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Abstract: The classification of amino acids according to their intrinsic 

properties, such as the physico-chemical properties and structure, 

yields fundamental insights into their role in interactions in biological 

processes. More than 100 hydrophobicity scales have been 

introduced, with each being based on a distinct condensed-phase 

approach. However, a comparison of the hydrophobicity values 

gained from different techniques, and their relative ranking is not 

straightforward, as the interactions between the environment and 

amino acid are unique to each method. Here, we overcome this 

limitation by studying the properties of amino acids in the clean-room 

environment of the gas phase. In the gas phase, entropic 

contributions from the hydrophobic effect are by default absent and 

only the side-chain´s polarity dictates self-assembly. This allows for 

the derivation of a novel hydrophobicity scale, which is solely based 

on the interaction between individual amino acid units within the 

cluster and thus more accurately reflects the intrinsic nature of a side-

chain. This principle can be further applied to classify non-natural 

derivatives, as shown here for fluorinated amino acid variants. 

The accurate determination of the intrinsic hydrophobicity of 

amino acids is crucial for the understanding of key aspects in 

biology and application of non-canonical amino acids in the 

rational design of peptides and proteins. Many fundamental 

biological processes such as folding,[1] stability[2] and 

oligomerization[3] of proteins as well as protein-ligand  

interactions[4] are strongly influenced by the hydrophobic effect in 

solution where the entropically unfavored solvent shell around 

non-polar residues is released to the bulk water. To date, more 

than 100 hydrophobicity scales[5] have been established, with 

most of them being derived from condensed-phase methods such 

as partitioning,[6] accessible surface area calculations,[7] direct 

measurements of physical properties[8] and chromatographic 

techniques.[9] Nevertheless, significant differences among these 

scales exist as they utilize markedly different principles or vary in 

the type of species investigated.[7, 10] 

 A more detailed assessment of hydrophobicity 

measurements reveals the limitations of current approaches. 

Scales based on partitioning use organic solvents such as octanol 

to mimic the protein interior and rank Trp as the most hydrophobic 

amino acid.[6] Organic solvents, however, often dissolve in water 

to a certain extent, thus altering the characteristics of both phases. 

This mixing makes it difficult to obtain an unbiased hydrophobicity 

scale. In contrast, surface area calculations utilize a database of 

protein crystal structures and define the hydrophobicity as the 

tendency of a residue to be found inside of a protein rather than 

on its surface.[7] Here, Cys is ranked as the most hydrophobic, 

because its thiol group can form disulfide bonds, frequently 

located inside a globular structure. The most popular scale based 

on physical properties was developed by measuring the surface 

tension of amino acid solutions in reference to a Gly solution.[8] 

Here, Leu is reported as the most hydrophobic, because it yields 

the largest decrease in surface tension. Pro, Arg, and Lys, 

however, exist in a different ionic state at their isoelectric points 

compared to the reference Gly, which introduces discrepancies 

compared to other hydrophobicity scales. Chromatographic 

techniques,[9] on the contrary, use amino acid derivatives or model 

peptides to define the hydrophobicity as a change in retention 

time relative to a Gly-substituted analog. In case of the model 

peptide approach, a change in peptide sequence,[9, 11] peptide 

length[11] and substitution position[12] strongly affects 

hydrophobicity values.[9-10, 12] Additionally, the choice of pore 

diameter, aqueous buffer pH and temperature, or bonding density 

of the stationary reverse phase alkyl chains also influence the 

hydrophobicity scale.[5b] 

 Most common hydrophobicity scales generally do not allow 

a universal comparison and classification of amino acids because 

they are often biased by the employed methodology. Here, we 

suggest an alternative hydrophobicity ranking obtained by 

studying the interaction of amino acids in the clean-room 

environment of the gas phase. Although it may appear 

counterintuitive at first glance, gas-phase conditions are 

particularly suitable for such investigations, since the underlying 

relative permittivity in vacuum (εr = 1) closely resembles that of 
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Figure 1. Mass spectra and collision cross-sections (Ω, DTCCSHe) for Leu and 

