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ABSTRACT. The carboxylate groups of organic acids give strong absorption in the infrared bet@&&0

and 1650 cm®. For acetate and chloroacetate derivatives, the infrared (IR) frequency of the carboxylate
antisymmetric stretching mode() is related to the square root of th& pf the acid, with a shift of

~20 cnt? to higher frequency for ako drop in the range 53. It follows thatv).o may respond to
conditions on the protein surface. In this paper, the IR anmided carboxylate absorptions of cytochrome

c from horse, yeast, and tuna are compared with model compounds such as Val-Glu and microperoxidase-
11, the 11 amino acid fragment of horse cytochroeneontaining the covalently bound heme. For
microperoxidase-11, the contribution from all four carboxylates can be accounted for and the 1867 cm
absorption is assigned to the heme propionates. For the proteins, the carboxylate absorption band is
inhomogeneous, i.e., there is a distribution of frequencies. Both the afrade tarboxylate bands are
sensitive to protein conformation as shown by their different pH, salt, and redox dependence.

Proteins, by virtue of being small and irregular in shape, 1974). Finally, electrostatic effects have been proposed to
represent a class of matter that is highly structured, yet havingincrease rates by promoting the proper orientation of the
a large surface area. The exact nature of the charged surfaceedox partners (Koppenol & Margoliash, 1982; Matthew et
of proteins is of interest from several viewpoints: (1) surface al., 1983; Northrup et al., 1987, 1988, 1990) and maintaining
charges are critical for ensuring stability and proper folding the redox properties (Tiede et al., 1993).
of the protein, (2) protein electric fields, with a large As a probe of surface characteristics, we are using here
contribution from the charged residues, modulate the chem-the infrared (IR) absorbance of carboxyl groups. The
istry of the prosthetic groups, (3) the charge distribution vibrations of the carboxyl group give rise to particularly
ensures specific complexation with cofactors and/or other strong absorbencies in the mid-IR range (Lin-Vien et al.,
proteins, and finally (4) electric fields produced by charges 1991). The signal from the carboxylate antisymmetric stretch
on a protein surface can increase reaction rates by directingmode ¢3.) has been detected before in cyfTonge et al.,
substrate or cofactor to a particular binding cleft. 1989) and other proteins (Koeppe & Stroud, 1976; Davoodi

For cytochromec (cyt ¢),! a monomeric heme electron et al., 1995). Previously, we have shown that, in amino
transfer protein from mitochondria, the importance of the acids, the frequency of this stretctf., decreases with
protein surface has been considered from all these aspectsncreasing K of the acid (Wright & Vanderkooi, 1997). In
The heme is covalently bound, so protein stability can be qualitative terms, the more stabilized the carboxylate residue
examined over the entire pH range without heme loss. is, the higher thed., and the lower thelg for protonation.
Lowering the pH results in a protein folded to a lesser extent A relationship between i and frequency has also been
and with lower secondary structure stability (Goto et al., established for the carbonyl group of the conjugate acid
1990a,b). It would appear that there are at least four (Bellamy, 1980) and the OH vibration (Goulden, 1954; Dunn
conformational states of the ferric protein in the pH region & McDonald, 1969).
ranging between 0.5 and 7.0 (Myer, 1968; Myer & Saturno,  In this work, we examine the spectra of model compounds,
1991). Atthe same time, changes in the charge distribution including acetate derivatives, a small dipeptide (Val-Glu),
brought about by pH are also manifested in theaytdox and microperoxidase 11 (MP-11), the 11 amino acid peptic
chemistry (Moore et al., 1980; Leitch et al., 1984; Rogers et digest from horse cyt, which retains the covalently bound
al., 1985). Conversely, changes in the oxidation state of theheme. We then show that the IR absorption of the carboxy-
iron affect the surface properties of ayas indicated by the  |ate stretch depends upon characteristics of the protein
tighter binding of the ferric form to membranes and redox conformation and charge. For reference, the sequences of
partners (Vanderkooi et al., 1973; Vanderkooi & Erecinska, amino acids in the studied cytochromes, from horse, yeast,
and tuna, are given in Table 1.
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Table 1: Sequences of Horse (H), Yeast (Y), and Tuna (T)xtyt

