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Abstract

There is enormous interest in measuring amyloid fibril structures, but most structural studies 

measure fibril formation in vitro using aqueous buffer. Ideally, one would like to measure fibril 

structure and mechanism under more physiological conditions. Toward this end, we have 

developed a method for studying amyloid fibril structure in human serum. Our approach uses 

isotope labeling, antibody depletion of the most abundant proteins (albumin and IgG), and infrared 

spectroscopy to measure aggregation in human serum with reduced protein content. Reducing the 

nonamyloid protein content enables the measurements by decreasing background signals but 

retains the full composition of salts, sugars, metal ions, etc. that are naturally present but usually 

missing from in vitro studies. We demonstrate the method by measuring the two-dimensional 

infrared (2D IR) spectra of isotopically labeled human islet amyloid polypeptide (hIAPP or 

amylin). We find that the fibril structure of hIAPP formed in serum differs from that formed via 

aggregation in aqueous buffer at residues Gly24 and Ala25, which reside in the putative 

“amyloidogenic core” or FGAIL region of the sequence. The spectra are consistent with extended 
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parallel stacks of strands consistent with β-sheet-like structure, rather than a partially disordered 

loop that forms in aqueous buffer. These experiments provide a new method for using infrared 

spectroscopy to monitor the structure of proteins under physiological conditions and reveal the 

formation of a significantly different polymorph structure in the most important region of hIAPP.

The formation of β-sheet rich amyloid fibrils is associated with more than 20 human 

diseases, including type 2 diabetes, Alzheimer’s disease, and Parkinson’s disease.1,2 There is 

immense interest in measuring the molecular structure of these fibrils and better 

understanding how amyloid fibrils form. X-ray diffraction, solid state NMR, and electron 

crystallography are among the most commonly used methods for measuring amyloid 

structure and have provided the majority of our structural insight into date.3−8 Ideally, fibril 

formation would be studied directly in animals or humans. However, most often fibril 

formation is studied in vitro by dilution into an aqueous buffer or artificial membranes, 

because of the difficulty to apply protein structure characterization techniques to more 

biologically relevant environments. The most common experiment to study the formation of 

amyloid proteins is in vitro aggregation using fluorescence dyes like Tht that bind to 

amyloid β-sheets. While those experiments provide the time scales for amyloid formation, 

they provide very little structural information.9,10 The structures of fibrils and the 

mechanism by which they form may be very different in vitro versus in vivo because 

amyloid fibril formation depends on salt conditions, metal ions, and can be catalyzed by 

proteins. Indeed, the human islet amyloid polypeptide (hIAPP or amylin) is secreted from β-

cell granules into the bloodstream.11

Infrared spectroscopies, including FTIR and vibrational circular dichroism, are useful tools 

for studying protein structure, including those that form amyloid.13−15 Isotope labels can be 

used to resolve the secondary structure of specific residues or, in the case of amyloids, the 

formation of β-sheets or stacked columns of proteins.16−25 2D IR spectroscopy is nonlinear 

infrared spectroscopy that has also been utilized with amyloids.26−30,34,58,60 The sensitivity 

of all three methods, FTIR, VCD, and 2D IR spectroscopy, arises from vibrational couplings 

between the backbone amide groups. The couplings create the characteristic frequencies in 

FTIR, doublets in VCD, and cross peaks and nonlinear intensities in 2D IR spectroscopy.
31−33,36,37

Most often, amide I is used in neat solvents. The main challenge to utilizing the amide 

modes in biological fluids are background signals from the overlapping absorptions of the 

H2O solvent bending motion at 1644 cm−1 and the amide I vibrational modes of other 

proteins in the sample.38 To minimize the background, the naturally present H2O is replaced 

with an equal volume of D2O, as is often done in infrared experiments, along with the use of 

antibodies to extract the two most abundant proteins present in human serum, serum 

albumin, and immunoglobulins. In this report, we show that this procedure enables 2D IR 

spectra to be measured by isotopically labeled amyloid fibrils in biologically relevant human 

serum. The purpose of this approach is to provide a more realistic aggregation environment, 

with the presence and concentrations of salt, ions, proteins, and other species more similar to 

those encountered in the body.
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Our process for creating serum samples is as follows. Human serum naturally contains ca. 

