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Abstract

The FTIR spectra of the asymmetric carboxylate absorption region of three c-type cytochromes—namely horse heart,
yeast and bonito cytochromes c—as well as continuum electrostatic calculations performed on their respective protein
matrices, show that these combined methods can target specific protein regions and yield pertinent protein charge
information that correlates with the observed spectral data. Deconvolution of the IR carboxylate stretch frequency region
Ž y1. a1525–1675 cm in the three cytochromes yield different n distributions. In the case of the bonito cytochrome coco

carboxylates, two n a populations are clearly distinguishable in the deconvoluted spectra—which is not the case for theoco

more complex n a deconvolutions of the other two cytochromes. The frequency distributions of the calculated potentials areoco

consistent with the experimental observations and we conclude that the IR carboxylate absorption in proteins can be
modified by the electrostatic environment. q 1998 Elsevier Science B.V.
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1. Introduction

The IR spectral parameters of amino acid residue
absorption bands have been characterized well

w x aenough 1–3 to make n a useful protein confor-oco

mational marker. We recently completed comprehen-
sive IR surveys of the antisymmetric carboxylate

Ž a .absorption n in cytochrome c and model com-oco

Abbreviations: FDPB: Finite Difference Poisson–Boltzmann;
n a : Antisymmetric carboxylate stretchoco
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pounds, and showed that n a was responsive tooco
w xprotein surface conditions 4 . Electrostatic interac-

tions are now acknowledged to play a major role in
the relationship between protein structure and func-

w xtion 5–9 and in the solvent interaction forces re-
w xsponsible for protein folding 10–12 . Cytochrome c,

one of the best characterized heme proteins, plays a
well-known role in biological electron transfer and
the electrostatic charge distribution within the pro-
tein is assumed to be crucial in facilitating the

w xelectron transfer process 13,14 . In this work, we
use the n a marker and try to understand the ob-oco

served spectroscopy in the context of protein matrix

0301-4622r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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charge phenomena using a continuum approach to
w xmodel the charge distribution of the protein 5 .

For this purpose, we use the Finite Difference
Ž .Poisson–Boltzmann FDPB method. It has been

shown to work well for a wide variety of problems
w x15–24 and has the advantage of avoiding the com-
putational cost of explicit solvent calculations. In
classical electrostatics, the Poisson equation relates

H
the spatial variation of the potential F at position r

to the charge distribution r and the position-depen-
dent dielectric permittivity ´ as follows:

=´ r =F r sy4pr r rkT 1Ž . Ž . Ž . Ž .

If mobile ions are present in the system, the
Poisson equation can be combined with the Boltz-
mann expression for ion concentration, yielding:

2 f=´ r =F r y´k F r sy4pr r rkT 2Ž . Ž . Ž . Ž . Ž .

where the linearized form of the Poisson–Boltzmann
equation is sufficient for most protein applications.
The term k 2 is equal to 1rl2 or 8p q2IrekT where
l is the Debye length, I is the ionic strength of the
solution, and r f is the fixed charge density. F , ´ , k

and r are all functions of the vector r. The second
Ž .term in Eq. 2 describes the salt effect. Since water

molecules are more polarized by an electric field
than the protein, the use of two dielectric constants
allows for consideration of the solvation effect expe-
rienced by polar molecules in an aqueous solution.

Ž . Ž .The derivative of ´ r in Eq. 2 is nonzero only
Ž .when ´ r varies. This is the ‘dielectric discontinu-

Ž .ity’ region between the low dielectric solute protein
and the high dielectric solvent or ‘molecular surface’.
The solute molecule—inside the molecular surface

w x—is given a low dielectric of 2 6 and the solvent is
Ž .assigned a high dielectric ;80 . The Poisson–

Boltzmann equation solver implemented in the Del-
phi software package uses an algorithm which maps
the solutersolvent variables on a three-dimensional
grid; each grid lattice point is assigned a value for
the charge, the dielectric constant and the ionic
strength. Boundary conditions are set using either the

w xCoulomb or Debye–Huckel equations 25 depend-¨
ing on whether the ionic strength is 0 or not, respec-
tively. The Poisson–Boltzmann equation is replaced
by a series of finite difference equations which are
iteratively solved. Electrostatic free energies for
charging the system are then calculated as:

DGs1r2Ý q F 3Ž .i i i

where q is the charge and F is the Poisson–Boltz-i i

mann calculated potential at each atom i. By sum-
Ž .ming over different groups of charges, Eq. 3 can be

used to calculate the contributions of particular
residues or groups as desired. The solute atomic
charges, and the van der Waals radii parameters
required to define the solutersolvent dielectric
boundary are inputted into the program along with
the solute and solvent dielectric constants.