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
H G DVEI KGEKIKTITFUYOQKI|CIAQICIHT ¥
YTEFKAGSAKKGATULTFI KTRI|CI|IL QICIHT V
T G DVAKGKIKTTFVQKI|ICIAQICIHT V
H E KGGKHIK KT G N HGLTF GR T
Y E K GG P HK G N L HGII G R H S
T E NG G HK VG N L WG L G R KT
H G QAPGFTYTDANIKNIKGITWK
Y G Q A G Y Y DANI KK KNVL WD
T G QA EGY Y TDANKS KGTI V WN
H EETLMETYULEN K KYTI PG K M
Y E N N S EYL TN J K Y I G K M
T EENNT L ME YL E N K KYI P GTI KM

N D
H I AGI KKKTEREDLTIAYTLKHK
Y A G GL KKEKDIRND I T YL KK
T I A GI KKKGETRUQD V AYL K S
H A T N E
Y A C E
T AT S

aUnderlined residues form MP-11. Boxed residues are involved in the covalent attachment of the heme. The origin ottabgirygd from
the commercial supplier can be either bonito or albacore variety or be a mixture. Where two amino acids are indicated, the first is for bonito.

and a liquid nitrogen-cooled MCT detector was used for all the lines of interest are wider than 2 cnthis procedure
FTIR measurements. The attenuated total internal reflectancehelps to reduce the water vapor contribution without degrad-
(ATR) technique was used for all measurements. A trap- ing the resolution of the sample spectrum.

ezoidal 6-reflection ZnSe crystal (transmission in the region  The temperature of the sample was ambient, i.e5220

of interest~35%) with a refractive index of 2.4 was mounted °C. The reference was the phosphate buffere@ br H,O

on a ATR accessory cell (Graseby-Specac, Fairfield, CT). solution. The Na salt of phosphate was used, and since a
MCT detectors are known to be responsible for quantitative pH range was studied, the stated buffer concentration
spectral errors because their response is often nonlinearjndicates the phosphate concentration. The protein samples
especially at the center burst. To minimize this problem, were incubated-3 h in the buffer at room temperature before
spectra were acquired with a narrow aperture{&5nm), measurement. Usually the pD titration was started at the
which led to a spectral resolution 610.5 cnT? in the region extreme pD (under which conditions the rate of exchange
of interest. The linearity of the response of the MCT was of the amide protons is fast). The pD was changed by adding
ensured by consistently checking regions of the spectrumaliquots of NaOD or DCI directly to the sample in the ATR
where no light should absorb. Spectra were an average ofcell, and the pD was measured in the cell using a model
either 64 or 128 interferograms recorded at a resolution of MI-414b microelectrode (Microelectrodes, Inc., Londonderry,
0.5 cnt’. The acquisition time for each spectrum wa2 NH). The observed pH value was changed to pD by adding
min. A four point apodization function (FWHM relative to  0.4. After the extreme pDs were examined, representative
resolution= 0.71) was used with the Opus acquisition spectra were taken at neutral pD to ascertain that the titration
software. The spectrometer was flushed with dry nitrogen profiles were reversible.

for ~1 h before starting the measurement. However, the RESULTS

contribution of water vapor to the sample and reference
changed somewhat over the several hours used to acquire Factors Influencing the OCO Vibrational Frequencies.
the data for the pH titrations. We have found that the water The IR spectra of acetate and chloroacetates are characterized
vapor contribution can be minimized by acquiring the spectra by strongvg o and vy absorptions, the former observed

at 0.5 cnm! resolution, then subtracting the water vapor between 1500 and 1700 cthand the latter occurring at
contribution from the region of interest and finally converting lower frequency, in the 13061400 cnt! range. Their

the spectra to a final resolution of 2 cfusing theOpus frequencies are given in Table 2. With increasing electron
FTIR data treatment software package (Bruker Inc.). Be- withdrawal capacity, achieved by addition of successive
cause water vapor lines are narrowQ(5 cnt?), whereas electronegative Cl substituents; ., is shown to increase
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Table 2: voco andvc—o for Acetate and Its Derivativés Voco

compound solvent 13 Voco Y=o  PK
acetate 2] 1562 1417 1709 4.75
methanol 1580
ethanol 1580 1711
chloroacetate BD 1601 1398 1721 2.85 amide I
methanol 1616
ethanol 1616 1732
dichloroacetate BD 1635 1381 1734 1.48
methanol 1648
ethanol 1646 1738
trichloroacetate BD 1665 1339 0.7
methanol 1677
ethanol 1678 1752

apKs in HO are taken from the Handbook of Chemistry and Physics
(Weast & Astle, 1982-1983).
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FiGure 2: Absorption spectra of Val-Glu. The sample was 100