80 mg/mL of protein. Serum albumin, responsible for maintaining colloidal osmotic 

pressure and transport of hormones and fatty acids, accounts for ca. 50% of the protein 

present by mass. Serum albumins also have nonspecific chaperone activity that can affect the 

folding of hIAPP in the blood. Immunoglobulins, the most common antibodies in blood, 

account for the next most substantial mass fraction, with Immunoglobulin G (IgG) 

accounting for ca. 20% of the total protein present. We used a kit (PureProteomeTM 

Ablumin/IgG Depletion Kit) that makes use of albumin and IgG specific antibodies 

conjugated to magnetic beads to deplete these two most highly expressed proteins from 

serum. Doing so decreases the overall protein content to an estimated ca. 24 mg/mL, while 

maintaining the full complement of other salts, lipids, sugars, cholesterol, metal ions, etc. 

naturally present. After the protein depletion step, we flash freeze the serum using liquid N2 

and lyophilize to remove H2O and then reconstitute the serum in an equal volume of D2O, 

such that the concentration of the solutes has not changed. This procedure is repeated 

multiple times to ensure nearly complete exchange of D2O for H2O. Our overall procedure 

for preparing the serum for use as a solvent for in vitro 2D IR infrared experiments is 

summarized in Figure 1.

To gain residue specificity, we introduce 13C18O isotope labels into specific sites of our 

synthesized hIAPP peptides; this results in a ca. 60 cm−1 red shift of these residues, creating 

a separate spectral window with lower total background to study their secondary structure. 

Here, we introduce a double isotope label at residues G24A25 of hIAPP that are located in 

the “amyloidogenic core” of the protein. This approach is common in IR studies of amyloids 

to gain site-specific information on secondary structure.12,21,39−41 We compare the isotope 

signals observed in serum to those in aqueous buffer to assess the fibril structures formed 

under the two conditions. Our approach thus provides a means to gain structurally specific 

information on amyloids formed in biological fluids, providing more insight into amyloid 

formation under physiological conditions.

We use Tris buffer as a control comparison to the aggregation behavior and structure of 

hIAPP in serum. We have thoroughly characterized hIAPP in 20 mM Tris buffer in the past 

and observe reasonably consistent aggregation and structure behavior.39−41,60 The peptide 

samples are prepared in the same way for the buffer control and the serum experiments, a 2 

μL sample at 1 mM is hydrated with either buffer or human serum.

Amyloid 2D IR Spectra in Protein-Depleted Human Serum.

Figure 2a shows the 2D IR spectrum of G24A25 13C18O isotope labeled amylin formed by 

dilution into 20 mM Tris buffer and subsequently measured. The accompanying diagonal 

trace through the fundamental absorption is shown in the panel below. This spectrum shows 

an aggregated sample of amylin fibrils formed in a standard aqueous buffer and will be used 

for comparison to the spectra collected in protein-depleted human serum. The main β-sheet 

transition in the unlabeled region of the spectrum is observed at 1620 cm−1, consistent with 

previous 2D IR studies on human amylin.27,33,39,45 Smaller peaks are observed at ca. 1566 

and 1580 cm−1 in the isotope labeled region of the spectrum. These report on the secondary 
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structure of amylin fibrils at the G24 and A25 residues, which have previously been reported 

to occupy a partially disordered loop, consistent with their relatively weak intensities.48

We turn next to the spectra of hIAPP fibrils formed by dilution into the depleted serum. 

Figure 2b shows the 2D IR spectrum and its diagonal trace of G24A25 amylin reconstituted 

in depleted human serum. Figure 2c shows the 2D IR spectrum and its diagonal trace of the 

depleted serum without hIAPP added. The two spectra look very similar because hIAPP 

only represents a small fraction of protein in the sample; the main amide I feature at ca. 