Arg. a) n-ESI mass spectra obtained from concentrated (5 mM) aqueous amino 

acid solutions. The most abundant clusters are labelled with their n/z ratio, 

where n represents the number of amino acid units in the cluster and z the 

charge. b) Ω as a function of the oligomer number n. The solid black line 

represents a theoretical isotropic growth,[13] i.e. growth of an idealized spherical 

assembly, whereas the red line shows the fit to derive the respective 

hydrophobicity value α. The error of the measured DTCCSHe is considerably 

smaller (typically < 1% for three independent replicas) than the size of the 

symbol. 

the protein interior[14] (εr = 6–7). There are already promising 

studies in which the physico-chemical properties of molecules are 

investigated in the gas phase, as for example via differential 

mobility spectrometry.[15] Our study utilizes the gas-phase 

technique ion mobility-mass spectrometry (IM-MS), which 

separates ions according to their mass-to-charge ratio (m/z) as 

well as their size and shape.[16] It provides a rotationally-averaged 

collision cross-section of an ion (Ω, CCS)–a molecular property 

that is specific to the ion-buffer gas interaction and provides a 

measure for the unit volume of amino acids in clusters.[17] 

In this work, DTCCSHe (CCS measured in He buffer gas using 

a drift tube instrument,[17] here denoted as Ω) is used to explore 

the relationship between amino acid cluster size and side-chain 

polarity. Figure 1 a shows nano-electrospray ionization (n-ESI) 

mass spectra of Leu and Arg (5 mM) sprayed from a pure aqueous 

solution. Leu assembles into a dimer n/z = 2/1 along with larger 

clusters starting from an octamer up to a 36-mer with n/z = 36/4, 

where n stands for the number of Leu units in the cluster and z for 

the charge. The more polar Arg, which carries a guanidine moiety, 

behaves differently: It aggregates in a more consecutive manner 

and clusters up to a 24-mer are observed. Other amino acids 

assemble in a similar fashion (see Supporting information and 

literature[18]). 

 The CCSs as a function of the oligomer number n as 

measured by IM-MS are shown in Figure 1 b for Leu (top) and Arg 

(bottom). The uncertainties in the measured CCSs are 

considerably smaller than the actual size of the corresponding 

symbol. The black solid line corresponds to the theoretical 

isotropic growth,[19] representing the growth of an idealized 

spherical assembly. It is obtained from the equation Ω = σ1∙n2/3, 

where σ1 is the CCS of the monomer and n the number of amino 

acid units in the cluster. From a visual inspection, it appears that 

Leu forms more extended clusters than predicted by theoretical 

isotropic growth, whereas the polar Arg assembles into more 

compact oligomers. The resulting packing efficiency does not 

depend on the overall size of the monomeric units (ΩLeu = 66 Å2 

vs. ΩArg = 72 Å2), which indicates that cluster formation is strongly 

influenced by the polarity of the side-chains. A similar 

dependence between cluster growth and side-chain polarity was 

recently observed for selected amino acids[18c] and is confirmed 

more systematically for all canonical amino acids within this work 

(see Supporting information). This data clearly shows that 

hydrophobic amino acids generally form larger clusters than polar 

residues. Their non-polar side-chains likely orient themselves 

towards the low permittivity of the gas phase, which makes them 

“bulky” on the outside. Polar amino acids rather adopt more 

compact structures as their functional groups seek to maximize 

intermolecular interactions. 

 In order to systematically evaluate the aforementioned trend 

in cluster growth, a correction factor α was derived to account for 

the deviation from the theoretical isotropic growth, according to 

Ω = σ1∙n2/3∙α2/3. This α value provides a measure for the packing 

efficiency in the cluster and directly correlates to the polarity of 

each side-chain. Values of α > 1 represent hydrophobic amino 

acids, whereas α < 1 indicates hydrophilic side-chains. The typical 

error of α is lower than 1%. As such, α represents the ideal basis 

for a novel, unbiased hydrophobicity scale for amino acids. 

