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INTRODUCTION

The heterogeneity of protein interiors is due to the differences

in the properties of the organic functionalities making up amino

acid side chains, which range from hydrophobic residues through

polar to titratable residues that are usually charged at physiological

pH. This heterogeneity has long been recognized as an inherent

characteristic of proteins and a key determinant of their properties.

The usual approach to describe this internal multiformity has been

the development of hydrophobicity scales (HScls)1–4 for amino

acid residues. This type of characterization of hydrophobicity has

been of major importance in protein folding studies,5–7 but it is a

static, externally derived description of hydrophobicity. It does not

express the structural attribute that every amino acid in a protein

is imbedded in a local environment defined by the local protein

architecture and the surrounding solvent.

That such a description might be useful was first recognized by

Ponnuswamy,8 who proposed a scheme for characterizing local

environment based on amino acid HScls. That work provided early

evidence for the lack of correlation between extent of burial and

other properties. Another approach to define descriptors of local

environment was developed by Eisenberg and collaborators for

identifying structural homology in cases of little or no sequence

homology.9 The method was applied to human bactericidal/per-

meability-increasing protein.10 In another approach, Kellogg and

collaborators defined hydrophobic fields to characterize the local

environment around atoms in organic molecules and proteins.

Their approach used the hydrophobic atom constants developed

by Leo, Hanch, and Abraham11–14 to quantify the hydrophobic

fields, which were then used for empirical studies of protein pro-

perties, QSAR and virtual screening of biological targets.15–17 A

quantitative descriptor of local environment was used earlier to
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ABSTRACT

A general method has been developed to character-

ize the hydrophobicity or hydrophilicity of the

microenvironment (MENV), in which a given

amino acid side chain is immersed, by calculating a

quantitative property descriptor (QPD) based on

the relative (to water) hydrophobicity of the MENV.

Values of the QPD were calculated for a test set of

733 proteins to analyze the modulating effects on

amino acid residue properties by the MENV in

which they are imbedded. The QPD values and sol-

vent accessibility were used to derive a partitioning

of residues based on the MENV hydrophobicities.

From this partitioning, a new hydrophobicity scale

was developed, entirely in the context of protein

structure, where amino acid residues are immersed

in one or more ‘‘MENVpockets.’’ Thus, the parti-

tioning is based on the residues ‘‘sampling’’ a large

number of ‘‘solvents’’ (MENVs) that represent a

very large range of hydrophobicity values. It was

found that the hydrophobicity of around 80% of

amino acid side chains and their MENV are com-

plementary to each other, but for about 20%, the

MENV and their imbedded residue can be consid-

ered as mismatched. Many of these mismatches

could be rationalized in terms of the structural sta-

bility of the protein and/or the involvement of the

imbedded residue in function. The analysis also

indicated a remarkable conservation of local envi-

ronments around highly conserved active site resi-

dues that have similar functions across protein fam-

ilies, but where members have relatively low

sequence homology. Thus, quantitative evaluation

of this QPD is suggested, here, as a tool for struc-

ture–function prediction, analysis, and parameter

development for the calculation of properties in

proteins.
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improve the prediction of pKa values of titratable resi-

dues that were deeply buried in hydrophobic local envi-

ronments in the protein interior.18,19 Titratable residues

buried in such local environments often exhibited very

large shifts in their solution pKa values and were particu-

larly problematic to predict with reasonable reliability.

Detailed experimental understanding of local environ-

ments is limited to cases where intrinsic or extrinsic fluo-

rescence quenching by effective quenchers can be mea-

sured as a function of the microenvironments (MENVs)

of the protein.20 Local environmental changes in several

proteins have been monitored by fluorescence quenching

methods.21–23

The main result of this article is the development of a

quantitative property descriptor (QPD) that expresses the

properties of the local environment around an amino

acid side chain in terms of a hydrophobicity descriptor.

Subsequently, the modulating effect of these environ-

ments on the properties of their imbedded residues is

discussed. It should be emphasized that while this QPD

is discussed here in the context of proteins, it is easily

generalized to nucleic acids, ligands, or other molecules

that are biologically important in the system under study.

This is in contrast to most approaches that are primarily

defined for proteins and are not easily extendible. It is

also important to note the QPD that is defined describes

the local environment, not the imbedded amino acid side

chain. Because of this, it is important to show that this

quantity is physically reasonable, which is accomplished

here by using it to develop a HScl for amino acid side

chains which is shown to correlate reasonably well with

earlier scales, in particular with experimentally derived

scales.24,25 Nevertheless, because of the uniqueness of

the definition of this QPD, it has the potential for pro-

viding new insights as will be discussed in the latter parts

of this report.

The fact that the QPD can be used to develop a Hscl

suggests that in most cases the hydrophobicity between

local environment and its imbedded residue is reasonably

well matched. Nevertheless, the analysis shows that there

are differing protein architectures that produce mis-

matches and that residues imbedded in such mismatched

MENV are often involved in function or structural stabili-

zation of the active site region. These will be discussed in

the final sections of the article, where some consequences

of mismatching are explored and the conservation of the

hydrophobicity of local environment is analyzed for a

number of properties such as structural homology of func-

tional residues with little overall sequence homology.

FORMULATION

Quantitative determination of the MENVs

There are a large number of HScls available for evalu-

ating the hydrophobicity of amino acid residues.1 Here,

the hydrophobicity of the residue imbedded in an MENV

is not required, but instead it is a quantitative measure

of the hydrophobicity/hydrophilicity (Hpy) of the MENV

that we seek. Once such a quantitative measure is avail-

able the response of the residue to changes in the local

environment can be evaluated. Note that the abbrevia-

tion, Hpy, refers to the generic properties of hydropho-

bicity and hydrophilicity of MENVs as well as their

quantitative values. The calculation of Hpy values for

MENVs is most conveniently based on an atom or small

fragments description because this allows the Hpy to be

defined in a simple, distance dependent way. Moreover,

all the atoms of a side chain do not necessarily belong to

a given MENV; also, an atom/fragment based scale can

account for the fact that certain side chains are best

described by more than one Hpy value along their entire

length. A further important advantage of a fragment-

based scale is that the presence of coenzymes, prosthetic

groups, ligands, or nucleic acids can all be accounted for

with a consistent scale, which is not the case for most

scales proposed in the literature. These considerations

suggest that the Rekker fragmental hydrophobic con-

stants26,27 would be most suitable for the present devel-

opment. The Rekker fragmental constants were developed

on the basis of experimental water–octanol partition

coefficients and provided a set of atomic or fragment pa-

rameters to calculate the partition coefficients of candi-

date drug molecules. Importantly, Rekker’s approach con-

tains no information from any aspect of protein structure

or composition.