1645 cm−1 reflects the distribution of secondary structures found in the array of proteins 

present in the serum, which are mostly denatured and α-helical. Side-chain absorptions 

create the broad features observed in the 1560−1600 cm−1 range.35 The absorption of hIAPP 

at 1620 cm−1 is observed as a small shoulder on the main band in Figure 2b, and it is 

difficult to discern the location of the isotope labeled bands in Figure 2b as they overlap 

significantly with the side chain absorptions from the serum proteins.

To remove the serum features from the spectrum in Figure 2b, we subtract the spectrum in 

Figure 2c from that in Figure 2b. Due to heterogeneity in the sample path length or local 

solute concentration, we linearly scale the spectra in Figure 2c,d such that the maxima of 

their fundamental absorptions match before performing the subtraction. Figure 2d shows the 

difference spectrum. With the serum features subtracted, there are now two clear peaks in 

the spectra at 1620 cm−1, corresponding to the main amyloid β-sheet transition, and at 1575 

cm−1, corresponding to the isotope labeled G24 and A25 residues.

To assess whether the same fibril structure is formed in serum and in buffer, we compare the 

spectra in Figure 2a,d. The isotope labeled region provides the most sensitive probe of 

structure and reports site-specifically on the structure of the G24 and A25 residues. We 

clearly see a different spectrum in the isotope labeled region between Figure 2a,d. The larger 

intensity of the peak at 1575 cm−1 in the serum is indicative of strong and negative 

interstrand coupling32 and therefore a more highly ordered structure at positions G24 and 

A25, consistent with an ordered β-sheet secondary structure. Thus, the aggregation in human 

serum produces a much different fibril structure at G24 and A25 than is formed in buffer.

Significantly, this structural difference exists in the “amyloidogenic core” or FGAIL region 

of the amylin sequence. Nearly 3 decades ago, the FGAIL region was identified as the 

“amyloidogenic core” of the sequence, and it was believed to adopt a β-sheet structure in the 

fibril.11 This inference was based largely on comparisons of amylin sequences from different 

species for the location of sequence differences (often proline residues, which inhibit β-sheet 

formation) along with differing observed aggregation propensities.49−52 Nearly 20 years 

after these initial observations, solid state NMR experiments determined the FGAIL region 

adopts a partially disordered loop in fibrils formed in standard in vitro experiments at pH 

7.22. Our results in serum indicate that the FGAIL region G24A25 residues may adopt a β-

sheet in the fibril formed under biological conditions. Indeed, a new hIAPP polymorph was 

recently reported using cryoEM at pH 6 in which G24 and A25 form the hydrophobic core 

of the fibrils.53 That structure would be consistent with the large and negative coupling 

constants measured in the 2D IR experiments.

Fields et al. Page 4

J Phys Chem Lett. Author manuscript; available in PMC 2021 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While in this paper our focus is on amyloid fibril structure, one other observation to note is 

that proteins aggregate much more rapidly in human serum than they do in buffer; in buffer 

we can observe the disordered, unaggregated state of amylin or other peptides prior to 

amyloid formation, while in serum hIAPP aggregates within the deadtime between dilution 

and inserting the sample into the 2D IR spectrometer, which is about 2 min. This is 

consistent with previous observations of more crowded environments or higher salt 

concentrations leading to faster rates of amyloid formation.52,54,55 A modified setup in 

which dilution is performed within the spectrometer would decrease the deadtime to 

seconds.56

Use of an Internal Standard for Background Subtraction.

In the previous section we subtracted the serum background from the foreground by 

normalizing the two spectra to the bleach maximum at 1645 cm−1. An alternative method is 

to use an internal standard. For this reason, we performed the same experiment with an 

internal standard of trifluoroacetic acid (TFA) added as the final step of preparation of our 

depleted serum. TFA has a very strong antisymmetric carboxylic acid stretch at 1680 cm−1, 

which is outside the spectral window of the amide I absorptions and thus easily 

recognizable.

Figure 3a shows the 2D IR spectrum and diagonal trace of G24A25 amylin dissolved in 

depleted serum, analogous to Figure 2b, but with 0.03% trifluoroacetic acid (TFA) added as 

an internal standard. Figure 3b shows the spectrum of depleted human serum with 0.03% 

TFA added with no protein, which serves as our background spectrum. Similar to the data in 

Figure 2b,c, these spectra look quite similar and the amylin absorptions are only weakly 

visible to the eye in Figure 3a before subtraction.

