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Abstract
Paramagnetic ions can be used as atomic rulers in NMR spectroscopy to probe long distances in proteins. To expand the capability of this 
methodology, a uniformly 15N-labeled K28H GB1 protein and a 15N phenylalanine (F) K28H GB1 selectively labeled protein were expressed 
and purified. Herein, it is shown that Cu2+ strongly chelates to a mutated solvent-exposed histidine residue in both samples in the presence 
of a ligand, nitrilotriacetic acid (NTA). 2-D 1H-15N HSQC spectra using the 15N uniformly labeled sample and 1-D 1H 15N-filtered spectra using 
the 15N F labeled sample were recorded on both the diamagnetic sample (no Cu2+) and the paramagnetic Cu2+ sample to extract paramag-
netic relaxation enhancements (PREs). The PREs were easily converted into distances, which were in semi-quantitative agreement with the 
known distances. Ultimately, 15N-specific amino acid labeling demonstrates value for large proteins or intrinsically disordered proteins with 
lots of peak overlap in 2-D spectra.
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based on the Solomon equations.3 In this work, 1H transverse PREs 
are measured. To experimentally determine 1H transverse PREs 
using a 2-point estimate, the peak volume ratio between a para-
magnetic and diamagnetic sample can be measured for each peak 
by recording a 2-D 1H-15N HSQC experiment.9  Since peak volume 
is proportional to the line broadening, or the 1H transverse relax-
ation rate, the experimentally measured 1H transverse PRE can be 
determined by the following (two-point time estimate): 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 1: 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃 =  𝛤𝛤2(𝐻𝐻𝐻𝐻) = 𝑅𝑅2(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) − 𝑅𝑅2(𝑑𝑑𝑑𝑑𝑑𝑑) =  −
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where 0.00526 seconds = 1/(2(JNH) and R2 = 1/T2 (reciprocal of 
transverse relaxation time).

To convert the experimentally measure 1H transverse PREs 
into a distance, the following equation can be used:3

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 2: 𝛤𝛤2(𝐻𝐻𝐻𝐻) =  1
15 ∗ (µ𝑜𝑜
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∗ 𝛾𝛾2 ∗ 𝑔𝑔2 ∗ µ𝐵𝐵
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 where r is the distance between the unpaired electron and nucleus, 
S = ½ for Cu2+, and λc is the correlation time for the electron-nucle-
us dipolar coupling (2.5 ns for Cu2+).10

Introduction

Nuclear Magnetic Spectroscopy (NMR) is a widely used 
spectroscopic technique to probe the structure and dynamics of 
macromolecules. Advances in both technology and methodology 
have driven its rise over the last few decades as a competitor to 
X-ray crystallography and more recently, cryo-EM, in the field of 
structural biology. Since NMR samples mimic their physiological 
condition and do not require crystallization or rapid freeze treat-
ment, NMR is the preferred method for samples that aim to mimic 
in vivo conditions and/or for samples used to measure protein dy-
namics.1 NMR has benefited recently from increases in magnetic 
field strength and cryoprobe innovation, which have greatly in-
creased both the sensitivity and resolution of experiments. Also, 
methodological advancements in NMR have occurred including 
improvements in sample preparation, pulse sequences, and exper-
imental design/theory.2 Herein, a methodological application will 
be demonstrated on a model, small protein GB1 that combines 
the well-established paramagnetic relaxation enhancement (PRE) 
method on a 15N-amino acid specifically labeled sample.