The Rekker scale was the first fragmental system devel-

oped and has been widely used in the pharmaceutical

industry as a means to calculate partition coefficients of

potential drug candidates. Other fragmental systems have

been proposed including two that are based on func-

tional fragments28,29 and one that is atom based.30 An

earlier comparison indicated that the Rekker system was

one of the most accurate available.31 Here, we use it not

to obtain the Hpy of a particular residue, but to obtain

this quantity for the local protein environment around

an imbedded side chain. This is done in three steps as

follows:

i. identify fragments of the residues that are in the

neighborhood of the imbedded residue (Figure 1),

ii. assign the Rekker coefficients to these fragments, and

iii. sum them to determining the local Hpy of the region

around the imbedded residue.

Decomposition of amino acid side chains into frag-

ments with different chemical properties evolved from

the presence of hydrophobic (carbon and sulfur) or polar

and charged (oxygen or nitrogen) in the same amino

acid side chain.32 Adjacencies of atoms of a particular

type define patches with different properties, and the
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decomposition used here is based on fragments that

characterize different organic functionalities in a given

side chain. The definitions of the chemical groups are

included in Table I and schematically by Figure S1 in the

supplementary materials; it is noted that nine side chains

are made up of two or more groups.

The MENV around any chemical group has been con-

structed to include the atoms within the first van der

Waals’ (vdW) interaction shell33 and is presented sche-

matically in Figure 1. The MENV around any atom of the

imbedded side chain/chemical group is defined by two

variables, rm and re, that allow for a continuous scaling of

an atom’s or molecular fragment’s contribution from its

full value for r � rm to zero for r � re (see Fig. 1). Advised

by the formula used to calculate logP from the fragmental

hydrophobic constants,27 HpyA for the MENV of the

imbedded group A is calculated from the formula

HpyA ¼
XNA

a

XNB

Bb

maxfdbðrabÞgFb ðB 6¼ AÞ ð1Þ

where A and B refer to side chains or chemical groups

constituting the side chain, NA and NB are the number of

atoms in A and B, respectively, and rab is the distance

between atoms a [ A and b [ B. Fb is the Rekker hydro-

phobic fragmental constant27 of atom b in the MENV of

the imbedded group A. The explicit values of Fb were

reported in Table II of reference.18 These quantities were

also used for the pKa calculations, and for the sake of sim-

plicity and uniformity they will also be used here. Max{d}

scales Fb with a value depending on the distance of atom b

from each atom a of A, as defined by Eq. (2):

dbðrabÞ ¼
1 for rab � rm
ðre � rÞ2ðre þ 2r � 3rmÞ

ðre � rmÞ3
for rm < rab < re

0 for rab � re

8>><
>>:

ð2Þ

where the CHARMM switching function37 has been

adapted to provide a continuous reduction of the scaling

factor, db, from one to zero in the shell region (rm < r <
re), as well as continuous first and second derivatives.

The values of rm were estimated by extending the vdW

radii of the different atom types, as defined in

CHARMM,37 by the vdW radius of the Ca atom (2.275

Å) to ensure that all the atoms in the first shell are

included. For polar atoms, (N and O), an additional

extension of 0.2 Å is added to account for the presence

Figure 1
Schematic representation of the microenvironment: Shown are atoms from

amino acid residues found within the MENV around the O of the Y_PH group

of Tyrosine34 (pdb access no. 1ayo). The atoms with r � rm are counted with a

weight of 1. The atoms inside the shell, i.e., re � r � rrm, make a contribution

< 1, according to a switching function.37 Atoms with r � re do not contribute

(see Methods).

Table I
Summary of Statistics for Test Set of 733 Proteins

Residue No. of aa Groupsa,b >jrjc % >r >j3rjd
Cys 2114 TO 214 10.1 25
Cystine 701 TD 65 9.3 1
Ile 12,687 HO 1664 13.1 174
Leu 19,435 HO 2638 13.6 127
Phe 9060 RS, H1 1068 11.8 79
Val 15,848 HO 2308 14.5 108
Trp 3266 RS, H1 930 28.5 25
Tyr 7875 RS, PH, H1 983, 528 12.5, 6.7 39, 0
Met 4511 TE, H1 712 15.8 0 (16e)
Ala 17,779 HO 3553 20.0 0
Pro 10,084 H2 1698 16.8 0
His 5211 HS 493 9.4 0
Thr 12,470 OL, HO 1345 10.8 1
Ser 13,386 OL 1828 13.7 0
Arg 10,731 GS, H2 1448 13.5 0
Gln 8586 AD, H1 1285 15.0 2
Asn 9975 AD 1466 14.7 1
Asp 12,946 CO 1706 13.2 2
Glu 14,422 CO, H1 2033 14.1 15
Lys 13,113 AS, H2 1938 14.8 13

aThe chemical groups comprising each side chain and the residues where they

appear are defined as follows (functionality, symbol: residues where it appears):

terminal aliphatic chain, HO: Ile, Leu, Val, Ala, Thr; connecting CH2, H1: Phe,

Tyr, Trp, Met, Glu, Gln; connecting CnH2n (n > 1), H2: Lys, Arg, Pro; aromatic

ring, RS: Phe, Trp, Tyr; amide, AD: Asn, Gln; carboxyl, CO: Asp, Glu; thiol

(CH2SH), TO: cys; disulfide bridge (CH2S-SCH2), TD: cystine; thioether, TE:

