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Blood plasma is a heterogeneous mixture of lipoprotein particles 
and high M, proteins such as albumin, IgG, ai-acid glycoprotein, 
and transferrin, together with low Mr substances such as amino 
acids, anions, and metal ions.1 Even at the highest available 
frequency, 1H NMR spectra of plasma (or serum) consist of a 
broad envelope of overlapping resonances.2-3 Only the sharper 
peaks due to mobile small molecules, /V-acetyls of glycan side 
chains of acute-phase glycoproteins, and lipids in lipoproteins 
have been previously assigned.4,5 In particular, no resonances 
have been specifically assigned to amino acid residues of plasma 
proteins; they are broad and readily filtered out by spin-echo 
methods using short refocusing times.4"* Complexation of Ni2+ 

in blood plasma is of interest because nickel is an essential element 
with a poorly understood biochemistry7,8 and a potentially potent 
allergen.9 Ni2+ is known to bind strongly to the N-terminus of 
albumin,9,10 Even though albumin is a large protein (66.5 kDa, 
585 amino acids)10 for 1H NMR work, we have recently 
assigned11,12 resonances for the N-terminal amino acids of both 
albumin and Ni-albumin. We now show13 that specific com
plexation sites for Ni2+ on albumin can be detected in single-
pulse and 2D NMR spectra of human blood plasma and that 
competitive binding to the free amino acid L-His can be studied. 
Novel features observed for the Ni2+ binding site of isolated 
albumin, not found previously with its 1-24 peptide, are also 
detected for albumin in plasma. 

A resolution-enhanced 500-MHz (Bruker AM500) single-pulse 
spectrum14 of the aromatic region of human blood plasma15 is 
shown in Figure 1. A large number of the peaks have chemical 
shifts, intensities, and line widths similar to those observed in 
spectra of defatted purified human albumin (Figure Dl, sup
plementary material) over a range of pH* values. High-field-
shifted resonances are also observable in plasma spectra (0.5 to 
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Figure 1. Resolution-enhanced 500-MHz 1H NMR spectra of the 
aromatic region of human blood plasma, before (lower) and after (upper) 
addition OfNi2+ (ca. 0.5 mol equiv with respect to albumin). Assignments 
are as follows. Albumin: I (His eCH, tentative; see text), III (His3eCH, 
overlapped with another «CH peak), V (His3 5CH). Ni-albumin: VI* 
(His3 «CH), VII* (His3 «CH). L-His: II (eCH), IV («CH). 

-0.5 ppm) corresponding to those of isolated albumin, and several 
peaks in the aromatic region undergo pH-dependent shifts (data 
not shown) similar to peaks of isolated albumin assigned to His 
eCH (C2H) imidazole ring protons.16 Additional small sharp 
peaks in the plasma spectrum are assigned to formate and the 
free amino acids His, Tyr, and Phe (confirmed by the spectrum 
of the low M1 ultrafiltrate17 from the same plasma sample, shown 
in the supplementary material, Figure Dl). 

Next we titrated Ni2+ into plasma.18 Most notable was the 
progressive appearance of a new peak at 7.48 ppm (VI*) and the 
disappearance of His «CH peaks I and II, together with a reduction 
in intensity of peak III, Figure 1. In the His 5CH (C4H) region, 
peaks IV and V disappear, and a new peak appears at 6.73 ppm 
(VII*). Peaks II and IV can be assigned to the «CH and 5CH, 
respectively, of free His (confirmed by a standard addition), while 
peaks III and V correspond to resonances assigned to «CH and 
5CH of His3 of isolated human albumin.11,16 Peaks VI* and 
VII* have shifts similar to those of the His eCH and 5CH peaks 
of Ni-albumin, Table I. Changes in the aliphatic regions of 
spectra of plasma on addition of Ni2+ also show a striking 
resemblance to those observed for isolated albumin.12 Cross-
peaks in 2D TOCSY spectra of plasma assignable to Aspl a/fi 
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Table I. 1H NMR Chemical Shifts for Ni-Albumin, Ni-Albumin 
Formed in Blood Plasma, and the Ni2+ Complex of the 1-24 Peptide 
of Human Albumin 

proton Ni-albumin" Ni-plasma* Ni-[I-24] peptide1 

Aspl 

Ala2 

His3 

Lys4(?) 

aCH 
0CH2 

(3'CH2 

aCH 
/3CH3 

«CH 
5CH 
5CH2 

eCH2 

3.60 
2.45 
2.60 
3.63 
1.27 
7.47 
6.75 
1.50 
2.84 

3.58 
2.45 
2.59 
3.65 
1.25 
7.48 
6.73 
1.52 
2.87 

3.58 
2.43 
2.60 
3.68 
1.30 
7.56 
6.94"* 

' Reference 12, pH* 7.8.»This work, pH* 7.04.' Reference 19, pH* 
8.0. d This shift is notably 0.2 ppm to low field of that for Ni-albumin, 
perhaps due to the lack of interaction with Lys. 

