Atomic Level Analysis of Biomolecules by a Scanning Atom Probe
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ABSTRACT 


The biomolecules methionine, cystine, glycine, and leucine were analyzed by a scanning atom probe (SAP). Single walled carbon nanotubes grown by the high-pressure carbon monoxide process were used to prepare a small ball of tangled carbon nanotubes, which was then attached to a tungsten tip using silver paste. A prepared tip was dipped into a sample solution of each biomolecule. Various ions, such as methyl, amino and carboxyl groups, were detected and indicated the binding states of the molecules. Cysteine, cystine and methionine are the only amino acids that contain sulfur, and were analyzed to investigate the binding state of the sulfur atom. The number of atoms in each of the major mass peaks were counted and compared to the number known to be in the molecule.  The results indicate that the SAP analysis is reasonably quantitative. 
1. Introduction

Atom probe (AP) [1,2] a combined instrument of a field ion microscope with atomic resolution and a mass analyzer with sufficient sensitivity to detect a single ion. This method has been used for mass analysis of various metallic and semiconductor specimens at the atomic level [3-5]. However, organic molecules and polymers cannot be analyzed extensively because it is difficult to prepare a suitable specimen for the AP, which has a sharp needle. To overcome this problem, a small funnel-shaped extraction electrode has been introduced in conventional AP [6,7]. This electrode confines the high field required for field evaporation of surface atoms to a small space between the apex of a minute protrusion on a flat sample and an opening at the sharp end of the electrode. The electrode can scan over the sample surface like a scanning tunnelling microscope (STM) [8] and stay over the apex of the protrusion. This type of AP is called a scanning atom probe (SAP).

The extraction electrode has been used for analysis of a soft polythiophene film [9], and tetra-N-butylammonium hydroxide (TBA), which showed characteristic clusters of NC4H9, NC8H18 and NC12H27 [10]. Non-directionally and uniformly bound metal atoms are field evaporated one atom at a time. Similarly, it has been also found that most carbon atoms of clean nanotubes are detected as single atom ions [11]. This implies that the mass spectra of the nanotubes and the molecules could be separated. In the present study, samples were prepared by immersing a micro-scale ball of single walled carbon nanotubes (SWCNTs) in a solution of essential amino acids. 
2. Experimental

The structure of the SAP is described elsewhere [7]. In SAP mass analysis, a positive pulsed voltage, VP, with a 5 ns width and a superposing positive DC voltage, VDC, were applied to the sample. The ratio of VP to (VDC +VP) was set at 20 %. Flight times of the field evaporated ions were measured by a timer with 1 ns accuracy. The mass resolution, m/m,of the SAP was better than 1000. 

Because the sample atoms are field evaporated by nanosecond voltage pulses, conductive samples are desirable for SAP analysis. However, biomolecules are not conductive. Therefore, the molecules were deposited on a conductive substrate. To avoid any catalytic reaction between the metals and semiconductors, carbon was used as the substrate. For the present study, SWCNTs produced by the high-pressure carbon monoxide (HiPCO) process were used because of their high purity. 

A ball of tangled long SWCNTs was silver pasted onto a tungsten tip. Then, the tip was dipped into a solution of the sample molecules. Fresh tips were prepared for each amino acid and individually subjected to field evaporation.
3. Results

SAP analysis was conducted after field evaporation of each SWCNT ball coated with biomolecules. Figure 1 shows the sequence of the various evaporated fragment ions were detected from a methionine coated SWCNT ball. Although the mass analysis chart showed a mixture of peaks originating from SWCNT and methionine, the peaks could be separated into SWCNT and methionine peaks. Up to the 4,800th ion, only C2+ and C+ were detected indicating the SWCNT zone. Various fragment ions related with methionine, such as CH3, C2H4, SCH3, CHNH2 and COOH, were detected after this point implying the methionine zone. 
The mass spectra of the methionine and cystine zones are shown in Figs. 2 and 3, respectively. A large number of hydrogen ions were detected that could arise from dissociation of the molecules, and small tails on each side of the peaks could arise from dissociation of the weak C-H bonds [7]. A large peak was detected at the mass to charge ratio (m/n) 23, which could be sodium or SCH32+. The origin of sodium ions is not known at present. The peak at m/n = 23 in Fig. 3 is SCH32+ because cystine has a SCH32+ group. The largest mass peak was for CHNH2. The peak at m/z 28 was assigned to C2H4 in Fig. 2 and to CO in Fig. 3, because cysteine has no C2H4 group. 

To examine how quantitative SAP mass analysis is, the number of atoms forming each mass peak for glycine, leucine, methionine and cystine were counted. The ratios of the numbers of H, C, N, O and S atoms counted in the spectra to the numbers known to be present in the molecules are listed in Table 1. These results show that the SAP analysis is reasonably quantitative. However, further data need to be acquired to confirm this. 
4. Conclusion 
SAP was successfully applied to mass analysis of biomolecules and characteristic fragments were obtained. However, to establish the how quantitative SAP analysis is, further data need to be acquired. This could provide a new method for identification of the unique fragment groups of different molecules. In future, the study will be extended to simple peptide molecules to analyze the fragment groups related to peptide bonds. 
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Table 1. The number of atoms in the amino acids, and the ratios of number of atoms   

               counted in the spectral peaks for the fragment ions.

	Amino Acid
	
	H
	C
	N
	O
	S

	Glycine
	No. of Atom of 

a Molecule
	5
	2
	1
	2
	0

	
	Ratio of Counted Atoms
	4.04
	2.00
	1.00
	2.38
	0

	Leucine
	No. of Atom of 

a Molecule
	13
	6
	1
	2
	0

	
	Ratio of Counted Atoms
	19.36
	7.87
	1.00
	2.40
	0

	Methionine
	No. of Atom of 

a Molecule
	11
	5
	1
	2
	1

	
	Ratio of Counted Atoms
	10.12
	5.05
	1.18
	1.94
	1.00

	Cystine
	No. of Atom of 

a Molecule
	12
	6
	2
	4
	2

	
	Ratio of Counted Atoms
	10.70
	7.12
	2.00
	2.48
	1.98


Figure Captions
Fig. 1 The sequence of detection for various fragment ions obtained by analysis of a 

           SWCNT with methionine. 

Fig. 2 The mass spectrum of methionine zone.

Fig. 3 The mass spectrum of cystine zone.
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Fig. 1
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Fig. 2
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Fig. 3