Met; guanidinium, GS: Arg; ammonium: AS, Lys.
bNumbers and percentages of mismatches (|r|) and extreme mismatches (>j3rj)
are given only for the functionally most important chemical groups, excluding

H1; see text for further discussion of the entries in this table.
cMismatched chemical groups having f and rHpy values that deviate from the

mean >1r.
dExtreme mismatches deviate from the mean >3r.
eNumber of totally solvent exposed (f 5 0) Met residues with rHpy 5 1.0.
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of the polar hydrogen. Thus, the MENV is divided into

three regions separated by rm and re (see Fig. 1). The val-

ues of rm are as follows:

i: rm ¼ ra þ 2:275 A
�

where ra is the vdW radius of atom a belonging to the

imbedded group A, and

ii: re ¼ rm þ 0:2 A
�

is the extended radius that defines the distance from

each atom, a ([A), where the contribution of atom b

([B) goes to 0. The width of this extension was chosen

to be narrow to avoid contributions beyond the first

vdW interaction shell.

The total contribution, Hpy, calculated from all the

atoms of the protein located in the MENV around the

imbedded chemical group does not consider the relative

position of the fragment inside the protein, i.e., the frac-

tion exposed to the solvent. To account for the contribu-

tions from both the protein and solvent the total hydro-

phobicity index (THpy), is defined by

THpy ¼ fHpy þ ð1� fÞHpys ð3Þ

where f is the fraction of the side chain or fragment bur-

ied in the protein, Hpys is the contribution to THpy

from the solvent, and the buried fraction, f, is calculated
using GEPOL93.38 THpy is a size extensive descriptor,

and to eliminate this dependency, it is normalized in the

form rHpy 5 THpy/Hpys. The QPD, rHpy, is a relative

measure of hydrophobicity (or hydrophilicity) of the

MENV around any chemical group of the imbedded side

chain. The value of rHpy ranges from �1, indicating a

hydrophilic MENV approximately equivalent to water, to

about 20.4, indicating an extremely hydrophobic MENV.

It is noted that rHpy is a nonlocal descriptor while a Hscl

assigns values to amino acids that are local descriptors.

To explore the role of these QPDs in modulating the

properties of the imbedded side chains, rHpy values were

calculated for 309,459 chemical groups in 733 proteins

with a total of 204,200 amino acid residues (see Table I

and supplementary materials for a list of the proteins in

the data set). Only crystal structures of proteins with re-

solution better than 2.0 Å were selected from the PDB39

and with sequence homology less than 25%.40 Solvent,

ions, and other hetero atoms were eliminated from the

PDB structures and all hydrogen atoms were placed using

the CHARMM37 HBUILD command. No additional

optimization of the H positions was carried out.

Determination of Hpys

The contribution of the solvent to THpy, Eq. (3), was

determined for all chemical groups comprising the side

chains as previously described for the titratable organic

functionalities.18 Each residue was capped with neutral

fragments at both termini and immersed in a water

droplet of about 415 TIP3 molcules. Simulations were

carried out by heating these systems to 300 K and then

running the systems for 200–300 ps until they appeared

to be equilibrated. From the last 30 ps, 30 coordinate

sets were extracted for each residue and the Hpys values

Table II
Residue Hydrophobicity Scale-Based on Eq. (4) Partitioning Compared with Previously Published Hydrophobicity Scales

AA TWa Faupl24 Abodr25 Rose34 Ponnu8 Mijer35 KyteDo36 White4 Eisen2

C 1.15 1.54 b 0.91 14.93 7.93 2.5 20.02 0.38
I 0.97 1.8 9.3 0.88 14.77 8.83 4.5 21.12 1.90
L 0.87 1.7 10.0 0.85 14.10 8.47 3.8 21.25 1.90
F 0.85 1.79 9.6 0.88 13.43 9.03 2.8 21.71 2.30
V 0.83 1.22 8.5 0.86 15.07 7.73 4.2 20.46 1.50
W 0.67 2.25 9.2 0.85 12.95 7.66 20.9 22.09 2.60
Y 0.60 0.96 8.0 0.76 13.29 5.89 21.3 20.71 1.60
M 0.54 1.23 8.7 0.85 14.33 8.95 1.9 20.67 2.40
A 0.33 0.31 5.1 0.74 12.28 5.33 1.8 0.50 0.67
P 0.32 0.72 4.9 0.64 11.19 3.87 21.6 0.14 1.20
H 0.25 0.13 1.6 0.78 12.84 5.1 23.2 2.33 0.64
T 0.21 0.26 3.5 0.70 11.65 4.49 20.7 0.25 0.52
S 0.05 20.04 3.1 0.66 11.26 4.09 20.8 0.46 0.01
R 20.01 21.01 2.0 0.64 11.49 4.18 24.5 1.81 22.10
Q 20.05 20.22 1.4 0.62 11.28 3.87 23.5 0.77 20.22
N 20.07 20.6 0.6 0.63 11.00 3.71 23.5 0.85 20.6
D 20.22 20.77 0.7 0.62 10.97 3.59 23.5 3.64 21.2
E 20.24 20.64 1.8 0.62 11.19 3.65 23.5 3.63 20.76
K 20.40 20.99 1.3 0.52 10.8 2.95 23.9 2.8 20.57
rc 0.93 0.94 0.95 0.92 0.91 0.88 20.82 0.77

aTW: This work.
bValue not reported by author.
cCorrelation coefficients between the new scale and the others.
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were calculated for each chemical group (or side chain)

using the above protocol and the water values of Fb.18

From the 30 values for each chemical group, means were

computed and the results taken as the solvent contribu-

tion for the given fragment. The results are given in

Table SII of the supplementary material.