In Figure 3c we have subtracted the spectrum in Figure 3b from that in Figure 3a after 

applying a linear scaling factor based on the peak intensity of the TFA absorption in the 

diagonal trace. For comparison to the method used in the absence of an internal standard, 

Figure 3d shows the difference spectrum of the same data in Figure 3a,b, scaled this time to 

the bleach maximum analogous to the subtraction in Figure 2d. Both methods work well and 

produce two clearly visible peaks centered at 1575 and 1620 cm−1. These peaks have the 

same frequencies and relative intensities to those observed in Figure 2d, thus indicating that 

the presence of the small amount of TFA added has not changed the fibril structure.

The primary difference between the two subtraction methods is with regard to the intensity 

observed at ca. 1645 cm−1 after subtraction. Using the internal standard, which does not 

absorb in this region, there is a small shoulder in the 1645 cm−1 region after subtraction. 

Notably, this feature at 1645 cm−1 is also observed in the spectrum collected in buffer 

(Figure 2a), and for previously reported spectra of amylin fibrils.10 The intensity in this 

region of the spectrum is less clearly visible, if not absent, in Figure 3d, as well as in Figure 

2d, which used the subtraction method based on scaling the spectra to the 1645 cm−1 peak. 

Thus, an internal standard based method can be used, but only provides a modest 

improvement in background subtraction, considering that the spectra in buffer and 
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previously reported spectra indicate that amylin fibrils show intensity near 1645 cm−1 region 

in the 2D IR spectra.

In this manuscript we monitored aggregation of isotope labeled amylin in both 20 mM Tris 

buffer and human serum. Most significantly, we observe formation of a distinct fibril 

structure when aggregation takes place in serum, relative to aqueous buffer. This fibril 

structure is characterized by increased coupling strength in the G24/A25 residues, consistent 

with well-ordered parallel stacking of strands. The 2D IR spectra appear to be consistent 

with a recently published cryoEM polymorph in which these residues form the 

amyloidogenic core of the fibrils,53 which is a region of particular interest for hIAPP. The 

fact that different structures are observed in serum than in buffer highlights the importance 

of studying aggregation under as-close-to-possible biologically relevant conditions, which 

this new infrared method enables. The method is not limited to amyloids but might be used 

to study other proteins or processes, such as the impact of crowding on biological structures.
57,59 It might also be extended to VCD or other infrared spectroscopies to reduce 

background signals.

Protein Samples and Synthesis.

Amylin with 13C18O isotope labels at the G24 and A25 positions was synthesized using a 

previously reported protocol. Briefly, a CEM Liberty Blue microwave peptide synthesizer 

was used to carry out the synthesis on a 0.1 mmol scale using 9-fluorenylmethoxycarbonyl 

(Fmoc) chemistry. 5-(4′-fmoc-aminomethyl-3′, 5-dimethoxyphenol) valeric acid (PAL

−PEG-PS) resin was used to form the naturally occurring amidated C-terminus. 

Pseudoproline dipeptide derivatives were used at positions 9−10 and 19−20 to facilitate the 

synthesis.42,43 The 13C18O isotope labeled glycine and alanine used at positions 24 and 25 

were prepared using 13C labeled amino acids purchased from Cambridge Isotope 

Laboratories, and a previously reported oxygen exchange reaction was used to incorporate 

the 18O label.44 Peptides were cleaved using standard trifluoroacetic acid (TFA) methods. 

The crude peptide was dissolved in acetic acid and lyophilized, after which they were 

dissolved in DMSO to promote formation of the disulfide bond between residues 2 and 7 

that is found in naturally occurring amylin. Purification was achieved using reversed-phase 

high performance liquid chromatography on an XSelect CSH C18 OBD Prep Column. A 

two-buffer gradient was used: buffer A consisted of 100% H2O and 0.045% HCl (v/v) and 

buffer B included 80% acetonitrile, 20% H2O, and 0.045% HCl. Matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry confirmed the correct molecular 

mass.