PREs are measurable NMR parameters that are used to ex-
tract long-range distances (1-3 nm) using the Solomon equations 
on paramagnetic protein samples that have isotropic magnetic 
susceptibility.3 The measurement of long distances in NMR has 
proven to be extremely useful for de novo protein structure deter-
mination and to improve the resolution of structures.4-8 Since most 
proteins are natively diamagnetic, a paramagnetic center such as a 
nitroxide label or Cu2+ must be introduced as a site-specific tag.8 To 
measure PREs (longitudinal or transverse), relaxation rates must 
be measured and compared in both the diamagnetic (control) and 
paramagnetic samples. Qualitatively, if no difference in relaxation 
is observed for a unique NMR peak (e.g., 1H-15N pair in an amino 
acid), then that amino acid is “far” from the paramagnetic center. 
On the other hand, if a significant difference in relaxation rate is 
observed, then that amino acid is “close” to the paramagnetic cen-
ter (Figure 1). 

To quantify PREs, an experimental PRE must first be mea-
sured with high precision and converted into distance using theory 

 

  Figure 1: Illustration of 1H transverse PRE effects with Cu2+ on NMR peaks at 
various distances. Expected 2-D and 1-D NMR peak volume and area changes 
respectively are illustrated in a diamagnetic (no Cu2+) and a paramagnetic sample 
(Cu2+) when the paramagnetic metal is “far” away from an amino acid (top row), 
is at an intermediate distance from an amino acid (middle row), or is “close” to an 
amino acid (bottom row). 
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Simulations of the above equations are shown in Figure 2. If 
an HSQC experiment is conducted on both the diamagnetic and 
paramagnetic sample, a PRE is measured using equation 1. The 
experimentally measured PRE can easily be converted into a dis-
tance using equation 2 as shown in Figure 2. 

Since transverse 1H PREs commonly rely on high resolution 
in 2-D NMR, the data analysis can be time-consuming but also im-
possible for amino acid peaks that exhibit peak overlap. Peak over-
lap is extremely common in large proteins due to a large number 
of amino acid peaks and intrinsically disordered proteins (IDPs) 
that suffer from poor chemical shift dispersion. To alleviate this 
bottleneck, 15N-amino acid specific labeling can be employed.11 
This severely reduces the number of peaks in 2-D spectra and pos-
sibly allows for 1-D 15N-filtered 1H-detected spectra to be recorded 
to measure the PREs. Herein, 15N phenylalanine (“F”) labeling is 
used on a GB1 protein, a model well-studied protein for NMR 
methods, to demonstrate that 1-D 1H NMR spectra (15N-filtered) 
can be used to measure 1H transverse PREs using a rigid Cu2+ bind-
ing motif with moderate precision and accuracy in a straightfor-
ward manner. 

MATERIAL AND METHODS

Construction of K28H GB1 plasmids
Site-directed mutagenesis (SDM) was carried out to mutate 

a solvent-exposed lysine to a histidine residue at the 28th position 
(“K28H) in the GB1 pet11a plasmid. To perform this mutation, a 
forward and reverse primer were designed using PrimerX (https://
www.bioinformatics.org/primerx/). The following primers were 
then ordered from Integrated DNA Technologies:
Forward: 5’ CGCTGCTACCGCGGAACATGTTTTCAAACAG-
TACGC 3’
Reverse: 5’ GCGTACTGTTTGAAAACATGTTCCGCGGTAG-
CAGCG 3’

A set of eight 25 µL polymerase chain reactions (PCR) were 
carried out as shown in Table 1. After preparing the eight samples, 
the heat cycle shown in Table 2 was used to conduct the eight PCR 
reactions.

A 1% agarose gel was run on all eight tubes to screen for suc-
cessful PCR products. Potential products were digested with 1 µL 

of DpnI to remove unwanted methylated DNA products. The DpnI 
digested PCR products were then transformed into DH5α compe-
tent cells and plated on ampicillin-resistant LB-agar plates. Single 
colonies were selected and mini-prepped (Qiagen mini-prep kits) 
for DNA sequencing. The successful incorporation of the mutation 
was confirmed by DNA sequencing (T7 promoter).