RESULTS AND DISCUSSION

Protein-based partitioning of amino acid
side chains and chemical groups

To develop an amino acid Hscl based on the Hpy of

the MENVs, it is assumed that in most cases the hydro-

phobicity of the imbedded amino acid more or less

matches the hydrophobicity of its MENV. Thus, they are

considered as ‘‘solvents’’ characterized by rHpy, and the

residues of the protein are immersed to a greater or

lesser degree in one or another of these local solvents.

The working hypothesis is that the distribution of the

side chains in different MENVs can be used to develop a

partitioning based on their placement (f) and the relative

hydrophobicity values (rHpy).

To test this hypothesis, each residue is associated with a

point in a 2-D space defined by its values of f, and rHpy

and a K-mean algorithm41 is used to partition the resi-

dues into two classes. This algorithm associates all the

data points with one of the two self-consistent centers.

Carrying out the iterative procedure42 it was found that

one center was located deep inside the proteins (f 5 0.90,

rHpy 5 0.20) while the other one was located near the

surface (f 5 0.39, rHpy 5 0.68). It is also noted that vari-

ous initial guesses of the locations of the two centroids

were tried, but they all converged to the same final posi-

tion given above. About 70% of the residues cluster

around the former while the remaining 30% cluster

around the latter center. This type of distribution is similar

to the findings of a previous study where 69% of all

groups from amino acids, including main chains, were at

least 90% buried and the remaining 31% of groups were

distributed between 0 and 90% burial.32 This finding

shows that the partitioning of the rHpy values correctly

reproduces the well known structural fact that the large

majority of residues are buried and hydrophobic.43 How-

ever, to construct an Hscl for amino acids, the partitioning

of an imbedded residue must also approximately match

the Hpy of the MENV so that the partitioning can differ

substantially from that of the overall distribution. Figure 2

shows the distribution for Lys around its two centroids

with locations shown by the two squares. It is noted that

the values converge to a single point because for complete

solvent exposure the rHpy value is one, the water value.

The plot consists of more that 13,000 points and 9368 of

these are associated with the centroid of high solvent ex-

posure and high rHpy value (f � 0.2, rHpy � 0.8), while

the remaining 3745 cluster around the other centroid.

These results indicate that the populations of the two

classes forming the partitioning correctly reflect the polar-

ity of the Lys side chain. Perhaps, the most surprising fea-

ture shown in the plot is the relatively large number of

cases where the lysine side chain is deeply buried in a

hydrophobic MENV. Analysis of the partitioning obtained

from the other residues showed that in all cases the k-

means algorithm used here gave results corresponding to

the polar (or apolar) nature of the side chains. It also is

seen that the partitioning does not yield two truly disjoint

classes and a few points appear to be misassigned. In the

present case, this misclassification involves at most around

100 points at or near the boundary between the two

classes and therefore can be safely neglected. Nevertheless,

misclassification using the k-means algorithm is an impor-

tant issue and further discussion, especially on minimizing

it, can be found in Ref. 44.

The population around the deeply buried center can

be termed as hydrophobic and that around the exposed

center as hydrophilic. The ratio of the populations from

these two classes for the ith amino acid side chain gives a

partitioning defined by

Pi ¼ Ni
hydrophobic=N

i
hydrophilic ð4Þ

that can be used to construct a HScl for the amino acid

side chains based on the log(Pi) values defined by Eq.

(4). It is given in Table II along with several other HScls.

As shown in Table II, the new scale developed in this

work correlates well with a number of previously pro-

posed HScls2,4,8,24,25,34–36 derived from various exper-

imental and statistical methods with correlation coeffi-

cients ranging from 0.77 to 0.95 (see Table II). In partic-

Figure 2
K-means algorithm distribution into a hydrophilic and hydrophobic class of the

ammonium group of 13,113 Lys occurring in the 733 protein data base. The

hydrophilic population of 9368 points clustered around the hydrophilic centroid

(low buried fraction, high rHpy) is colored gray and the hydrophobic population

of 3745 points clustered around the hydrophobic centroid (high buried fraction,

low rHpy) is colored black. Location of the two centroids are marked by squares.
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ular, the scale correlates well with the two experimental

scales24,25 and also reasonably well with the experimen-

tal DG scale of White and collaborators.4 The poorest

correlation is with the Eisen scale2 based on calculated

DG values. However, it was already noted by Cornette

et al.1 that scales based on partition coefficients do not

correlate as well with scales based on free energies as

with each other. Cysteine was found to be the most

hydrophobic residue according to the scale developed

here, which agrees with the scale based on mean frac-

tional area loss of amino acids by Rose and collabora-

tors45 as well as several others reported in Ref. 1. The

most hydrophilic residue was found to be lysine in agree-

ment with many pre-existing scales.

The result that the Hscl developed here correlates so

well with many earlier scales is really quite striking.

Almost all earlier scales are calibrated using one or

another property of amino acid residues, e.g., octanol/

water logP, DG, etc. In contrast, the MENVs are quanti-

fied using the Rekker Fragmental Constants,27 quantities

that were determined without any reference to proteins

or amino acids. To construct the scale each side chain

essentially ‘‘samples’’ a very large set of ‘‘solvents,’’ which

span a broad range of hydrophobicity values. Thus, the

scale is determined completely in the context of proteins

using parameters that are completely independent of

proteins and their constituent elements. In addition, the

scale does not involve the interaction of the residues with

any solvent, but only with atoms of the protein in its

MENV. Because of this, uncertainties in the values of

polar side chains due to nonhydrophobic interactions

with a particular solvent,46 e.g., hydrogen bonding, are

eliminated.

