TGWETWYV (Figure S1), produced the biggest PRE (Figure 4a), while PDZ-3, in which the
tagging site is far away from the binding pocket, caused less PRE (Figure 4b). Importantly,
beyond an overall similarity of the PRE effect along the protein sequence, the PRE profiles
show distinct sequence-specific features (see for example the PRE broadening at the C-
terminus of MBP in case of PDZ-1, PDZ-3 and PDZ-5 in Figure 4). Thus, a wealth of long-
range distance information is accessible without internal modification of the target protein.

Due to inter-domain dynamics between the CLaNP-5 carrying PDZ domain and the protein
of interest the magnitude of paramagnetic alignment is decreased. For example, the RDCs
observed directly within PDZ-1 at 900 MHz were in the range from -31.2 Hz to 18.0 Hz
(Figures S6 and S7), while the ones transmitted upon binding to MBPTCWETWV ranged
from -9.4 to 7.3 Hz (under identical conditions; Figure S4a). The axial component of the
tensor in PDZ-1 was -1.1x10-3 compared to a value of 2.8x10 transmitted to
MBPTGWETWV (Taples 1 and S2). The presence of inter-domain flexibility was further
supported by 15N spin-relaxation measurements on ubiquitinTWETWV hound to PDZ. The
last 3 residues of ubiquitin and the first 2 residues of the sequence TGWETWYV were
dynamic (Figure S8). Importantly, however, the decrease in paramagnetic effects did not
interfere with the determination of high quality RDCs for both ubiquitin and MBP (Figure 2,
S3, S4). Moreover, scaling down of PCSs due to inter-domain dynamics has the advantage
that cross peaks in the paramagnetic spectrum are only slightly shifted compared to the
diamagnetic spectrum (Figure 2a and S3b). This simplifies the assignment of both spectra, in
particular for high molecular weight proteins.
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In summary, we have presented a robust method that allows access to a large number of
RDCs, PCSs and PRE restraints produced from independent molecular alignments.
Although in this study a PDZ domain with the lanthanoid tag CLaNP-5 was used, other
lanthanoid tags can be attached[, , ], as long as the probe mobility is low enough to provide
sufficient alignment in the protein of interest, lanthanoid binding motifs might be engineered
into the PDZ domain[, ] or proteins other than PDZ might be employed, such as calmodulin,
which binds with high affinity to short peptide sequences.[] Importantly, the method can be
applied to proteins of unknown 3D structure and regardless of the number of cysteines.
Moreover, the fact that one of the PDZ variants, PDZ-4, was found to be unstable, highlights
a further advantage of the method. When the tag is directly attached to the protein of
interest, this protein has to be mutated to enable attachment of the lanthanoid tag. As
exemplified by PDZ-4, the mutation potentially leads to an unstable protein. In contrast, the
present set of PDZ mutants are already known to be stable. Thus, they can just be added to
any target protein, as long as it contains the TGWETWYV extension, and thereby provide
multiple independent molecular alignments. No internal modification of the protein of
interest is required that could affect its structure and dynamics.
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Figure 1.
Schematic diagram illustrating the developed method. The lanthanoid tag is not attached to

the target protein itself (blue), but instead to a reporter protein (grey), which in turn binds
and hence transmits the paramagnetic effect to any target that contains a specific recognition
sequence (TGWETWYV). By attaching the lanthanoid tag at different positions in PDZ,
multiple independent alignments of the target protein are obtained.
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Superposition of 1H-15N HSQC spectra of MBPTCGWETWV hound to PDZ-1 tagged with
CLaNP-5,) Correlation between two datasets of PCSs (recorded in identical experimental
conditions at 600 MHz) induced by PDZ-1 in ubiquitinTCWETWV ¢) RDCs induced in
ubiquitinTSWETWV by pDZ-1 binding (*H Larmor frequency of 900 MHz; 37°C) were
acquired using the BSD-IPAP HSQC]] experiment and fit to the 3D structure of ubiquitin
(PDB code: 1D3Z) using PALES. d) RDCs observed at 900 MHz were fitted to MBP’s 3D
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structure (PDB code: 1DMB) using the program PALES.[] e) Experimental 1°N and *H PCS
induced in MBPTGWETWV hy pDZ-2 were fit using the program Numbat[]. In both plots the
line indicates y=x. Only cross-peaks not strongly affected by signal overlap were included
into the analysis.
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PDZ6 30 70 134 43 -

Figure 3.
Orientations of the alignment tensor transmitted to the 42 kDa protein MBPTCWETWV py the

CLaNP-5 tagged PDZ mutants 1, 2, 3, 5, 6 (a-e). z, y and x axis are shown in red, blue and
green in Sanson Flamsteed projections, respectively. The orientation of the alignment tensors
was obtained by fitting the experimental RDCs to MBP’s 3D structure (PDB code: 1DMB).
[] Uncertainties were evaluated by 1000 cycles of the "structural noise Monte-Carlo
method".[, ] f) 5D angles between the alignment tensors induced in MBP.
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Figure 4.

E)?ternal tagging provides access to long-range distance information in the 42 kDa protein
MBP. a) - d) PRE profiles in MBPTCWETWV ynon addition of CLaNP-5 tagged PDZ-1,
PDZ-3, PDZ-5 and PDZ-6, respectively. Error bars were calculated on the basis of the
signal-to-noise ratio in the NMR spectra. Only cross-peaks not strongly affected by signal
overlap (also with respect to residual diamagnetic signals) were included into the analysis. e)
Mapping of the PRE broadening of MBPTCWETWV sjgnals produced by PDZ-1 onto the 3D
structure 1DMB. From red (most affected) to blue (unaffected) the distance-dependent
decrease in signal intensity is shown. The PDZ recognition sequence, TGWETWYV, was
located at the C-terminus of MBP.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 October 20.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Camacho-Zarco et al.

Table 1

Page 12

Parameters of the alignment tensors transmitted to the 42 kDa protein MBP by the five different PDZ mutants
tagged with CLaNP-5. Alignment tensors and Q-values were obtained by best-fit of the experimental RDC to

the 3D structure 1DMBJ] using the software PALES [, ].

PDZ mutants A, (10-%) A, (10-9) o€ BC vy¢ Q value
PDZ-14 2.8 22 135 <179 372 023
pDZ-20 -3.8 -18 429 2391 -84 0.26
PDZ-34 1.2 05 789 -328 2511  0.29
PDZ-50 16 03 1111 411 -421- 024
pDZ-60 2.8 12 908 220 -11 028

[a] Measured at 800 MHz or [b] at 900 MHz; [c] Euler angles.
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