1500 L ! ! ! i indi
0. o s 0 > s mM in 20 mM phosphate and D at pDs indicated.
\ pK
.p Table 3: Frequency (cm) for Compounds in BO at Neutral pD
Ficure 1. Frequency as a function oKp Open symbols are for N
3o Of the carboxylate compounds and closed symbols are for _ Yoco
ve=o Of the carboxylic acid. Squares are data for acetates,@® D compound amide | o y

and triangles are acetates in ethanol (Table 2). Circles are data from

. ; . : . - Glu 1616 1568
(Wright & Vanderkooi, 1997) for amino and dicarboxylic acids. val-Glu 1661 1594 1564
MP-11 1644 1592 1567

as vpco decreases, whilerc—o for the conjugate acid
increases (Table 2). Th&ps shown to drop with increasing ] ) ) ) )
electron withdrawal capacity, as expected from a relationship This correlation resuits in an increase-e6 cm/pK unit
between force constant and frequency. In simple cases, thedecrease in the same range.
frequency of a vibration can be described by Hooke’s Law:  The effective dielectric constant at the surface of a protein
is different from that of the protein interior (Simonson &

v = 1127/ (Klu) (1) Perahia, 1995). Since all carboxylates are surface groups,

we wanted to investigate the vibrational frequency in protic

where u is the reduced atomic mass akdis the force . : . .
constant. As seen in Figure 1, there is a linear dependencesowents with different dielectric constants. Thg, fre-

of the frequency with the square root of thi{ for these guencies seen in methanol and ethanol were identical (Table
compounds. The?.. frequencies for the acetate deriva 2), in spite of the different dielectric constants of the two
. OCO :

tives in DO are empirically related tokoby: solvents (respectively, 32.6 and 24.3). Plotsg{, versus
D: P y by pK vyield identical slopes whether the solvent wagOD

V2 oo=—76.2 /—pK 11730 ) _metharjol, or et.hanol _(Tablg 2 and Figure 1). Hence, there
is no simple, direct dielectric effect on the frequency.
For acids with s in the range 35, the value ofv3., IR Spectrum of Val-Glu and MP-1IMP-11 has a terminal

increases by about 20 cifunit decrease off. Figure 1 Glu, as do horse and tuna ay (Table 1). To sort out the
also shows the frequencies previously reported for amino relative contributions of its two carboxyl groups, the dipep-
acids and other carboxylic acids (Wright & Vanderkooi, tide Val-Glu was examined as a function of pD. The spectra
1997), and these also approximately follow this relationship. are shown in Figure 2 and the frequencies are listed in Table

The following relationship was found to hold feg—o (in 3. At neutral pD, two peaks observed at 1594 and 1564
inverse centimeters) of the conjugate acid, data also givencm! are assigned to the antisymmetric stretches of the two
in Table 2: COO groups present. The peak at 1564 &imas a higher

pK, and it is assigned to the COO while the lower peak is
Ve—o = —25.9VpK + 1760 3) attributed to then-COO.
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Ficure 4: Titration curves for MP-11. Conditions given in Figure
3. (O) Absorbance at 1591 crh, solid line a simulated titration
curve using a HendersetHasselbach equation withKp4.1; @)
1565 cm?; solid line is a simulated curve with aKpof 4.7 and
6.9, with respective amplitude ratio of 1:2.
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Ficure 3: Absorption spectra of MP-11 at various pDs. The sample
contained 3.5 mM MP-11 in 20 mM phosphate and 1% CTAB in
D,0. pDs are indicated on the figure. (Inset) Amidedgion for
MP-11 at pD 7.3 (solid line) or 4.44 (dotted). Spectra in inset were
normalized to give the same maximum absorption.