It is of interest to analyze the partitioning of the or-

ganic functionalities comprising the residue side chains,

and to that end a group scale has been constructed, in

exactly the same way as the residue scale; the results are

presented in Table III. Note that Aboderin25 (chromato-

graphy-based scale) had proposed a similar group based

scale some time ago and those results are also given in

Table III. The correlation between the two scales is quite

good (0.9), although four values are missing in the Abo-

derin scale.25 According to the group scale, the disulfide

fragment in Cystine (TD) is more hydrophobic than the

thiol group of Cysteine (TO). Free energies of transfer

determined from cyclohexane/water partitioning for cys-

teine and cystine analogs have shown that burial of a di-

sulfide is favored over the burial of two cysteines by 0.5

kcal/mol indicating less polarity of disulfide bonds com-

pared to two cysteines.47 The corresponding free energy

difference calculated from the values in Table III for

transferring TD and TO groups from protein interior to

water was found to be 0.35 kcal/mol, in reasonable agree-

ment with the aforementioned value. In another example,

the octanol-to-water transfer free energies for charged

side chains of lysine was about 1 kcal/mol lower than

that of Arginine,4 which can be compared with the free

energy difference of 0.7 Kcal/mol calculated from Table

III.

Insight into the effects on the properties of particular

side chains with two functionalities can be obtained by

comparing group with side chain logP values. First note

that the effect of H1 seems to be small (compare logP

values of N and Q, or D and E in Table II). In contrast,

the three residues with aromatic rings exhibit substantial

differences. In order of decreasing hydrophobicity our

scale indicates F > W > Y, but there is little agreement

on this ordering between the different scales. The order-

ing of the aromatic residues in our scale also indicates

the increasing amphiphilic character of the MENV from

F to Y residues due to the addition of more polar groups

in the side chains. In spite of the fact that the phenol

group in Tyr (Y_PH) is polar, it has quite a large popula-

tion in solvent buried-low rHpy regions (see next sec-

tion). This observation suggests that adjacent groups of a

side chain affect each other’s MENV because of restraints

imposed by their being covalently bound. The presence

of Y_PH groups deep inside the protein can be rational-

ized on the basis of multiple hydrogen bond formation

and the consequent stabilization of the structure.48 Com-

parison of the logP values of Thr and Ser indicates that

the addition of the methyl group (HO) has a large effect

on the logP value. It is also of interest that, in contrast

to most scales, the logP value of Arg indicates that it is

equally partitioned between the two centroids determined

by the K-mean algorithm. Comparison of the residue

and chemical group logP values of polar groups con-

nected to Ca by one or more CH2 groups indicates that

the latter have a fairly systematic effect on the logP val-

ues of the corresponding residues. Thus, comparing the

logP values of GS and AS in Table III with the logP val-

Table III
Hydrophobicity Scale for Chemical Groups in Amino Acid Side Chains

Groupa logP fb rHpyb Abodrc

TD 1.31 0.92 (0.12) 0.21 (0.16) d

TO 1.06 0.90 (0.17) 0.19 (0.20) d

RS 0.82 0.84 (0.20) 0.17 (0.24) 4.5
HO 0.60 0.81 (0.25) 0.24 (0.27) d

TE 0.59 0.81 (0.24) 0.21 (0.28) 0.6
PH 0.36 0.73 (0.28) 0.26 (0.35) 21.6
H1 0.30 0.77 (0.29) 0.44 (0.26) 1.0
HS 0.25 0.70 (0.25) 0.38 (0.23) 23.5
OL 0.10 0.68 (0.28) 0.45 (0.24) 22.0
H2 20.03 0.65 (0.25) 0.46 (0.22) d

AD 20.13 0.59 (0.27) 0.49 (0.24) 24.6
GS 20.19 0.55 (0.26) 0.49 (0.23) 25.1
CO 20.32 0.53 (0.26) 0.54 (0.23) 24.4
AS 20.70 0.38 (0.26) 0.65 (0.23) 26.8

aSee Figure 2 for group definitions.
bMean and (standard deviation).
cCorrelation coefficient between present scale and Abodr Scale25 is 0.94.
dValues not reported by the author.
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ues of Arg and Lys in Table II shows that the (CH2)3
group in Lys and the (CH2)2 group in Arg shift the AS

and GS values by 0.3 and 0.2 logP units, respectively. The

log P values of the CO group of Glu and the AD group

of Gln are 20.37 and 20.18, respectively, so that the res-

idue values in Table II indicate that the single CH2 group

shift the logP values by about 0.1. The above findings

suggest that the scale is physically reasonable supporting

the validity of rHpy as a QPD. Some of the potential

applications of this QPD are discussed in the following

sections.

Population distribution of chemical
groups in f-rHpy space

The successful construction of a HScl based on protein

MENVs supports the well accepted hypothesis that on

the average, matching the hydrophobicity of the side

chain and the local environment is energetically favor-

able.49 HScls provide an essentially thermodynamic

description of the distribution of amino acid residues in

the native structures of the proteins. The detailed proba-

bility distributions of the individual residues in the pro-

teins can be obtained from histogram plots of the group

populations as a function of f and rHpy. The normalized

histogram plots in f-rHpy space for all the groups are

presented in Figure 3 (the group plots for each residue,

where a given group appears in more than one residue,

are available as supplementary materials). The hydropho-

bic groups, TD, TO, RS, HO, and TE [Fig. 3(A–E)] are

typically characterized by very high populations at the

buried region with low or negative rHpy values and small

populations in the more hydrophilic regions. The Y_PH

(phenolic group of tyr) group [Fig. 3(F)] exhibits a

smaller population in the buried-low rHpy regions,

which is compensated by a significant population in the

hydrophilic region. The amphiphilic groups, i.e., HS, OL,

and H2 [Fig. 3(G–I)] exhibit a more uniform distribu-

tion, while groups such as GS, AD, CO, and AS [Fig.

3(J–M)] exhibit high populations in the hydrophilic

regions (low values of f and high values of rHpy). There

also appear to be distinct regions of the f, rHpy distribu-

tion that are prohibited to all the groups. These are char-

acteristic of globular proteins that may not be conserved

for transmembrane proteins.