Our interest here is to correlate the experimentally
observed carboxylate stretching frequencies to the
electrostatic potentials calculated in the protein ma-
trices of the respective cytochromes.

2. Materials and methods

2.1. Materials and sample preparation

Horse heart, bonito and yeast cytochromes c were
Ž .purchased from the Sigma Chemical St. Louis, MO

as well as DCl and D O. Buffer water was deionized2

and glass-distilled. The protein was dissolved in
Ž .deuterated phosphate buffer 20 mM , pD 7.0, and

allowed to incubate for 24-h period, to ensure com-
plete deuterium exchange of protein amide protons.
Complete oxidation of the samples was monitored by
UV–Vis spectroscopy in the Q-band region before
and after FTIR data acquisition. Freshly prepared

Ž . Ž .K Fe CN ;5 mM was added to samples which3 6

were not fully oxidized.

2.2. FTIR spectroscopy

Spectral measurements were performed at 228C
Ž .on a Bruker IFS 66 FTIR Bruker Billerica, MA

using a Globar source, a KBr beam splitter and MCT
detector. The samples were placed in a ZnSe ATR

Ž .crystal Graseby-Specac, Fairfield, CT cell. The D O2

phosphate buffer was used as reference. A total of
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128 interferograms were averaged per recorded spec-
trum at a resolution of 0.5 cmy1. Acquisition time
was 2 min per spectrum.

2.3. Calculation of electric potentials

2.3.1. Atomic coordinates
The three-dimensional structures were obtained

w xfrom the Protein Data Bank 26 : pdb1cyc.ent for
w xbonito cytochrome c 27 , pdb1hrc.ent for horse

w xheart cytochrome c 28 and pdb1ycc.ent for yeast
w xcytochrome c 29 . The X-ray waters were not re-

tained and the structures were prepared for the elec-
trostatic calculations using the Insight II software

Ž .package Molecular Simulations, San Diego, CA on
a Silicon Graphics IRIS Indigo workstation. The
hemes of all three cytochromes were similarly ori-
ented along the x–y axes and the three cytochromes
superimposed to ensure good backbone alignment.

2.3.2. Finite Difference Poisson–Boltzmann calcula-
tions

All electrostatic potential fields were calculated
using the finite difference solutions to the Poisson–

w xBoltzmann equation 25 as implemented in the Del-
w x w xphi 30,31 and Grasp 32 software packages. Visu-

alization of the potentials and fields was achieved
with Grasp.

Ž .Two sets of calculations were performed: i first,
to account for the contributions of ionizable residues,
protein matrix charges were assigned, as most likely
to apply at neutral pH: y0.5 to the od1 and od2 Asp
oxygens and to the oe1 and oe2 Glu oxygens, y0.5
to the oxygens of the two heme propionates, q0.5 to
the nh1 and nh2 Arg nitrogens and q1 to the Lys
nz; the potentials were then calculated at the oxygens
atoms of all Glu, Asp and propionic acid carboxylate

Ž .groups; ii a second calculation was performed to
correct for the contribution of the charge on the
oxygen where the potential was being calculated.
This was done by setting both protein and solvent
dielectric to 2, charging the oxygen in question and
calculating the potential which was then subtracted
from the value obtained in the first calculation. The
effect of salt in the solvent was taken into account by
performing the calculations at the experimental ionic

Ž .strength 20 mM . The cytochromes were placed on
a 65=65=65 grid and scaled so that the longest

dimension of the molecule as a percent of grid length
was 70%. The probe radius, used to define the

˚molecular surface, was set at 1.4 A. Calculations
were performed at different scales and lattice map-
pings to ensure that the grid mapping procedure did
not affect computational results.