A summary of the α values as a function of the size (Ω) is 

given in Figure 2. The investigated amino acids differ in their 

cluster formation propensity, but all of them form clusters up to 

charge state 2+. In addition, amino acids with side-chains that 

carry an additional charge would have an additional influence on 

the cluster assembly. The strength of resulting interactions would 

depend on the nature of the side-chains.[20] Thus, to ensure 

comparable datasets and to circumvent the influence of possible 

electrostatic interactions such as ion-dipole/ -induced dipole or 

Coulomb interactions on the packing efficiency in higher charge 

states, only charge states 1+ and 2+ were used to derive α. 
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Figure 2. Relative hydrophobicity scale for amino acids. The hydrophobicity α 

as a function of amino-acid size (given as the monomer DTCCSHe Ω). Values for 

α > 1 represent hydrophobic amino acids, whereas α < 1 stands for hydrophilic 

side-chains. Fluorinated variants are shown in green. 

The resulting hydrophobicity scale ranks the natural amino 

acids Leu > Val ≈ Met > Ile > Phe as most hydrophobic, which is 

in good qualitative agreement with previous scales.[6a, 9] In 

addition, the new scale indicates a plausible relative ranking of 

amino acids from a chemical point of view: 1) Phe (α = 1.042) is 

more hydrophobic than Tyr (α = 0.998), which carries one 

additional hydroxyl group at the phenyl ring. 2) Ser is one of the 

most hydrophilic amino acids (α = 0.862), which is in good 

agreement with previous studies.[18c, 21] The primary alcohol 

makes Ser more hydrophilic than Thr (α = 0.932) with a 

secondary alcohol. 3) Gln (α = 1.043) is more hydrophobic than 

Asn (α = 0.964) due to the longer aliphatic chain, whereas both 

Gln and Asn are less hydrophilic than their corresponding 

carboxylic acid analogues (Glu; α = 0.886 and Asp; α = 0.856). 4) 

Lys and Arg share their long aliphatic chain with either a guanidine 

group or a primary amine at its end. However, the guanidine group 

is more polar, and consequently Arg (α = 0.909) has a lower α 

value than Lys (α = 1.003). Interestingly, Lys shows neither a very 

polar nor a hydrophobic character within the here-presented scale. 

This result contradicts condensed-phase scales[6a, 7, 9] which rank 

Lys as one of the most polar amino acids. In solution, the Lys side-

chain is predominantly protonated, whereas we examined the  

Figure 3. Heat map of the Pearson correlation coefficients | R |  between the 

here-presented hydrophobicity scale α of all canonical amino acids and scales 

based on condensed-phase approaches such as water/octanol partitioning,[6a] 

HPLC,[9] calculation of the accessible surface area of a residue within a protein 

crystal[7] and measurement of the surface tension of an amino acid solution.[8] A 

positive correlation is shown in red. No linear correlation is indicated in blue. 

intrinsic hydrophobicity of an on average neutral side-chain in the 

gas phase. Thus, the long aliphatic chain outweighs the 

hydrophilic character of the neutral amine and yields an α value 

of ~ 1. We believe that this relative ranking for Lys more 

accurately depicts the underlying nature of its Janus-headed side-

chain, for which protonation can vary drastically when buried 

within a protein environment.[22] 

Figure 3 depicts a quantitative comparison between the 

here-presented hydrophobicity scale and scales based on 

condensed-phase approaches, where absolute Pearson 

correlation coefficients |R |  are displayed as a heat map. A value 

of |R |  =  1 (red) indicates a perfect correlation where all data 

points lie on a line, whereas an |R |  value of 0 (blue) implies no 

correlation between the two scales. A very high correlation 

(|R |  > 0.6) between α and other hydrophobicity scales is 

generally not observed, as they are based on vastly different 

approaches (gas phase vs. condensed phase). Condensed-

phase methods are influenced by solvent effects, the type of 

investigated species (e.g. different peptides), and parameters 

such as pH, chromatographic equipment, as well as solubility, 

thus contributing to the pattern of the correlation matrix. However, 

the data indicate a positive relationship (|R |  > 0.35) between the 

relative ranking of hydrophobicity values based on α and all other 

scales, which support the validity of the here-presented approach. 

