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Use of 
19

F Differential Labelling for the Simultaneous Detection 
and Monitoring of Three Individual Proteins in a Serum 
Environment  

John M Edwards [a], Pernille Harris[c], Jens T Bukrinski[b], Alexander P Golovanov*[a] 

Abstract: Protein behavior in complex mixtures, such as biological 

fluids, is often modeled by simplified solution buffer systems. Here 

we have used the recently described differential 
19

F labelling 

approach (with NMR detection) to monitor and compare the solution 

behaviour of three proteins at once: human serum albumin (HSA), 

transferrin (TrF) and immunoglobulin G (IgG), both in serum and in 

buffer. We demonstrate that monitoring three proteins 

simultaneously and independently in biological fluid is possible, and 

that the presence of other endogenous components greatly changes 

the association characteristics of these proteins. For example, in the 

simplified model buffer system all three proteins diffuse at a similar 

rate, while in serum HSA diffuses around 3 times faster than TrF, 

and 4 times faster than IgG. This 
19

F NMR approach opens avenues 

to characterise the behaviour of complex multi-protein systems in 

their native environment, e.g., in biological fluids. 

The bloodstream and interstitial fluid environment is a complex and 
crowded mixture of proteins, cells and other molecular components 
[1]

. These proteins undergo interactions with themselves and with 
other macromolecules, modulated by a multitude of smaller native 
molecules and environmental factors. This complexity may not be 
adequately captured by simplified in vitro model systems consisting 
of only few selected proteins in a defined buffer. Investigation of this 
complexity is necessary for molecular understanding of disease 
states (e.g. protein aggregation in cryoglobulinemia

[2]
), or for 

understanding of the interactions of protein-based therapeutics
[3]

. 
Once injected, biotherapeutics become exposed to this complex 
environment and it is important to be able to observe their behaviour 
under these conditions

[4]
. Blood serum is a perfect example of a 

complex environment with high concentrations of endogenous 
proteins present, including albumin (HSA in humans, at 
approximately 50 mg/ml

[5]
), transferrin (TrF, 3 mg/ml

[6]
) and 

immunoglobulin G (IgG, 7 mg/ml
[5]

). The purified or recombinant 
forms of these proteins are used in their own right as 
biopharmaceutics (e.g. IgGs), stabilisers of pharmaceutics (HSA

[7]
), 

or as drug delivery systems (HSA
[8]

 and TrF
[9]

). Interactions of such 
biopharmaceutics with each other and with other native components 
of interstitial fluids or blood therefore require characterization

[10]
. 

Behaviour of recombinant exogenous proteins in serum may provide 
a reasonable and yet simple model for the behaviour of 
biopharmaceuticals injected into a body and their initial interactions 
with its endogenous components.  

Biophysical investigation of proteins in serum is however problematic 
due to the difficulty of distinguishing the protein of interest from the 
many other endogenous proteins present which can mask or 
overwhelm any useful signal or measurement. Due to its selectivity, 
NMR spectroscopy has been used for observing specific types of 

molecules, but generally requires the protein of interest to be 
sufficiently small and isotopically labelled with 

13
C and or 

15
N to allow 

its specific detection
[4a]

. For therapeutic proteins obtained, for 
example, from donor blood (such as IgGs) or produced 
recombinantly in mammalian cells (such as monoclonal antibodies) 
this isotopic labelling is at best expensive and is often impractical

[11]
. 

An alternative approach is the modification of protein molecules to 
incorporate non-native 

19
F nuclei, either using modified amino 

acids
[12]

 or extrinsic tags
[13]

. A signal in the 
19

F NMR spectra is then 
observed and interpreted

[14]
. Such approaches have been used to 

observe individual proteins in buffers, in biological fluids, in cell 
media or inside cells

[15]
. Recently we demonstrated that differential 

19
F labelling, in which tags with characteristic fingerprint resonance 

frequency are chemically attached to different proteins before mixing 
them, provides a convenient method for tracking two proteins at 
once

[16]
. In this approach each protein is represented in a spectrum 

by a characteristic group of 
19

F signals, with no overlap between 
proteins

[16]
. Here we extend this approach to three protein 

components, namely three major constituents of serum, HSA, TrF 
and IgG, and show that high quality measurements can be obtained 
in a serum environment as well as in simple buffers. These proteins 
are individually differentially-labelled in vitro and later reconstituted 
into different environments, enabling observation of their behaviour 
and change in apparent size upon changing conditions 
(temperature), without spectral interference from the endogenous 
solution components. We demonstrate that the molecular behaviours 
of HSA, TrF and IgG in model buffer and serum environment are 
significantly different, highlighting the likely inadequacy of simplified 
buffer models.  