2.4. Statistical analysis

The calculated potentials were organized as fre-
quency distributions for each cytochrome. The class
intervals were arbitrarily fixed and three different
sets of class boundaries were tested. It was found
that all three types of frequency distributions pro-
vided the same statistical conclusions and the distri-
bution type finally selected for illustrative purposes
was chosen because it simplified the discussion. For
each frequency distribution, the expected value of

Ž .the mean x was calculated, the standard deviation
Ž .of the sample s as well as the standard deviation of

Ž .the mean s . Additionally, we calculated confi-x

dence levels using the t distribution as required for
small samples at 99% confidence limits.

3. Results

3.1. ObserÕed carboxylate stretches

Fig. 1 presents the infrared n a stretch frequencyoco

region, observed between 1525 and 1675 cmy1 for
all three cytochromes, and the best fits obtained in
deconvoluting the spectra. The absorptions at ;1650
cmy1 and 1518 cmy1 are assigned to amide IX and
tyrosine vibrations, respectively, and are of no rele-
vance in this context. Focusing on the n a absorp-oco

tion—centered at ;1570 cmy1, we note that the
deconvolutions yield different distributions of n a

oco

populations in the different cytochromes. The differ-
ence is especially evident when comparing the bonito
spectrum to that of the horse and the yeast cy-
tochromes. We have shown recently that the protein
charge distribution was an important factor affecting
the stretch frequency of the small CO heme ligand in

w xcarbonmonoxy cytochromes c 21,22,33 and the
question immediately arises as to whether the respec-
tive protein matrices of the three cytochromes under
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Fig. 1. IR carboxylate stretch frequency region for cytochrome c
Ž . Ž . Ž .at neutral pH: top yeast, middle horse heart, bottom bonito.

Deconvolutions and best fits obtained using gaussian fitting proce-
y1 Ždures. Fitting parameters: yeast: peak @ 1542.2 cm HWs12.3

y1 . y1 Ž y1 .cm ; peak @ 1565.0 cm HWs12.3 cm ; peak @ 1591.5
y1 Ž y1 . y1 Žcm HWs12.3 cm ; horse: peak @ 1544.1 cm HWs

y1 . y1 Ž y1 .12.7 cm ; peak @ 1564.2 cm HWs12.2 cm ; peak @
y1 Ž y1 . y1 Ž1588.6 cm HWs12.3 cm ; peak @ 1611.8 cm HWs

y1 . y1 Ž y1 .11.9 cm ; tuna: peak @ 1563.7 cm HWs12.6 cm ;
y1 Ž y1 .peak @ 1590.9 cm HWs12.3 cm :

consideration—and their different charge distribu-
tions—could be responsible for the different n a

oco

distribution pattern observed here.

3.2. Electrostatic potentials at the carboxylate groups

The potentials calculated for the carboxylate
groups of all Glu and Asp residues and for the heme
propionate side chains are listed in Table 1 for the
respective cytochromes. Fig. 2 compares the fre-

Table 1
Summary of ÝqF per COOy in horse heart, yeast and bonito
cytochromes c

Ž .ÝqF kT Statistics

Yeast cyt c
Glu 4 y142.63
Glu 21 y127.47 xsy121.45 kT
Glu 44 y159.02
Asp 50 y135.48 ss28.21
Asp 60 y94.06
Glu 61 y135.61 s s7.82x

Glu 66 y127.91
Glu 88 y141.06 Confidence at a s0.99
Asp 90 y122.54 s0.0981
Asp 93 y111.95
Glu 103 y143.04

Ž .Prop old y73.05
Ž .Prop ola y65.05

Horse cyt c
Asp 2 y115.80 xsy127.22 kT
Glu 4 y153.37
Glu 21 y124.99 ss24.01
Asp 50 y135.65
Glu 61 y173.42 s s6.42x

Glu 62 y135.21
Glu 66 y136.73 Confidence at a s0.99
Glu 69 y144.75 s0.0804
Glu 90 y125.11
Glu 92 y116.56
Asp 93 y118.78
Glu 104 y132.31

Ž .Prop old y77.65
Ž .Prop ola y90.58

Bonito cyt c
Asp 2 y119.34 xsy115.43 kT
Glu 21 y133.65
Glu 44 y127.25 ss14.73
Asp 50 y107.84
Glu 61 y110.03 s s4.44x

Glu 66 y134.33
Glu 69 y112.87 Confidence at a s0.99
Glu 90 y131.43 s0.0557
Asp 93 y100.14

Ž .Prop old y93.31
Ž .Prop ola y99.52
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Fig. 2. Frequency distributions of the ÝqF calculated at all Glu,
Ž .Asp residues and propionates in all three cytochromes: top yeast,