1500

Absorbance

The IR spectra of MP-11 at different pDs are shown in
Figure 3. The large asymmetric peak at 1642 &rs
assigned to the amidédtretch. The peak at 1450 cfnis
a convolution of several types of vibrations, including the
amide Il stretch, as well as contributions from the side 33
groups and possibly from residual HOD (Krimm & Bande- L L L L
kar, 1986). The two peaks at 1567 and 1592 trare 1800 1700 1600 1500 lﬁen:xr c::,m
attr_lb_uted to the antisymmetric stretch of the carbpxylates, GURE 5: Absorption spectra of yeast ferri-cgt (A) Cyt ¢ (5.3
their intensities are observed to decrease as the pH is lowere M), 20 mM NaPQ, and HO; (B) 8 mM cytc in 20 mM DyPO;.
At the same time, thEC=O Contribution, seen at1705 le pHS and pDS are indicated on the figure_
as a broad shoulder on the amideéak, increases. This is
clearly seen in the inset of Figure 3 where the amidmhd

| I

1400

1600 1500

adjacent to the positively charged amino terminal residue.
region is plotted for MP-11 at pD 7.3 and 4.4. The frequency of the amidé band which shifts to 1659

We therefore assign the peak observed at 1592'dm  c¢m~t may be affected by the electron-withdrawing nature
MP-11 to thea-carboxyl of glutamate. Absorbance versus of this charged residue. However, the story is likely to be
pD is plotted in Figure 4. Upon the basis of the relative 5re complex than this as a computational approach would
absorption, we can estimate that two carboxyl groups of GlU jygicate (Dwivedi & Krimm, 1984; Krimm & Bandekar,
have [Ks of 4.7 and 6.9, respectively. Th&p of the 1986).

propionic acids in BO are then~7. The relationship derived L .
above for chloroacetates (i.e., that the carboxyl with a higher PH Titration in 0 and DO for Yeast Cyt c.Since HO

frequency stretch has a loweKpalso is valid for MP-11
since the peak observed at 1592 ¢érhas the lower K.

and DO are quite similar and it is well established that the
native structure of proteins is retained ind there was no

The amide 1band also deserves comment. Its frequency Need to perform a control experiment comparing the IR

maximum is at 1644 crt in MP-11 at pD 7.3; this compares
with 1642 cnt? reported for N-methylacetamide in,©

spectra in HO and in BO. However, the pH titration of
yeast Fe(lll) cytcin H,O can help confirm the assignments

(Diem, 1993). While the undecapeptide may have basically for the protein in RO. As seen in Figure 5, the amide |

the same fold as these residues have inacy¥ilson &

band is somewhat broader and more structured than the

Ranson, 1977; Laberge et al., 1997), all its residues arecorresponding peak (i.e., amid§ In DO, but both are
nonetheless fully solvated with no secondary structural asymmetric, indicating that the band is an envelope of several

features. In the Val-Glu dipeptide, the amide group is

transitions. This is supported by the spectra of horseccyt
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. ; i id i ; FIGURE 7: Absorption spectra of horse ferri-aytThe protein was
:i:;]GeL;RCEy? é_?g?ir%&ntiﬁzcéﬁg fgeDrn?'gs.,o(lgj) I:_ngsaengyfg r(TnSﬁﬂc;tted 4 mM at pD 7 (dashed line) and pD 11 (solid line) in@and 1
at pD 7.8. The buffer was 20 mM R®uffer in D,O. mM Na PQ, buffer.

] o ] . cm* shoulder definitely vanishes with concomitant narrow-
which were fit with up to 7 gaussians (Heimburg & Marsh,  ing on the low-frequency side. The maximum is then found
1993). The 1400 cmt band of g, is clearly seen as a  at 1565 cm. This frequency is close to that of a carboxyl
peak in HO and as a shoulder inD. For both solvents, fully exposed to solvent, cfvd., of acetate in BO at
increasing the acidity causes—o to appear at-1720 cm™. neutral pD is observed at 1562 ch(Table 1). Since lysine
Another constant feature in the cyt spectra for both s ng Jonger charged, the narrowing of the spectrum can be
deuterated and aqueous solution (and not seen in MP-11) ispterpreted as indicative of loss of charge interactions. There
a band at 1515 crt observed as a full peak inD and as  pay also be a loss of structure at high pD, as suggested by
a shoulder in HO. This is assigned to a stretch from Tyr e change of the amidepeak position at 1652 crhat pD
(Chirgadze et al., 1975), and its pronounced intensity is due 7 1 1648 cm! at pD 11.5 (inset). The axial methionine
to that fact that yeast cyt has five Tyr residues (Table 1). pond to the iron is broken at high pH, thus lowering the