Distributions of the same group from different side

chains often are quite similar, but in some cases there

can be substantial differences. The distribution of H1

groups mimics that of the adjacent side chain functional-

ity in different amino acids. Therefore, the distribution

of H1 groups connecting the aromatic side chains to the

main chain in Phe, Tyr, and Trp (not shown) differ con-

siderably from those in the polar and charged amino

acids, Gln and Glu (not shown). The HO (terminal ali-

phatic) groups, excluding Ala and Thr, have the distribu-

tion typical for hydrophobic groups [Fig. 3(D)]. In con-

trast, the distribution of HO of Ala and Thr are much

more diffuse (see Fig. 4) most likely because exposure of

a single methyl group to solvent is less disfavored than

larger aliphatic groups.32

Structure–function consequences of
residue-MENV mismatch

The distributions of the groups shown in Figure 3

indicate that for the most part the hydrophobicities of

the MENVs and their imbedded side chains are reason-

ably well matched. However, it is also seen that the dis-

tributions of almost all the groups contain some highly

mismatched residue-MENV pairs as indicated by hydro-

phobic residues found in regions with high rHpy values

or polar and titratable groups found in deeply buried

regions with hydrophobic rHpy values. The wide range

in the distribution of the amino acid residues ensures

that a significant number of chemical groups in proteins

will be mismatched. For the purpose of the following

analysis, a chemical group where both f and rHpy devi-

ate less than one standard deviation (r) from the mean

(see Table III) are considered here to be matched to their

MENVs. Chemical groups outside this matched region

comprise 10–20% of the total population in each group

(Table I). Trp is an exception because of the large indole

ring that enables this side chain to contact all amino acid

residues with relatively high propensities.50 From statisti-

cal studies, Trp was found to be the highest ranking con-

served residue at the binding sites of protein–protein

interactions.51 Another contribution to the large percent-

age of mismatches for the Trp side chain may be its abil-

ity to participate in (albeit weak) hydrogen bonds. Since

the H-bonding partner will usually be hydrophilic there

is a greater chance for the MENV of Trp to be hydro-

philic, contributing to the observed large number of

mismatches.

Hydrophobic residues

In the sample of 733 proteins, 214 mismatched Cys

were found. This number would be even greater if

slightly lower resolution crystal structures were also

included, e.g., exposed thiol groups of Cys in crystal

structures of iron–sulfur clusters in thioredoxin.52 These

solvent exposed ��SH groups are often found at the

active sites in coordination with metal ions, e.g., Zn53 or

Fe, or present as a part of the heme group coordinating

to the metal ion.54,55 In addition, these groups form di-

sulfide bonds upon dimerization or higher order oligo-

merization, which is a crucial step in many biological

processes.56,57 The mismatch of most of the hydropho-

bic side chains is due to their being almost entirely sol-

vent exposed, residing at the protein surface. The rHpy

values of these side chains is �1, and they constitute

potential sites for protein–protein interactions as has

been well documented.51,58–62 However, there are also a
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Figure 3
Histogram plots in f-rHpy space for the chemical groups comprising the amino acid side chains. The z-axis shows the normalized populations in each bin with respect to

the total population for the given fragment. The plots are arranged from the most hydrophobic (TD) to the most hydrophilic (AS) (see also Table III). The hydrophobic

groups (A–E) consist of TD, the disulfide bridge; TO, the thiol group; RS, the aromatic group; HO, the terminal aliphatic group; and TE, the thioether group. PH (F) is

the phenolic group and the amphiphilic groups (G–I) comprise HS, the indole ring; OL, the aliphatic alcohol group; and H2. The final charged and polar groups are CO,

the carboxyl group; AD, the amide group; GS, the guanidine group; and AS, the ammonium group. Each plot contains the contributions to the group from all residues

containing the given group except for the HO group (D) which excludes the contributions from Ala and Thr (see text and Fig. 4). The side chains that contain a given

group are given in Table I, footnote a.
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few that are more deeply buried in the protein so that

hydrophilic residues in their MENV contribute to the

mismatch. For mismatched, hydrophobic residues with

deviation >2r, 80 (out of 5578) were found that were at

least partially buried in the protein (f > 0.7), but are

imbedded in hydrophilic MENVs (rHpy > 0.3–0.4). It is

noted that it was previously found18 that when the

degree of burial is < 0.7 the local environment is con-

trolled by the aqueous solvent. In addition, rHpy values

> 0.3–0.4 are already fairly hydrophilic in their effects on

the imbedded residue. One interesting case is a leucine in

Thermotoga maritima spermidine synthase. The residue is

at the C-terminus of the protein with f 5 0.97 and rHpy

5 0.63. No function has been identified for this residue

but the system is the target of antimalaria drugs, so that

perturbed, but conserved residues may be targets for

nonactive site inhibitors. Interestingly, the sequence posi-

tion is highly conserved (identity or homology) in other

members of this family, many of which are involved in

diseases. Another interesting case of deeply buried hydro-

phobic residues with relatively hydrophilic MENVs is

met in the G-protein coupled receptors (see below).

Titratable residues

The response of titratable groups buried in mis-

matched (hydrophobic) MENVs is probably the most

studied response of amino acids imbedded in mis-

matched MENVs.19,63 We have calculated the pKa of

the titratable residues in all the proteins in the data set

of 733 proteins using the MM_SCP approach,18 and the

results from these calculations will be reported elsewhere.

Mismatched MENVs around titratable residues often

induce large pKa shifts compared to their normal values

primarily due to the unfavorable solvation energies.19 All

the highly mismatched carboxylic acids (deviation > 2r)
yield upward pKa shifts by 1 to 4 pH units (solvent val-

ues for Asp and Glu are 4 and 4.4, respectively). This ob-

servation indicates that the carboxylate groups buried in

hydrophobic MENVs often are protonated at physiologi-

cal pH or in the cellular compartment where they are

active. Interestingly, it was also found that 13 Lys resi-

dues out of our entire dataset have pKa values less than

physiological pH, i.e., downward pKa shifts of more than

3 pH unit. Nine of these Lys residues are directly

involved in biological function. The accuracy of the

above calculated pKa values was verified by comparing

calculated pKa values with experimentally known values

where available.64 Several proteins in the data set {lyso-

zyme,65 CO-Sperm Whale Myoglobin,66 Subtilysin67

and Barnase68} contain titratable residues for which the

pKa have been measured; the RMS error for 32 values

was found to be 0.8; it is noted that results have been

reported for a larger subset of measured pKa where the

RMS error was found to be around 0.5.18

Conservation of MENVs around structurally
conserved functional amino acids

The observation that most chemical groups are

matched to their MENVs suggests that the local environ-

ment around structurally conserved functional residues

should also be conserved across protein families, inde-

pendently of their sequence homology. This hypothesis

was tested on several examples.