Figure 1. Example of 1D 
19

F spectrum for a mixture of IgG-TFBPD, HSA-

TFCS and TrF-BTFA, each at 20 mg/ml, at 277 K in serum. Structures for 
each 

19
F labelling compound are shown above the corresponding NMR signal. 

Intensity differences are due to variations in labelling efficiency for the three 
19

F tags. 

IgG, HSA and TrF were labelled using three orthogonal 
19

F tags; 
TFBPD, TFCS and BTFA

[16]
 respectively, which are shown in Figure 

1. TFBPD and BTFA function by modification of endogenous 
cysteine side chains in the proteins, accompanied by mild reduction 
with TCEP to ensure availability of the thiol groups. TFCS reacts 
with lysine side chains and the N-terminus of the protein. To uncover 
any differences in protein behaviour in buffer and in model biological 
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fluid (serum) here we have studied the effects of temperature on the 
molecular motions of 

19
F-labelled HSA, TrF and IgG, exploring 

temperature-dependent protein association. These proteins were 
reconstituted at the same concentration (20 mg/ml each) in two 
environments: serum and phosphate buffer. The characteristic 

19
F 

spectra (with 64 scans) show well-resolved signals representative of 
these three proteins in solution (Figure 1). Even in the most crowded 
and viscous environment (in serum at 277 K), the signals of the 
three differentially labelled proteins are clearly resolved, despite their 
inherently large size (66.5, 79.5 and 150 kDa, for HSA, TrF and IgG 
respectively). A control experiment on serum in the absence of 
labelled proteins showed no detectable background signals in the 
19

F spectrum. NMR spectra for both samples were then recorded at 
a range of different temperatures from 277 to 333 K, measuring 1D 
spectra, translational diffusion coefficients DL and transverse 
relaxation rates R2 for three characteristic 

19
F signals from the 

tagged HSA, TrF and IgG.  

Figure 2. Diffusion data for a mixture of IgG, HSA and TrF in serum (panels A 
and C), and in phosphate buffer (panels B and D) across a range of 
temperatures. Diffusion coefficients for all three labelled proteins are shown in 
panels A and B. Panel B focuses on the slow diffusion range, with the full 
range displayed in the inset window. Effective radii rdiff are shown in panels C 
and D. Dashed guidelines show the expected changes in diffusion coefficients 
due solely to the changes in water viscosity with temperature. Confidence 
intervals are calculated by error propagation.  

In the serum sample (Figure 2A) the diffusion coefficients (DL) of the 
three proteins are clearly separated, with HSA diffusing the fastest 
by a large margin, then TrF, then IgG slowest. By contrast when in 
phosphate buffer these three serum proteins were found to diffuse at 
a very similar rate to each other across the entire temperature range 
investigated, to within the margin of error of the experiments (Figure 
2B). At high temperatures (above 313K) the apparent diffusion rates 
of all three proteins in buffer become very rapid, with large error bars. 
This is likely due to increased contribution from thermal convection 
in the NMR tube for this less viscous sample, which in turn leads to 
the apparent decrease in rdiff seen in Figure 2D at higher 
temperature beyond that which would be expected for monomers. 
The change in observed diffusion coefficients for both samples is 
dominated by the temperature-dependence of water viscosity, with 
the relative expected contribution from viscosity shown as guidelines 
in Figure 2A and 2B. An effective molecular radius (rdiff) can be 
calculated from DL using the Stokes-Einstein equation, taking into 
account changing viscosity, and used to assess changes in the 
apparent association states of these proteins in both samples. In the 
serum sample (Figure 2C) the three proteins show different 
behaviour as the temperature is raised, with rdiff of HSA marginally 
increasing but remaining close to the expected monomeric values. 