Ž . Ž .middle horse heart, bottom , bonito. Statistical parameters: yeast:
x sy121.45 kT, s s7.82; horse: x sy127.22 kT, s s6.42;x x

bonito; x sy115.43 kT, s s4.44. All potentials are negative.x

quency distributions of the potentials calculated for
the three cytochromes. Table 1 also presents a few

Ž .statistical parameters v. supra, Section 2.2 . In the
case of bonito cytochrome c, the n a potentials canoco

be seen to clearly distribute in a more ‘polarized’
pattern when compared to the frequency distributions
of the horse and yeast ÝqF values. Two distribu-
tions are distinguishable: one with average ÝqFavg

equal to y129.2 kT and another with ÝqF savg

y103.9 kT. Statistically, no such grouping can be
achieved with the frequency distributions of the other

Ž .two cytochromes horse and yeast . Their electro-
static potential distributions are harder to distribute
into a specific number of populations, but we can

Table 2
H-bonding in bonito cytochrome c

˚Ž . Ž .Donor Acceptor Distance A Angle deg

2:HN 2:OD1 2.02 122.69
6:HN 2:O 2.28 148.06
7:HN 3:O 2.33 161.99
7:HN 4:O 2.08 127.12
8:HN 4:O 2.35 160.11
9:HN 5:O 1.86 178.51
10:HN 6:O 1.35 164.44
11:HN 7:O 1.38 140.59
12:HN 8:O 2.17 159.10
13:HN 9:O 2.10 156.94
14:HN 10:O 2.48 137.26
15:HN 10:O 2.01 125.11
16:HE22 11:O 2.22 126.17
17:HN 14:O 1.66 170.36
16:HE21 16:N 1.84 125.04
16:HN 16:NE2 1.77 132.32
27:HZ1 17:O 1.62 151.63
31:HD21 19:OG1 2.15 132.61
24:HN 21:O 2.46 169.10
23:HN 31:OD1 2.29 122.92
31:HN 26:ND1 1.61 141.21
26:HE2 44:O 2.42 143.59
33:HN 31:O 2.33 140.10
59:HN 38:O 1.53 134.32
52:HD21 40:OG1 1.73 160.21
46:H:H 1:H:O2A 2.30 141.28
47:HG 47:O 2.36 133.55
79:HN 48:O:H 1.73 125.19
52:HD22 2::HO 2.15 121.50
56:HN 53:O 1.54 153.76
1:H:H2A 59:NE1 2.49 123.22
59:HE1 1:H:O2A 2.39 132.02
61:HN 60:OD1 1.79 165.67
66:HN 62:O 1.98 163.03
67:HN 63:O 1.55 169.51
68:HN 64:O 1.78 142.90
69:HN 65:O 1.70 173.73
2:H:HO1 67:O:H 2.00 151.97
67:H:H 2:H:O 2.04 145.85
72:HN 70:ND2 2.04 134.89
70:HD21 71:N 2.48 142.03
70:HD21 72:N 2.15 124.48
91:HN 87:O 2.03 151.32
92:HN 88:O 2.00 123.55
93:HN 89:O 1.95 161.82
94:HN 90:O 1.65 172.42
95:HN 91:O 2.35 146.30
96:HN 92:O 1.92 157.38
97:HN 93:O 1.72 161.29
98:HN 94:O 2.23 160.07
100:HN 96:O 2.15 173.21
101:HN 97:O 1.75 170.90
102:HN 98:O 2.22 131.51
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Table 3
H-bonding in HH cytochrome c