 Moreover, the robustness of the new approach to classify 

non-natural derivatives was tested for a particularly challenging 

class: fluorinated amino acids. Fluorine substitution is a common 

strategy to modulate the properties of pharmaceuticals[23] and 

peptides/proteins.[24] Its impact on folding is determined by a 

complex interplay of the interaction partner, changes in 

hydrophobicity and size, complicating the prediction of their 

properties.[25] The hydrophobicity values for selected fluorinated 

amino acid analogous of Ile, Leu and Phe as well as 

2-aminobutyric acid (Abu) are shown in green in Figure 2. 
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 In general, CF3-fluorination in aliphatic side-chains 

increases the hydrophobicity compared to the unsubstituted 

analogues Ile and Val. The CF3-substutition in (2S,3S)-5,5,5-

trifluoroisoleucine (5-F3-Ile), however, only marginally alters the 

overall size (ΩIle = 66 Å2 vs. Ω5-F3-Ile = 68 Å2), whereas for 

4,4,4-trifluorovaline (4-F3-Val), an increase of ~ 8–12% in CCS is 

observed (ΩVal = 59 Å2 vs. Ω4-F3-Val = 64 Å2). Interestingly, the 

fluorinated diastereomers of 4,4,4-trifluorovaline yield different 

hydrophobicity values: The (2S,3S)-4-F3 Val isomer (α = 1.061) is 

considerably more hydrophilic than 4-F3-Val(S,R) (α = 1.080), but 

both are more hydrophobic than Val (α = 1.053). This observation 

is in good agreement with HPLC results[3b] as well as theory,[26] 

and indicates that the here-presented approach is sensitive to 

small variations within a given structure. 

 Moreover, a CF2-fluorination leads to a completely different 

behavior: 4,4-difluoroaminobutyric acid (4-F2-Abu; α = 1.000) 

exhibits a smaller α value than its non-fluorinated analogue (Abu; 

α = 1.057). Thus, partial fluorination in aliphatic side-chains can 

decrease the overall hydrophobicity of a given amino acid.[25b] 

Such prediction upon fluorination is not trivial, but amino acids can 

be readily classified using the here-presented approach. 

 The incorporation of fluorine into phenyl rings exhibits a 

different behavior: The H/F substitution reduces hydrophobicity in 

the following order: Phe (α = 1.042) > oF-Phe (α = 1.026) > 

mF-Phe (α = 1.021) > pF-Phe (α = 1.014) > F5-Phe (α = 0.951). 

This rather unusual trend is likely a result of changes in the 

electronic structure of the ring. The change of dipole moment 

upon fluorination leads to an increase in polarity resulting in more 

densely packed clusters. This effect is even more pronounced 

when a phosphonate group (R-CF2-PO(OH)2 for p-CF2P-Phe; 

α = 0.906) is attached to the phenyl ring (see Phe vs. 

p-CF2P-Phe). Yet when the phosphonate group is perfluorinated 

to yield a hypervalent R-CF2-PF5
--group that carries one 

permanent negative charge (see p-CF2PF5
--Phe),[27] an increase 

in hydrophobicity (α = 0.980) is observed compared to the neutral 

phosphonate group in p-CF2P-Phe. This confirms that subtle 

changes in the fluorination pattern of amino acids can indeed lead 

to vast changes in their hydrophobicity and aggregation behavior. 

 In summary, we present a novel and unbiased 

hydrophobicity scale based on the clustering of amino acids in the 

gas phase. Under these clean-room conditions the entropic 

contribution from solvation, which leads to the hydrophobic effect, 

is explicitly absent. As a result, this low-permittivity environment 

resembles that of a densely packed protein interior. Typically, 

hydrophobic residues form extended clusters where their non-

polar side-chains are exposed to the gas-phase exterior, while 

polar residues form compact clusters to maximize electrostatically 

driven intermolecular interactions. In order to perform a 

quantitative assessment and classify natural as well as several 

non-natural fluorinated amino acids, a correction factor α was 

employed, which provides a measure for the deviation from 

isotropic cluster growth. The here-presented method represents 

a general approach that allows the precise determination of the 

intrinsic, unbiased hydrophobicity of amino acids. This approach 

not only includes natural building blocks, but also artificial 

compounds with complex conditions that make predictions of this 

property difficult or impossible. Thus, our method represents a 

valuable tool in the context of peptide, protein and drug design. 
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The size and shape of gas-phase clusters were used to classify natural and 

fluorinated amino acids according to their intrinsic hydrophobicity. 
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