TrF behaves as if it is a significantly larger aggregate (rdiff ~10 nm vs 
an expected value of 3.72 nm

[17]
), showing a fairly flat size 

dependence with respect to temperature. IgG appears to exist as an 
even larger oligomer at low temperature, and showing a consistent 
decrease in its effective size above 288 K. At low temperature 
(below 293 K) the very slow diffusion rates are accompanied by 
relatively large experimental uncertainty. When the same three 
proteins are reconstituted in buffer rather than serum their 
temperature behaviour is much more uniform (Figure 2D), showing 
effective radii largely consistent with their molecular weight and a 
monomeric non-associated state throughout. Protein behaviour at 
the higher end of temperature range in this experimental setup was 
inconclusive, due to effects of sample convection, and possibility for 
protein destabilisation in buffer and/or in serum. 

Figure 3. Transverse relaxation data for a mixture of IgG, HSA and TrF in 
serum (panels A and C), and in phosphate buffer (panels B and D) across a 
range of temperatures. Dashed guidelines indicated expected shape of R2 
dependency due solely to changing solution temperature and viscosity (see Eq. 
1). Effective relaxation-derived radii rR2 (C and D) were calculated using Eq. 1. 

An independently measured parameter, the transverse relaxation 
rate (R2) of 

19
F, also reflects on the relative change in molecular 

tumbling rates, although additionally it may be modulated by 
chemical exchange processes. R2 is therefore dependent on 
viscosity changes and changes in aggregation state, as well as, 
potentially, transient interactions. There is a general decrease in the 
transverse relaxation rate R2 for all three proteins with increasing 
temperature but most of this effect is accounted for by the decrease 
in water viscosity (Figure 3A,B). For each 

19
F tagged protein the 

relaxation rates are significantly higher in the serum sample than in 
the buffer, suggesting larger molecular assemblies and greater 
contributions from chemical exchange processes brought about by 
increased transient interactions. Using Equation 1 and the 
experimentally determined rdiff for the three proteins at 298K in 
buffer, the relationship between the relaxation rate R2 and the 
effective radius rR2 can be calibrated. The temperature dependences 
of rR2 values can be then compared for the two samples (Figure 
3C,D). The rR2 dependencies for TrF and HSA in buffer are 
essentially flat with increasing temperature, with a size larger than 
would be expected for a monomeric protein state. IgG shows a 
constant rR2 up to 308K, followed by a slight decline at higher 
temperatures, suggesting disruption of an oligomeric form of the 
protein. In serum TrF still shows a roughly constant rR2 except for a 
slight increase at 333K (also seen for HSA and IgG), which may 
reflect onset of melting of the proteins rather than any form of protein 
clustering. HSA and TrF both display a sigmoidal trend in rR2 values, 
implying cluster formation at low temperatures. Increasing 
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temperature breaks up these clusters, with the radii reducing 
towards the monomeric value.  

Both the diffusion and relaxation data indicate substantially different 
behaviour of HSA, TrF and IgG depending on whether they are 
reconstituted in a buffer system or in a model serum environment. 
The likely reason for these differences is the presence of other, as 
yet unidentified components of the serum. Some small molecules in 
serum at lower temperature reduce the aggregation state of selected 
proteins, for example HSA, while other serum molecules, large or 
small, promote formation of larger protein assemblies, for example 
for TrF or IgG. These observations highlight the inherent complexity 
of protein behaviour in biological fluids. Importantly the differential 
behaviour of these proteins can now be observed in the context of a 
complex biological fluid environment, despite their relatively large 
size and increased solution viscosity at low temperature, without 
interference from any background endogenous signals. Complex 
fluids, such as defibrogenated blood, can be studied at near in-vivo 
conditions. Taking into account the underlying temperature-
dependence of water viscosity, measuring translational diffusion and 
calibrating the values of observed transverse relaxation rates of 

19
F 

signals enables the monitoring of relative changes in protein 
association states across a range of temperatures, for three proteins 
at once in this example. Cluster behaviour in such samples can also 
be assessed by other types of NMR experiments, as we recently 
demonstrated by applying dark state exchange saturation transfer 
NMR

[18]
. Here we have shown for the first time the usefulness of the 

differential 
19

F labelling strategy
[16]

 to studies of multiple protein 
behaviour in biological fluids.  