˚Ž . Ž .Donor Acceptor Distance A Angle deg

6:HN 2:O 1.90 144.53
4:HN 2:OD2 2.19 137.80
5:HN 2:OD2 2.28 148.34
7:HN 3:O 2.23 146.74
9:HN 5:O 2.36 163.43
10:HN 6:O 2.08 162.95
11:HN 7:O 1.97 173.66
12:HN 8:O 2.10 159.64
13:HN 9:O 1.78 141.41
13:HN 10:O 2.49 126.76
14:HN 10:O 1.76 157.48
15:HN 10:O 2.06 155.29
17:HN 14:O 1.99 166.60
29:HN 17:O 2.02 131.00
32:HN 19:O 1.65 153.68
21:HN 21:OE1 1.96 147.39
24:HN 21:O 1.81 150.72
31:HD22 21:O 1.72 154.94
31:HN 26:ND1 1.90 163.87
26:HE2 44:O 2.07 165.22
27:HN 29:O 1.94 141.65
33:HN 31:OD1 2.01 143.52
35:HN 32:O 2.40 133.79
38:HH21 33:O 2.46 132.34
34:HN 102:O 1.75 168.70
38:HN 35:O 2.24 149.51
37:HN 59:O 1.81 166.36
59:HN 38:O 1.85 177.93
39:HZ1 56:O 2.45 146.99
56:HN 40:OG1 2.24 138.63
40:HG1 52:O 2.24 141.00
41:HN 105H:O2A 2.16 167.40
43:HN 48:OH 2.03 141.49
46:HN 43:O 2.48 164.58
48:HH 105H:O1A 1.94 126.85
49:HN 105H:O1D 1.96 167.55
53:HN 49:O 2.15 153.57
52:HN 49:OG1 2.28 148.39
54:HN 50:O 1.95 159.72
52:HD21 52:O 1.65 159.00
105H:H2A 52:ND2 2.33 157.84
52:HD22 105H:O2A 2.37 151.10
55:HZ1 74:O 1.90 140.35
59:HE1 105H:O2A 1.71 152.88
60:HN 63:OG1 2.14 148.52
64:HN 60:O 2.13 163.90
65:HN 61:O 1.85 148.00
99:HZ1 61:OE2 1.86 143.89
67:HN 63:O 2.08 164.67
68:HN 64:O 1.95 164.40
91:HH12 65:O 1.75 161.34
69:HN 66:O 2.40 138.03
73:HN 70:O 2.17 152.10
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Ž .Table 3 continued

˚Ž . Ž .Donor Acceptor Distance A Angle deg

74:HN 70:O 2.19 131.45
73:HN 70:OD1 2.38 156.12
75:HN 71:O 1.89 135.92
82:HN 72:NZ 1.77 156.29
72:HZ2 80:O 2.36 162.46
78:HN 75:O 1.89 136.09
80:HN 78:OG1 2.17 139.56
79:HN 105H:O2D 1.74 164.84
91:HH22 86:O 2.37 159.33
91:HN 87:O 2.31 158.13
92:HN 88:O 1.90 151.69
93:HN 89:O 1.87 172.82
94:HN 90:O 1.93 159.36
95:HN 91:O 1.98 159.36
96:HN 92:O 2.05 160.20
97:HN 93:O 2.04 158.28
98:HN 94:O 1.85 171.79
99:HN 95:O 1.96 164.66
101:HN 97:O 1.84 178.26
102:HN 98:O 1.72 154.20
103:HD21 100:O 2.10 125.45
103:HD21 103:N 2.46 125.42

confidently say that they do distribute into more
populations than the bonito, and that, as such, they
reflect the n a spectral deconvolution patterns of theoco

respective cytochromes.

4. Discussion

We are interested here in trying to elucidate what
could possibly give rise to the different carboxylate
populations as inferred from the n a deconvolutionsoco

and the electrostatic calculations. Three possibilities
can account for the observed and calculated carbox-

Ž .ylate distributions: i they could reflect different
H-bonding patterns, either intramolecular or solvent

Ž .mediated, ii the carboxylates are attached to Glu,
Asp and heme propionate residues and this could
conceivably cause them to absorb at different fre-

Ž .quencies; and iii the observed distributions could
be representative of different electrostatic environ-
ments for the vibrational oscillators which could then
be Stark-shifted with respect to one another due to
the presence of a nearby charge.

The Glu and Asp carboxylates of all three cy-
tochromes all have their carboxyl groups fully sol-
vated on the protein surface. Vibrational frequency
shifts and intensity changes have been associated
before with changes in the degree of H-bonded
structure and attributed to the different enthalpies of

w xdifferent types of hydrogen bonds 34 . In view of
w xrecent IR work 35 showing that amide region spec-

tra can distinguish between two populations of amide
bonds undergoing proton–deuterium exchange at dif-
ferent rates—depending on whether the population is
solvent-exposed or not—we similarly attempted to
distinguish between different H-bonded carboxylate
populations. We determined the H-bonds patterns for
all three cytochromes using their respective X-ray