Expression and Purification of 15N-labeled GB1 samples
The K28H GB1 pet11a plasmid was transformed (~ 10 ng) 

into E. coli BL21(DE3) competent cells and plated on ampicil-
lin-resistant LB-agar plates. A single colony was selected and 
grown in 2 mL of LB-ampicillin media. After ~ 8 hours, 150 µL 
of this saturated culture was transferred into a 25 mL overnight 
minimal media (ampicillin resistant) with 1 mg/mL of 15NH4Cl as 
the sole nitrogen source to generate a uniformly 15N-labeled sam-
ple.12 The saturated overnight culture was then transferred into a 
ampicillin resistant 500 mL minimal media (1 mg/mL 15NH4Cl) 
culture. This culture was grown until the OD600 nm reached ~ 0.6. At 
this point, IPTG was added to a final concentration of 0.5 mM to 
induce protein expression. After four hours, the cells were pelleted 
by centrifugation at 4,000 x g for 20 minutes at 4°C. To prepare a 
15N-F specifically labeled sample, the same protocol was used ex-
cept all 20 amino acids were used as the nitrogen source in which 
the phenylalanine (“F”) was 15N-labeled. The amounts and con-
centrations used varied and were based on work by Traaseth et al.13

To purify both 15N-K28H GB1 samples, the pellets were resus-
pended in “lysis” buffer (50 mM Tris-HCl pH 8, 300 mM NaCl). 
The samples were then purified by cell lysis, a heat purification 
step at 80°C, and by size-exclusion chromatography (HiPrep 16/60 
Sephacryl S-100 HR) as described previously.14 The fractions con-
taining pure protein were then combined and concentrated in MES 
buffer (pH 6.5).

NMR Spectroscopy and Data Analysis
The uniformly labeled 15N sample and the 15N-F specifically 

labeled sample had final concentrations of ~ 1.5 mM and ~ 1.15 
mM respectively in pH 6.5 MES buffer (10% D2O/90% H2O) for 
NMR experiments. All NMR experiments were recorded on a dia-
magnetic (no Cu2+) and a paramagnetic sample with nitriloacetic 
acid (NTA) and Cu2+ at various amounts. 

All NMR data were obtained on a JEOL 400 MHz spectrom-
eter at 298K using a double resonance probe tuned to 1H and 15N. 
1-D 15N-filtered 1H-detected HSQC experiments were recorded in 
~ 10 minutes on the 15N-F sample and 2-D HSQC (1H-15N) experi- 

 

  

Figure 2: Experimentally measured and theoretically predicted 1H trans-
verse PREs. Using equation 1, 1H transverse PREs are simulated as a function 
of the paramagnetic: diamagnetic peak volume/area ratio (left). Using equation 2, 
1H transverse PREs are simulated for Cu2+ as a function of distance. By recording 
a paramagnetic and diamagnetic spectrum on a sample, experimental PREs can 
be determined using the simulation of the left. These PREs are easily converted 
into distances using the simulation on the right. 

Table 1. PCR reaction conditions using Q5 Master Mix:

Table 2. Thermocycler conditions used for PCR reactions

 

Reagent Volume (µL) Final Concentration/Amount 
Q5 2X Master Mix 12.5 1X 
10 µM Forward primer 1.25 0.5 µM 
10 µM Reverse primer 1.25 0.5 µM 
10 ng/µL plasmid 1 10 ng 
Nuclease-free water 9  

 
 

Initial Denaturation 98°C 30 sec 
30 Cycles 98°C 10 seconds 

54-66°C (gradient – 8 
tubes) 

30 seconds 

72°C 6 minutes 
Final extension 72°C 2 minutes 
Hold 4°C Indefinitely 
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ments were recorded in ~ 30 minutes on the 15N-uniformly labeled 
sample. 