Sample Preparation.

Lyophilized proteins were dissolved in deuterated hexafluoroisopropanol (HFIP-d) to 

deuterate exchangeable sites. Protein concentrations were determined using a NanoDrop 

2000 and 280 nm extinction coefficient of 1615 M−1 cm−1 for amylin. Aliquots were 

prepared for reconstitution into buffer or serum.
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The human serum used for reconstitution of protein samples was purchased from Sigma-

Aldrich and is from AB male plasma. Aliquots (100 μL) of serum were flash frozen using 

liquid N2 and lyophilized to remove H2O, and the resulting solid was reconstituted in 100 

μL of D2O to promote deuteration of exchangeable sites and to reduce background from 

H2O in the amide I region of the infrared spectrum. This procedure was repeated five times 

to minimize H2O content while maintaining the same overall solute concentration present in 

the original serum.

Serum albumins and IgG proteins were depleted from the serum using a commercially 

available kit from Millipore (PureProteomeTM Ablumin/IgG Depletion Kit). This procedure 

makes use of albumin and IgG specific antibodies conjugated to magnetic beads, which 

selectively extracts these proteins from the serum. This procedure was used as described in 

the text to reduce protein background from the serum, improving our ability to subtract the 

serum background to obtain the 2D IR spectrum of the protein of interest.

To initiate aggregation, a hIAPP aliquot is diluted with either the buffer or the depleted 

serum to a final concentration of 1 mM. Freshly dissolved samples were sealed between a 

pair of 2 × 25 mm CaF2 windows separated by a 56 μm Teflon spacer for 2D IR 

measurements.

2D IR Spectroscopy.

The details of the 2D IR spectrometer have been described previously.45−47 Briefly, a 3.2 W 

regenerative amplifier (Spectra Physics, Solstice) produces a 1 kHz train of 100 fs pulses 

centered at 800 nm. These pump an optical parametric amplifier (Light Conversion, 

TOPAS), producing signal and idler pulses centered at 1417 and 1845 nm, which then 

undergo difference frequency generation to produce pulses in the mid-IR centered at ca. 

1600 cm−1. The mid-IR pulses are split roughly 95:5 into pump and probe beams 

respectively using a CaF2 wedge. The pump beam passes through a horizontal reflective 

germanium acousto-optic modulator pulse shaper,46 which uses acoustic waves to generate a 

collinear pair of compressed pump pulses with variable delays that are scanned to generate 

the pump axis of the 2D IR spectrum. The pump and probe beams are overlapped at the 

sample and their relative timing is adjusted to set t2 = 0 using a motorized stage (Newport). 

The probe is dispersed onto a 64-element mercury−cadmium−telluride (MCT) detector array 

(Infrared Associates), providing ca. 3 cm−1 spectral resolution along the probe axis.
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Figure 1. 
Schematic overview of the process used to prepare deuterated serum samples and deplete 

serum albumin and IgG concentrations to reduce protein background in the amide I region.
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Figure 2. 
2D IR spectra of (a) G24A25 amylin in 20 mM Tris buffer at pD 7.5, (b) G24A25 amylin in 

depleted human serum, (c) depleted human serum (for background subtraction), and (d) 

G24A25 amylin in depleted human serum with the spectrum of the depleted serum 

subtracted to isolate the signal from G24A25 amylin.
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Figure 3. 
2D IR spectra of (a) G24A25 amylin in depleted serum with 0.03% TFA added as an 

internal standard, (b) depleted human serum with 0.03% TFA added as an internal standard, 

and (c) G24A25 amylin in depleted human serum with the internal standard TFA signal used 

to scale the subtraction of the depleted serum background and, for comparison, (d) the same 

spectral subtraction where the TFA signal was not used.

Fields et al. Page 14

J Phys Chem Lett. Author manuscript; available in PMC 2021 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Amyloid 2D IR Spectra in Protein-Depleted Human Serum.
	Use of an Internal Standard for Background Subtraction.
	Protein Samples and Synthesis.
	Sample Preparation.
	2D IR Spectroscopy.
	References
	Figure 1.
	Figure 2.
	Figure 3.