Žstructures cf. Tables 2–4: the intramolecular H-
bonds involving the IR-monitored residues, i.e., Asp,

.Glu and propionates, are boldfaced . H-bonding was
considered to occur when the distance between the
proton on the donor atom and the heavy atom accep-

˚tor was less than 2.5 A for H–N and H–O and less
˚than 3.0 A for N–O and when the angle between the

proton acceptor, the proton and the proton donor was
greater than 1208. The results show that the carbox-
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Table 4
H-bonding in yeast cytochrome c

˚Ž . Ž .Donor Acceptor Distance A Angle deg

y3:HN y5:OG1 2.25 129.33
y5:HG1 61:OE1 2.30 137.28
96:HG1 1:N 2.29 131.07
1:HN 96:OG1 2.12 152.34
2:HN 93:OD1 1.75 174.27
6:HN 2:O 1.89 150.70
5:HN 2:OG 1.98 165.11
7:HN 3:O 2.04 140.05
8:HN 4:O 2.45 153.15
9:HN 5:O 2.09 142.32
10:HN 6:O 1.91 159.90
11:HN 7:O 2.11 159.10
12:HN 8:O 2.00 168.30
13:HN 9:O 1.97 142.61
14:HN 10.O 1.83 153.54
15:HN 10:O 2.04 149.18
17:HN 14:O 2.05 158.59
18:HN 14:O 2.30 133.62
27:HZ1 15:O 1.91 164.17
29:HN 17:O 1.83 138.08
18:HE2 1H:NO 2.15 121.88
32:HN 19:O 1.93 172.35
31:HD21 19:OG1 1.78 173.12
19:HG1 25:O 2.15 122.90
20:HN 21:OE1 2.40 140.28
21:HN 21:OE1 1.94 139.34
24:HN 21:O 2.08 144.07
31:HD22 21:O 2.09 141.71
31:HN 26:ND1 1.81 168.20
26:HE2 44:O 1.74 167.65
27:HN 29:O 1.71 161.66
46:HH 28:O 1.49 168.88
33:HN 31:OD1 2.13 139.79
35:HN 32:O 2.22 138.87
38:HH11 33:O 2.30 131.15
38:HH21 33:O 2.16 133.88
34:HN 102:O 1.88 153.72
38:HN 35:O 2.20 157.15
37:HN 59:O 1.69 175.76
59:HN 38:O 2.02 173.28
40:HN 57:O 1.96 137.08
57:HN 40:OG 2.26 124.98
41:HN 1H:O2A 2.26 153.91
43:HN 48:OH 2.33 147.85
79:HZ1 47:O 1.78 133.41
49:HN 1H:O1D 1.96 158.19
53:HN 49:O 2.50 175.52
52:HN 49:OG1 2.14 159.38
49:HG1 1H:O2D 1.62 172.33
54:HN 50:O 2.46 145.79
55:HN 52:O 2.49 135.77
52:HD22 1H:O2A 2.34 165.75
55:HZ3 74:O 1.92 172.97

Ž .Table 4 continued

˚Ž . Ž .Donor Acceptor Distance A Angle deg

59:HE1 1H:O2A 2.14 152.25
64:HN 60:O 2.19 159.10
63:HN 60:OD1 1.72 158.02
63:HD21 60:OD2 2.40 174.01
67:HN 63:O 1.72 161.83
68:HN 64:O 1.93 171.03
69:HN 65:O 2.44 126.35
91:HE 65:OG 1.90 173.77
69:HN 66:O 2.37 135.29
70:HN 67:O 2.10 140.21
85:HN 68:O 1.79 158.23
86:HZ3 69:O 1.36 174.14
73:HN 70:O 2.36 128.37
74:HN 70:O 2.04 154.23
73:HN 70:OD1 2.50 136.53
75:HN 71:O 1.74 165.25
78:HN 75:O 2.00 150.10
80:HN 78:OG1 2.31 167.77
1H:H2D 79:N 2.22 152.63
79:HN 1H:O2D 2.19 157.95
82:HN 80:O 2.43 137.42
91:HH22 85:O 2.10 165.73
91:HN 87:O 2.11 175.57
92:HN 88:O 1.84 156.66
93:HN 89:O 2.01 171.28
94:HN 90:O 1.85 167.37
95:HN 91:O 1.81 173.50
96:HN 92:O 2.05 143.83
97:HN 93:O 2.22 158.96
98:HN 94:O 1.77 157.68
99:HN 95:O 1.66 167.89
100:HN 96:O 2.49 152.92
101:HN 97:O 1.81 157.76
102:HN 98:O 1.91 152.46

ylates in the bonito species are mostly only H-bonded
Ž .to solvent molecules on the surface cf. Table 2 :