Adenylyl cyclases

The common metal binding sites of these proteins,

obtained from mammalian (PDB: 1cjk),69 bacterial

(PDB: 1y11)70 and pathogenic anthrax (PDB: 1k90),71

and from T7 DNA polymerase (PDB: 1t7p) and Klenow

fragment editing complex (PDB: 1kfd),72 have pairwise

sequence homology ranging from 20 to 40% (as deter-

mined by ClustalW73) (Table IV). They all have two

Figure 4
Histograms in f-rHpy space for the terminal aliphatic groups (HO) of Ala and Thr, which are shown separately because of their different distributions compared to the

other residues with HO side chains (see text and Fig. 3).
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strictly conserved aspartic acids as part of their metal bind-

ing sites. The superposition of the titratable moieties (CO,

see Table I) of the conserved aspartates yield low RMSD

values of the superimposed carboxylate groups between

0.7 and 1.7 Å (Table IV(A)), indicating that the structures

of this component of the metal binding site range from

similar to nearly identical. The superposition of the func-

tional groups in other highly conserved78 catalytic residues

of the three adenylyl cyclases yield small RMSD between

the mammalian and bacterial adenylyl cyclases (Table

IV(B)), but the RMSD between the catalytic residues of an-

thrax adenylyl cyclase and the bacterial or mammalian

adenylyl cyclases are quite large (Table IV(B)).

According to our working hypothesis the MENV

descriptors of these two carboxylate groups are also

expected to show very little variation. To show this the

means of the f and rHpy values have been calculated and

their standard deviations are plotted in Figure 5.

Although there is some variation in the r values of the

different sites, they are substantially smaller than the r
values of all residues (right most bars) showing that the

MENVs of the active residues are well conserved.

Serine proteases

The second example of MENV conservation comes

from the His-Ser-Asp catalytic triad of six serine protease

families obtained from different species: bovine tryp-

sin,79 human hepsin, FVIIA-STFk and thrombin,75 Hep-

atitis-C NS3 Chymotrypsin-like74 and Dengue viruses

NS3 trypsin-like,76 with sequence identities of 30–40%

(as determined by ClustalW73). The side chains of the

His-Ser pair participate directly in the catalytic process of

cleavage in all serine proteases while the Asp stabilizes

the reaction intermediate in different ways75 depending

upon the nature of the substrates. The r values of f and

rHpy for all three residues are given in Figure 6, and are

seen to be substantially smaller than the overall average

value. Moreover, Asp exhibits a somewhat larger devia-

tion in rHpy than the HS and OL groups (see Fig. 6),

which may reflect its more varied function.

Immunoglobulin fold

Another example considers one conserved Tryptophan

residue in five different protein families {Tenasin,77

Table IV
RMSD (Å) of (A) two coordinated Asp at metal binding sites and (B) other

catalytic groups in active site from adenylyl cyclases in different species and

DNA polymerases

Species specification Bacterial74 Mammalian Anthrax T7 DNA pol

Aa

Mammalian75 1.01
Anthrax76 1.08 0.82
T7 DNA pol77 0.74 1.24 0.90
Klenow frag77 1.46 1.42 1.51 1.68

Bb

Mammalian 1.47
Anthrax 7.43 7.06

aAtoms superimposed in A are Cb-CgOr1Or2 from two D_CO group.
bChemical groups in catalytic residues superimposed in B are K_AS, D_CO,

N_AD and R_GS, respectively.

Figure 5
Standard deviations (r) of the f and rHpy mean values in two metal

coordinating D_CO groups (left) and other functionally important groups at the

active site of adenylyl cyclases and DNA polymerase enzymes. The light bars

represent r values of f and the dark bars indicate r values of rHpy.

Figure 6
r values of the means of f and rHpy in the catalytic triads of several serine

proteases. See Figure 5 for bar code.
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CD8,77 KB5-c20 t-cell receptor,80 myelin p0 protein

fragment,81 and CD482}, which structurally fits the im-

munoglobulin fold of those proteins.83 These proteins

mainly utilize hydrophobic and aromatic stacking inter-

actions to stabilize the position of the conserved Trp in

their respective structures, which is reflected in the small

r values of 0.02 and 0.08 of the mean f and rHpy values,

respectively, calculated for the aromatic rings (RS) in this

conserved Trp (the r values for all chemical groups from

the above mentioned proteins are 0.23 and 0.25, respect-

fully).

Most conserved residues in the rhodopsin
family of G-protein coupled receptors (GPCR)

Results from the above sections support the hypothesis

that MENVs around conserved, functional chemical

groups of amino acids are also conserved, perhaps

because evolution has found local structural arrange-

ments that are optimal or provide favorable molecular

orientations for a chemical reaction to occur. The MENV

conservation hypothesis was applied to the most con-

served residue in each of the seven transmembrane heli-

ces in two rhodopsin crystal structures84–87 as well as

model built structures of the dopamine receptors, D2R88

and D4R89 and the serotonin receptor, 5HT2AR.90 Bo-

vine rhodopsin shares about 19% overall sequence iden-

tity with the D2 receptor and 25% in the TM portion.91

The D2 and D4 receptors share 53% identity in the

TMHs.92 The f and rHpy values were calculated for the

appropriate residues in the transmembrane helices, 1.50,

2.50. . .to 7.50 (for the numbering scheme see Ref. 93

which adopts the convention that the most conserved

residue in the nth TMH is labeled n.50). The results

reported in Table V show that the residues 1.50, 2.50,

3.50, 5.50, and 7.50 are deeply buried while 4.50 and

6.50 are more solvent exposed. The rHpy values range

from hydrophobic, e.g., 1.50, to hydrophilic, e.g., 4.50

and 6.50. Interestingly Table V shows that in spite of the

high degree of burial, the MENV of the three polar resi-

dues tend to be hydrophobic with smaller rHpy values,

while the MENV of the 4 hydrophobic residues tend to

be more hydrophylic with larger rHpy values. Whether

or not this intriguing result is representative for mem-

brane spanning proteins or a peculiarity of these GPCR

remains to be clarified.