and a//?' protons decrease in intensity, and new cross-peaks 
assignable to the same protons in the Ni2+ complex appear, Figure 
2. The cross-peak for Ala2 a/0 protons is obscured by lipid 
peaks in the spectrum of plasma but can be assigned in the Ni2+ 

complex, Figure 2 and Table I. Little change was observed in 
the high-field region of the spectrum (0.5 to -0.5 ppm) on addition 
OfNi2+. No further increases in the intensities of peaks VI* and 
VII* occurred after addition of ca. 075 mol equiv Ni2+ Figure 
D2, supplementary material), but only a general broadening of 
peaks was observed, attributable to the formation of paramagnetic 
Ni2+ complexes. 

These changes are consistent with the strong binding (slow 
exchange) OfNi2+ to the N-terminus of albumin in blood plasma. 
Indeed, the shifts are similar to those for the Ni2+ complex of the 
1-24 peptide of human albumin.19 The latter is a diamagnetic 
square-pyramidal complex with Ni2+ bound to the N-terminal 
Aspl-Ala2-His3- residues via Asp a-NH2, two deprotonated-
peptide nitrogens (Ala2 NH and His 3 NH), and the imidazole 
ring 6N of His3, with weak axial coordination to the CO2

- group 
of Aspl. UV-visible and CD studies show that this site is similar 
in albumin and smaller model peptides.20-22 

There are some curious differences between the binding of 
Ni2+ to the 1-24 peptide of albumin and to isolated albumin 
which are also detected for blood plasma: a triplet at 2.94 ppm 
progressively decreases in intensity on addition of Ni2+, and a 
new triplet appears at 2.87 ppm (supplementary material, Figures 
D2 and D3). Two-dimensional TOCSY spectra of isolated human 
albumin12 allow assignment of the latter peaks to Lys «CH2 protons 
(5/e cross-peak at 1.52/2.87 ppm, Figure 2 and Table I; cross-
peaks for /3 and y protons are also resolved). No Lys resonances 
are perturbed on complexation OfNi2+ to the 1-24 peptide.19 We 
have previously suggested12 that the NMR shifts ofthese Lys /3, 
7, 5, and e protons for Ni-albumin are consistent with this side 
chain being positioned above the imidazole ring of coordinated 
His3, much as in the X-ray structure of [Cu(GIy-HiS-Lys)].23 

This structural feature may be of significance to the antigenicity 
of Ni-albumin. The Lys is most probably Lys4, although it could 
also be a Lys from a more distant part of the sequence.24 

There is an apparent involvement of a second His residue (peak 
I, Figure 1) in Ni2+ binding. This could arise from a weak axial 
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Figure 2. 500-MHz 2D TOCSY 1H NMR spectra (spin-lock time 35 
ms) of human blood plasma, before (left) and after (right) the addition 
OfNi2+ (ca. 0.5 mol. equiv with respect to albumin). New peaks (labeled 
with an asterisk) appear which are assignable to the N-terminal amino 
acid residues of Ni-albumin (Aspl-Ala2-) and a Lys residue. Very similar 
changes are observed when isolated defatted human albumin binds Ni2+, 
Table I. 

interaction of Ni2+ with a His residue distant in the sequence at 
the N-terminal site24 or perhaps reflect population of a second 
site. Previous UV-visible and CD measurements on isolated 
albumin have suggested that an octahedral site can be partially 
populated with paramagnetic Ni2+ at pH 7.21'25 However, a 
definite assignment of peak I to albumin cannot be made. 

Notable also are the parallel decreases in intensities of peaks 
for both albumin (III, V, and possibly I) and free His (H, IV, 
supplementary material, Figure D2) in spectra of plasma as Ni-
albumin is formed (VI* and VII*). Clearly L-His is a strong 
competitor for Ni2+ binding in plasma and may play a critical 
role in regulating Ni2+-induced structural changes in albumin, 
as has been noted previously,21-25 although it is not yet possible 
to distinguish by NMR between the formation of Ni2+-HJs 
complexes, which are paramagnetic (broad peaks), and ternary 
Ni-His-albumin complexes. 

The ability to detect resonances for albumin in spectra of intact 
blood plasma has a wide range of potential applications, from 
studies of the kinetics of metal binding (e.g., Cu2+, Co2+, Zn2+, 
and Cd2+) and ligand competition (including L-His and therapeutic 
chelating agents) to interactions with organic drugs and xeno-
biotics and investigations of abnormal albumins in various clinical 
states. The system will also be valuable for investigating how the 
chemistry of an isolated protein differs from that in its native 
biological medium, for example, the nature of the pH-induced 
N-B structural transition.10 
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