Once the NMR experiments were completed, the 1-D data sets 
were processed and analyzed using JEOL Delta NMR software. 
The peak areas were exported for the paramagnetic and diamag-
netic samples to calculate the PREs. The 2-D data sets were con-
verted to NMRPipe15 for processing. Peak volumes were extracted 
using the peak detection tool, and the peak volumes of the para-
magnetic and diamagnetic samples were extracted. To calculate 
the 1H transverse PREs, equation 1 was used (2-point estimate).9 
Using equation 2, the 1H transverse PREs were converted into dis-
tances. The 2-D data was also converted to Sparky16 for visualiza-
tion to display overlays of the paramagnetic and diamagnetic data.

RESULTS

Initially, to characterize both 15N-labeled samples, 2-D HSQC 
experiments were recorded and analyzed. In Figure 3, an overlay 
of the 15N-F sample is shown on top of the uniformly labeled 15N 
sample. Each peak in the 2-D HSQC of the 15N uniformly labeled 
sample can be assigned to a backbone N-H pair of each amino acid 
based on previous work,17 which confirmed that the protein was 
properly folded upon the mutation. In addition, the 15N-F sample 
clearly only had two peaks present in the 2-D HSQC, which con-
firms that no 15N-labeling “scrambling” occurred since only the 
two phenylalanine residues were 15N-labeled during the expres-
sion. Interestingly, the F30 residue and the Y45 residue are over-
lapped in the 2-D HSQC of the 15N-uniformly labeled sample. This 
demonstrates that 15N-amino acid labeling is a powerful tool when 
peak overlap is an issue in larger proteins or IDPs. 

It is proposed that Cu2+ in the presence of an external ligand 
such as IDA or NTA chelates to a solvent-exposed histidine, which 
forms an octahedral complex with Cu2+ as shown in Figure 6A.18 
To confirm this, a titration was first performed on the 15N-uniform-
ly labeled sample to ensure that Cu2+ specifically bound to the mu-
tated histidine residue. In Figure 4, a 2-D overlay of the paramag-
netic spectrum with an equimolar ratio of Cu2+:protein is shown 

on top of the diamagnetic control spectrum. This overlay shows 
that amino acids closest to H28 (H28, V29, and K31) exhibited 
extremely strong PRE’s (>> 150) and are therefore calculated to 
be less than 1 nm from the bound Cu2+. Some amino acids slightly 
farther away from H28 exhibited intermediate broadening (T25, 
E27, and A34), and therefore their distances are quantified as 1.20, 
1.25, and 1.50 nm respectively based on equations 1 and 2 com-
pared to their predicted distance (pdb: 1pga) of 0.75, 0.75, and 
1.05 nm respectively. The experimental and predicted distances 
are in reasonable agreement, and their discrepancies are addressed 
further in the discussion. Interestingly, there is evidence that F30 
experienced intermediate broadening as well; however, it is over-
lapped by Y45 in the 2-D spectrum marked by an asterisk. Even 
at equimolar ratios of Cu2+:protein, it is evident that the Cu2+ has a 
specific, strong affinity for K28H compared to any other potential 
secondary binding sites such as a glutamate or aspartate, which 
could also chelate to Cu2+. 

To assess the possibility of 1H transverse PRE measurements 
on the 15N-F specially labeled sample, a Cu2+/NTA:protein titration 
was also performed on this sample at various amounts. Since F30 
and F52 are the only 15N-labeled amino acids in the entire protein, 
a 1-D 1H NMR experiment was recorded that was filtered through 
15N (“out and back”) using the same pulse sequence to generate the 
2-D HSQC spectra. As shown in Figure 5, F52 exhibits no change 
in its peak area within noise upon addition of Cu2+ since it is far in 
space from K28H. This was promising as peaks far away in space 
(~ 2 nm or more) are expected to have no 1H transverse PRE (Fig-
ure 2B). On the other hand, F30 exhibited relatively strong PREs 
that increased as the Cu2+ amount increased as expected since F30 
is close to K28H in 3-D space. Since the peak did not completely 
broaden, or disappear, its 1H transverse PRE was calculated using 
the peak area (or integration number) ratio between the diamagnet-
ic and paramagnetic sample as shown in equation 1. The 1H trans-
verse PRE was then converted into a distance using equation 2. 
The experimentally calculated distance was then compared to the 
predicted distance based on the known structure of GB1. Since the 
histidine at position 28 is solvent-exposed and presumably flexi-