The major difference in the spectra recorded in deuteratedgtrctural integrity of the protein (Gupta & Koening, 1971;
and aqueous buffer is the change observed in the amide ll\jgrishima et al., 1977).
band; this band is largely composed of N-H or N-D  Figyre 7 also shows that the 1515 thpeak disappears
contributions (Bandekar, 1992). In,@ (Figure 5A), it at high pH and that a new peak appears at 1501 ciiihese
overlaps voeo and in RO, it partially overlapsvyco peak positions and their pD dependence confirm the assign-
(Figure 5B). But even in the aqueous sample, g, ment of the Tyr ring stretch (Goormaghtigh et al., 1994).
contribution is evident when we consider the increased ratio  Spectra of Horse Heart Cyt ¢ as a Function of pH, Redox,
of the 1640 cm* band to that of the 1560 crhat pHs where  and Salt Concentration.Spectra of horse cyt in two
the carboxyl group becomes deprotonated. oxidation states are shown as a function of pD in the region

Since in BO thevi contribution is quite distinct from  from 1500 to 1800 cmt in Figure 8. Protonation of the
the amide 11 stretch, deuterated buffer was used in the carboxyl groups takes place over an extended range, presum-
remaining experiments. As noted in the Materials and ably because of charg&harge interactions and pH-depend-
Methods, the reversibility of titration curves was used to ent changes occurring in the protein. The pD dependence
ascertain that most hydrogens contributing to the amide 1l of the spectra for the oxidized and reduced cyt show subtle
band had been exchanged before the experiment started. differences. There is a definite peak-at595 cnr? for the

IR Spectra of Tuna and Horse Cyt che IR spectra of  ferrous form, which is similar to MP-11, where different
ferric and ferrous cyt from tuna at pD 7.9 and horse at pD populations could be distinguished in the spectra.

7.8 are shown in Figures 6. The carboxyl band region is The pD-induced changes observed in the spectra also
broad for both cytochromes. This suggettat there is a depend upon the salt concentration. Figure 9 shows spectra
distribution of carboxyl enironments that produce different  of horse cytc at two salt concentrations, at 1 and 100 mM
pKs and frequenciesThe inset shows the Tyr ring stretch, phosphate. At high salt, half-protonation of the carboxylates
observed at 1515 cmh for Fe(lll) horse cytc and at 1514 is at about pD 5. At low salt, this value is approximately
cm! for Fe(ll) tuna cytc. At the specified pDs in the  pD 4 (Figure 9C).

presence of buffer, no difference between the ferric and Spectra of Tuna Cyt ¢ as a Function of pHihe IR spectra
ferrous protein was seen. As presented below, more extremeof cyt ¢ from tuna at various pDs are shown in Figure 10.
conditions were required to result in observable differences The amide 'l peak is observed at 1648 ctn The broad
between the oxidized and reduced proteins. absorption band seen from 1520 to 1600 énn the

If we assume that neighboring charged groups have ancarboxylate region and the sharp peak observed at 1515 cm
influence orvoco, then the frequency should change at high and assigned to Tyr are clearly discernible. The amide |
pH where the lysines are no longer charged. As seen inpeak observed at high pH is shifted to a maximum at 1645
Figure 7, the carboxyl peak narrows at pH 11, while the 1585 cm™2.
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Ficure 8: pD dependence of the absorption spectrum of 4 mM horse ¢ieft) Fe(lll) cytc; (Right) Fe(ll) cytc. The buffer was 20 mM
Na PQ. pDs are indicated on the figure, with the sequence corresponding to the absorbariésatcnT?.