Ž .only one carboxylate residue Asp 2 is intramolecu-
larly H-bonded. In contrast, the H-bonding pattern in
the horse cytochrome shows that four of its 13

Žcarboxylates Asp 2, Glu 21, Glu 61 and propi-
.onates can also H-bond to the nitrogens of neighbor-

Ž .ing residues boldface residues in Table 3 . The same
Žpattern is observed for the yeast cytochrome Table

.4 which shows possible H-bonding to neighboring
residues for Glu 21 and Asp 60. Such strong H-bonds
would be expected to lower the carboxylate fre-
quency with respect to that of weaker H-bonded
carboxylates, the difference in frequency then at-
tributable to the different H-bond strengths or to
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Ž . Ž . Ž .Fig. 3. Distribution of residues with charged R-groups at neutral pH in the cytochromes. Color scheme: Glu red . Asp green , Arg pink ,
Ž .Lys blue . Top: Yeast; middle: Bonito; bottom: Horse heart. The three cytochromes are oriented in the same plane with superimposed

backbones. RHSrLHS shows 1808-rotation about the y-axis.
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differences between proton acceptor and proton donor
torsion angles. We propose that different H-bonding
patterns cannot be invoked to account for the two
carboxylate populations observed in the bonito cy-
tochrome—since all carboxylates exhibit the same
type of H-bonding, i.e., to solvent—but that they
may play a role in the more complex horse and yeast
carboxylate distributions and account for some of the
additional populations inferred from the deconvolu-
tions, especially those seen at lower frequency.

We can immediately dismiss the second possibil-
ity proposed above, that is that the populations dis-
tribute according to species, i.e., that the Glu, Asp
and propionate n a bands absorb at different fre-oco

quencies. The deconvolutions do not support such an
interpretation, since the number of bands can not be
correlated to the number of GlurAsp residues pre-
sent in the respective cytochromes. In a recent n a

oco

pH-dependence study, we also address this question
and the pK titration curves are unambiguous: Glua

and Asp n a stretches can not be localized withinoco
a w xthe n spectral envelope 4 .oco

A more likely interpretation is that the popula-
tions of vibrational oscillators distribute as a function
of the charge environment to which they are ex-
posed. The effect of electric fields on vibrational
spectra is directly related to changes in the potential
energy surface resulting from the interaction of the
vibrational oscillator with the imposed electric field.
Such Stark shifts have been observed in spectra as

w xline shifts and changes in intensity 36 both in the
w xvisible 37 – 39 and in the IR regions

w x a Ž21,22,33,40,41 . Our deconvoluted n bands cf.oco

Fig. 1 show two different oscillators for the bonito
Ž y1 .cytochrome 1563 and 1564 cm , three for yeast

Ž y1 .1542, 1564 and 1591 cm and four for horse
Ž y1 .heart 1544, 1564, 1588 and 1611 cm . We pro-

pose that they represent carboxylate residues ex-
posed to different electric fields imposed by different
protein matrix environments.

Fig. 3 illustrates the distribution of residues with
charged R-groups at neutral pH in all three cy-
tochromes. In Table 5, we list the distances separat-
ing the cytochrome carboxylates from charged
residues belonging to the R-groups of positively and
negatively charged amino acids in two cytochromes
Ž .horse and bonito at neutral pH.

Fig. 4 helps to visualize their distribution in two

Table 5
Distance of carboxylates to nearest charged residues in bonito and
horse heart cytochromes c

a ˚Ž .y residue Distance A To charged residuesoco

Bonito cyt c
Ž .Asp 2 4.14 asp93 od2

Ž .8.71 lys5 nz
Ž .Glu 21 7.41 lys25 nz
Ž .10.95 lyz27 nz

Glu 44 )13 to all R-charges
Ž .Asp 50 9.73 lys53 nz

Glu 61 4.36 lys 99
Ž .Glu 66 10.50 lys73 nz
Ž .7.15 glu69 oc2
Ž .4.90 lys55 nz
Ž .Glu 69 7.15 glu66 oc2
Ž .7.38 lys73 nz
Ž .Glu 90 11.79 lys86 nz