Experimental Section 

Recombinant HSA (Recombumin®) and recombinant TrF(DeltaFerrin®) 

were supplied by Albumedix Ltd. The IgG component of our samples is a 

heterogeneous mixture of wild-type IgGs derived from blood plasma of 

donors (Subcuvia®), thus having a composition of antibodies typical for 

an average adult. Here TrF was labelled with BTFA (3-bromo-1,1,1-

trifluoroacetone supplied by Sigma-Aldrich, catalogue number 374059). 

IgG was labelled with TFBPD (1-(4-(trifluoromethyl)benzyl)-1H-pyrrole-

2,5-dione), which was custom synthesised by Charnwood Molecular Ltd., 

Loughborough, UK. HSA was labelled with TFCS (N-(ε-

trifluoroacetylcaproyloxy) succinimide ester)[19] supplied by Fisher 

Scientific, catalogue number 22299. All reactions were carried out 

according to previously published protocols, using 5 mg/ml solutions of 

the proteins of interest, with 19F labelling efficiencies in the 100%-200% 

range (i.e. 1 to 2 19F labels per protein molecule on average)[16]. 

NMR experiments used a 100 mM sodium phosphate buffer, pH 7.2, with 

10% (v/v) D2O to provide a lock signal. For serum experiments 600 µL 

aliquots of horse serum (Sigma-Aldrich Cat. No. H0146) were lyophilized 

and then reconstituted using 600 µL of a 60 mg/mL total concentration 

equimolar mixture of differentially 19F labelled TrF, IgG and HSA. 

Reconstitution of lyophilized serum was used to avoid dilution of the 

other serum components and to maintain the overall high protein 

concentration. Horse serum was chosen as a model to avoid potential 

safety issues and limitations associated with usage of human serum. 

Control experiments comparing lyophilized serum reconstituted in buffer 

with un-lyophilized serum showed no significant changes in the 1H NMR 

spectrum. The buffer experiments used the same mixture of 19F labelled 

proteins without the addition of lyophilized serum. NMR experiments 

were carried out on a Bruker Avance III 500 MHz spectrometer using a 

QCI-F cryoprobe with cooled 1H and 19F channels and sample 

temperature control unit. Diffusion coefficients were measured using 

stimulated echo pulsed-field gradients, by Bruker’s standard pulse 

program stebpgp1s set up for 19F. The diffusion time (Δ) and the gradient 

length (δ) were set to 200 and 2.0 ms, respectively. Initial gradient 

strength calibration was conducted using diffusion of dioxane in water, 

and verified using known diffusion coefficients and radii of BSA  

monomers under standard conditions[16]. Transverse relaxation rates 

were measured using Carr-Purcell-Meiboom-Gill sequence (CPMG), with 

total echo times varied between 2.8 ms and 730 ms[16]. Chemical shift 

references in 19F spectra were used as provided by standard 

spectrometer setup. All NMR data was processed and analysed using 

Topspin 3.5 and Dynamics Centre 2.4.8. 

Transverse relaxation rate R2 of the tagged protein (in the absence of 

internal motions and chemical exchange) is proportional to the rotational 

correlation time (τC), which depends on protein size according to Stoke’s 

law: 

Equation 1:  𝑹𝟐 ∝  𝝉𝑪 =  
𝟒𝝅𝜼(𝒓𝑹𝟐 )𝟑

𝟑𝒌 𝑻
   

where rR2 is the effective relaxation-derived radius, k is the Boltzmann 

constant and T is absolute temperature. The viscosity of water (𝜼) at 

each temperature was taken from literature values[20]. A calibration factor 

was calculated to convert 𝑹𝟐to rR2 for each 19F tag by comparison to the 

experimentally determined radius at 298K from the diffusion experiments. 

Effective radius rdiff can be calculated from the measured diffusion 

coefficients DL using the Stokes-Einstein equation adjusted for the effects 

of molecular crowding[16]. 

Equation 2: 𝒓𝒅𝒊𝒇𝒇 =
𝒌𝑻

𝟔𝝅𝜼𝑫𝑳
 

(𝟏− 𝝋 )𝟑

(𝟏+
𝟑

𝟐𝝋
+𝟐𝝋𝟐+𝟑𝝋𝟑)

 

where 𝝋 is the total volume fraction of the proteins in solution assuming a 

protein density factor of 1.25 g/ml[21]. 
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