Figure 3: Initial 2-D HSQC of 15N-labeled K28H GB1 diamagnetic samples. 
An overlay using Sparky of the purified 15N-F labeled K28H GB1 protein on top 
of the purified 15N-uniformly labeled K28H protein. The two phenylalanine peaks, 
F30 and F52, are labeled. The assignments of all the peaks are known based on 
previous assignments made (note F30 and Y45 are overlapped in the uniformly 
labeled sample). 

Figure 4: Overlay of the paramagnetic and diamagnetic K28H 15N-uniformly 
GB1 labeled samples. An overlay using Sparky of the paramagnetic sample with 
Cu2+ on top of the diamagnetic reference sample. Unsurprisingly, amino acids 
near the K28H Cu2+ binding site are either partially or completely broadened out, 
which demonstrates that Cu2+ is strongly binding to that site only.
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ble, a range of sidechain histidine imine N to backbone F30/F52 
amide distances were estimated in PyMol (Table 3).19 Again, the 
15N-F experimental distances display reasonable agreement with 
the predicted distances since proper distance trends (F30 is much 
closer than F52) are observed. The precision of the data and dis-
tance discrepancies are addressed in the discussion. 

DISCUSSION

In summary, it has been shown that semi-quantitative long 
distances can be estimated in an efficient, straightforward way 
(1-D 1H NMR) by combining 15N-specific amino acid labeling 
with PREs. In general, a set of measured distances can aid in the 
structure determination of macromolecules, as well as to resolve 
site-specific intermolecular contacts. The bottleneck of this work 
instead becomes sample preparation and not the analysis of NMR 
data with an abundance of peak overlap. The data is straightfor-
ward to acquire and analyze, which makes it a promising method 
for large proteins or IDPs that have a lot of peak overlap in 2-D 
HSQC spectra, especially at lower magnetic fields that suffer from 
lower resolution. Samples that are 15N-specifically amino acid la-
beled can also be used to measure site-specific dynamics at those 
labeled sites, which may be inaccessible otherwise due to peak 
overlap. 

As shown in Table 3, the experimentally measured distances 
are slight overestimates; however, it is likely that the Cu2+ is far-

ther away in 3-D space than the imine nitrogen on histidine due 
to steric hindrance caused by nearby sidechains. This would shift 
the estimated distances up approximately two angstroms, which 
would alleviate some of the error, since two slightly different mea-
surements are technically compared. Another potential concern is 
that the distance measured experimentally is a population-weight-
ed average distance of multiple sidechain histidine conformations 
that may result in mediocre precision. This potential concern is il-
lustrated in Figure 6 as it is suspected that the histidine-Cu2+ bind-
ing is flexible in a range of conformational space. To overcome the 
lack of precision in the data, a double histidine mutation can be 
prepared to rigidify the location of the paramagnetic Cu2+ between 
two histidine residues in the presence of NTA.20 To do this, SDM 
can be carried out to insert another solvent-exposed histidine 4 
residues apart on an alpha helix or 2 residues apart on a beta sheet. 
For example, a K28H/Q32H double histidine GB1 mutation could 
be constructed along the alpha-helix. The double histidine motif 
has successfully been demonstrated in electron paramagnetic reso-
nance (EPR) experiments to increase the precision of long-distance 
measurements.20 Additionally, future work using this methodology 
on different metals that have a higher spin (S) such as Mn2+ will 
also be investigated to probe longer distances (2-3 nm) since the 
PRE effects become even stronger.
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Amino 
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Measured distance from Cu2+ 
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nitrogen to backbone nitrogen using 
seven 28H Conformations (Å) 
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