Asp 93 3.02 lys5
Ž .9.16 lys88 nz
Ž .9.82 lys8 nz

HH cyt c
Ž .Asp 2 4.49 glu4 odl
Ž .4.27 lys5 nz
Ž .9.95 lys100 nz
Ž .6.15 asp93 odl
Ž .Glu 4 4.97 asp2 od2
Ž .7.57 lys100 nz

Ž .8.88 lys7 nz
Ž .Glu 21 8.89 lys25 nz
Ž .Asp 50 4.90 lys53 nz
Ž .Glu 61 2.75 lys99 nz
Ž .8.16 glu92 ocl
Ž .8.43 glu62 ocl
Ž .Glu 62 7.12 lys88 nz
Ž .8.43 glu61 ocl
Ž .Glu 66 6.88 glu62 ocl
Ž .7.41 lys55 nz
Ž .Glu 69 9.27 lys88 nz
Ž .4.14 srg91 nhl
Ž .9.75 lys73 nz
Ž .Glu 90 3.31 lys13 nz
Ž .5.57 lys86 nz
Ž .Glu 92 8.16 glu61 ocl
Ž .4.63 lys88 nz
Ž .Asp 93 5.38 lys5 nz
Ž .6.15 asp2 odl
Ž .7.65 glu90 oc2
Ž .Glu 104 7.13 lys100 nz
Ž .5.38 lys22 nz

od1,od2,oe2,oel: Carboxyl oxygen.
nz, nhl: R-group nitrogens.
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ŽFig. 4. Stereo view of the carboxylate-containing residues Glu,
.Asp shown in red and numbered according to sequence number

Ž .and of positively charged residues Lys, Arg at neutral pH in
blue. The heme is shown in green. RHS: Horse heart cytochrome
c. LHS: Bonito cytochrome c.

Ž .of the studied cytochromes, i.e., in horse heart RHS
Ž .and bonito LHS . Striking is the higher level of

charge interactions present in horse heart cytochrome
c: the majority of its carboxylates are within strong

Žinteraction distance from a charged R-group cf.
.Table 5 . This is not the case for the bonito cy-

tochrome: in this case, only two carboxylates—be-
longing to Glu 61 and Asp 93—are exposed to

˚Žnearby R-group charges 4.36 and 3.02 A, respec-
.tively . We do not wish to argue that these specific

carboxylates should be associated with one of the
two deconvoluted experimental n a populations butoco

simply wish to point out that we are able to identify
carboxylates that are subject to monopolic interac-
tion in the bonito species and that they would be
likely to shift spectrally as a result of this interaction.

This interpretation—assigning different n a pop-oco

ulations to carboxylates experiencing a different
charge environment—is supported both by theory
w x42–44 —describing the effects of uniform electric
fields on the infrared spectra of carbonyls—and by

w xexperiment, such as recent FTIR work 45 showing
that a Glu residue exposed to charge within a protein
will have an abnormally high pK as a result ofa

electrostatic repulsion when compared to the pK ofa

a carboxylate not exposed to charge interactions.
Caution must be exercised however, in that the field
exerted by a protein matrix is non-uniform in nature.
But this factor was fully addressed by Augspurger et

w xal. 46 who studied the effect of external perturbing
electrical potentials on the vibrational frequency of
the CO ligand in carbonmonoxy heme proteins, com-
paring uniform electric fields, gradient-type fields
and point charges arranged as dipoles. They con-
cluded that the electrical perturbation arising from
almost any molecular charge distribution has a uni-
form field component which is predominantly re-
sponsible for any vibrational frequency perturbation.

5. Conclusions

The deconvoluted IR carboxylate stretches and
the electrostatic calculations presented here provide
evidence for the existence of a correlation between
charge phenomena and observable vibrational marker
bands. This finding represents a promising approach
for the conformational investigation of protein re-
gions characterized by different charge environ-
ments. In our work, this correlation was more obvi-

Ž .ous for one cytochrome bonito and, although much
more complex in the case of the two other cy-

Žtochromes under consideration horse heart and
.yeast , a case could still be made for the occurrence
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of different carboxylate populations subjected to dif-
ferent electrostatic influence.
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