The means and r values have been calculated for the

side chains (major chemical groups) of the most con-

served residues and the latter are presented in Figure 7,

which shows that the variability of rHpy of the n.50 resi-

dues of helices 1, 2, 3, 6, and 7, is much less than the

overall average value, while the MENVs around 4.50 and

5.50 are somewhat more variable. These two helices are

connected by loop el-2 that also forms a disulfide bond

Figure 7
r values of the means of f and rHpy in the most conserved residues of the

trans-membrane helices of several GPCRs in the rhodopsin family (see Table V

for details, and Fig. 5 for bar code).

Table V
The f and rHpy Values of Chemical Groups of the Most Conserved TMH Residue Obtained from Members of Class I Rhodopsin Family GPCRs

Chemical groupsa

1GZMb,85 1L9Hb,84 5HT2A90 D2R88 D4R89

f rHpy Z rHpy f rHpy f rHpy f rHpy

N_AD (1.50) 1.0 0.04 1.0 0.15 1.0 0.04 1.0 0.19 1.0 0.17
D_CO (2.50) 0.96 0.29 0.96 0.40 0.99 0.38 1.0 0.31 0.99 0.41
R_H2 (3.50) 0.96 0.14 0.95 0.31 1.0 0.11 1.0 0.15 0.85 0.20
R_GS 0.95 0.13 0.96 0.09 0.80 0.23 0.97 0.10 0.92 0.11
W_RS (4.50) 0.78 0.25 0.71 0.30 0.43 0.54 0.76 0.30 0.58 0.59
P_H2 (5.50) 1.0 0.44 1.0 0.05 0.91 0.20 0.98 0.25 0.83 0.38
P_H2 (6.50) 0.53 0.54 0.58 0.54 0.53 0.56 0.50 0.60 0.55 0.49
P_H2 (7.50) 1.0, 0.27 1.0 0.37 0.98 0.30 0.90 0.46 0.89 0.41

aConserved residue numbers in different transmembrane helices93 is given in parenthesis.
bCrystal structures of rhodopsin with different space group symmetry.
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to a Cys in TMH3. Since the position of the loop Cys

relative to the el-2 N- and C-termini is highly variable in

different GPCRs, the higher r values for 4.50 and 5.50

may reflect the changes in relative conformation of the

two helices required to satisfy the additional constraint

of the disulfide bridge. Nevertheless, for all helices the r
values are substantially less than the reference value.

CONCLUSIONS

The quantitative description of the MENVs reveals a

complex mosaic of dielectric regions that clearly exhibit

the heterogeneity of proteins so that this QPD may add

an additional dimension in the study of structure and

function at the molecular level. The MENVs are found,

in almost all cases to be more hydrophobic than water,

but perhaps less so than commonly thought. An impor-

tant advantage of the HScl proposed here is its internal

consistency because of its independence from nonprotein

solvents, as discussed in a previous section. It is also clear

that the present scale supports the notion of matching

between the hydrophobicity of the residue-MENV pairs.

However, from the probability distributions (see Fig. 3)

of the chemical groups, it also was found that mismatch

between the residue and MENV is quite common, and

that the number of mismatches was 10–20% of the total

number of residues for most groups. Residues imbedded

in such mismatched MENV’s often are structurally and/

or functionally important, so that within the context of

matching, the existence of mismatched residue-MENV

pairs expresses the ability of evolution to create special-

ized protein architectures that modify the properties of

imbedded residues (sometimes quite strongly) to meet

some structural or functional need. It also should be

noted that the ubiquituousness of mismatched pairs may

affect statistical methods in unforeseeable ways since

these are usually based on averages that makes it difficult

to account for outliers because of inherent difficulties to

predict, a priori, the mismatched pairs present in any

particular protein.94

The availability of a protein based HScl taken together

with a quantitative description of the Hpy of the local

environment suggests the possibility of developing a high

resolution analysis of the nonpolar contribution to the

free energy. In this approach the free energy of a group,

A, could be expressed as GA 5 2HArHpyA,95 where HA

is the HScl value of group A. Note that the minus sign is

used so that matched Hpy values are favorable, while

mismatched Hpy are unfavorable. The free energy of

transferring the group from state I to state J would then

be DGA 5 HA(rHpyI
A 2 rHpyJ

A), where the transfer from

I to J represents any change of state of group A, e.g., sol-

vent to protein, monomer to dimer, etc. Because the

evaluation of Hpy values is computationally very fast,

such terms could be used to study energy contributions

arising from changes in individual MENVs, e.g., on

dimer formation, or be added to force fields to represent

the hydrophobicity contribution to the free energy.

In this work the notion that side chains may consist of

more than one chemical functionality has been empha-

sized to some extent because of its potential impact for

developing course grained models. If the identification of

chemical groups according to their functionality in side

chains is physically meaningful as suggested by the analysis

presented in this article, then, instead of representing each

side chain by an arbitrary number of beads it would be

reasonable to represent each chemical group by a single

bead. Thus, the side chain of, say, Ile would be represented

by one bead, whereas two beads would be assigned to Thr

and similarly for the other side chains. Such a variable

assignment has the advantage that a more physically realis-

tic parameterization of the beads should be possible.

Finally, another intriguing possibility for effecting altered

function of a protein might be realized by mutating resi-

dues in the MENV of a given functional residue. Such an

approach may allow effecting functional changes without

undue disturbance of structure and stability often associ-

ated with mutating active, highly conserved residues.
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