We comment on features at lowest pD. A peak at about bonds separate the charges, it is unlikely that through-bond
1540 cnttis seen in the spectrum at the lowest pH (Figure interactions would have any effect. However, because the
10). This peak is also seen at low pH in the horsea@yt charged groups are on the surface of the protein, it can be
spectra (Figures 8 and 9A). We cannot make an assignmenexpected that neighboring positively charged groups would
at this point, but it is in the range of porphyrin pyrrole ring be electron withdrawing. For cytat high pH, where lysine
C—N stretches [1547 cm in nickel porphin and 1543 cm amino groups begin to deprotonaté ., mostly shifts to
(00) in Ni-OEP] (Ogoshi et al., 1972; Alben, 1978; Kitagawa |ower frequency (Figure 7), consistent with the view that
& Ozaki, 1987). Finally, there is a peak atl590 cnt. neighboring positively charged residues are affecting the
The guanidino moiety of Arg shows a stretching frequency COO™ frequencies. The spectra of the carboxylate region
in this range (Wright & Vanderkooi, 1997). The proteins in the proteins are not resolved enough to allow identification

each have two Arg (Table 1). of individual carboxyls. We believe that this broadening
occurs as a result of the presence of other neighboring
DISCUSSION charged groups which can lie very close to each other, thus,

Carboxylate Absorption.In this work, our aim was to  being within charge interaction distance and able to affect
relate the3 . stretch observed in cytto conditions of the ~ One another as well as the monitored carboxylates. Recent
protein surface. Vibrational frequency is related to bond theoretical work (Augspurger et al., 1991; Park et al., 1991;
strength, and both are sensitive to the local electric field. Kushkuley & Stavrov, 1996) has conclusively shown that
Electric field variations will thus have an influence on both the presence of a point charge significantly shifts vibrational
the frequency and the intensity of IR transitions (Liptay, CO frequencies in heme proteins.

1974). In the spectra of our model compounds (Table 2), At this point, it may be of interest to discuss how the water
substituents that are electron withdrawing increase the structure and dielectric properties around the carboxylate
positive charge on the carbon and produce a shiffgf, to group may affect the frequency. For the chloroacetates,
higher frequency. In the chloroacetates, this shift is related v, is observed at lower frequency in water than in
to pK (Figure 1). A shift to higher frequency is also observed methanol and in ethanol, but little difference is seen between
in the model compounds for carboxyl groups located near the two alcohol solvents (Table 2). For chlorophylo in

the amino groups. The value o4 in zwitterionic Gly is protic solvents was seen to be independent of solvent
1621 cn1?, as compared with 1562 crhfor acetate (Wright  dielectric constant, whereas in non-hydrogen-bonding sol-
& Vanderkooi, 1997). In Val-Glu, the. carboxyl vibration vents, a dependence upon the solvent dielectric was seen
is seen at 1594 cm. The charged group in Gly is located (Koyama et al., 1986; Krawczyk, 1989). Since the solvents
two bonds away from the carboxyl as compared to a distanceused in our study are hydrogen bonding, the lack of
of five bonds in Val-Glu. dependence upon dielectric may likewise be attributed to the

In the protein, the closest through-bond interactions formation of a hydrogen bond. We can point out that when
between positive and negative charges could occur, forcharge effects are “externally” applied (as opposed to a
instance, in Lys-Glu or Asp-Lys segments. But, if 10 or 11 through-bond interaction), as is the case when a charged
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Ficure 9: pD dependence of horse aytThe protein was 4 mM. pDs are indicated on the figure, with the sequence corresponding to the
absorbance intensity at1565 cntl. (A) PO, buffer (100 mM). For clarity, the spectrum at pD 9.3 is shown as a dotted line. (Bb&ftr

(1 mM). (C) pH dependence of the ratio of the absorbance of the asymmetric G@&ch (1566 cmt)/absorbance of amidé (1652

cm™),

R-group or a point charge is located near the species givingare preserved and the loop region is flexible and partly
rise to the IR absorption, then the dielectric properties of disordered (Jeng et al., 1990). Lowering the salt concentra-
the intervening solvent may play a role in the shift of the tion reduces the stability of the protein (Jeng & Englander,
frequency. 1991), and these stability variations may also affect the
For interactions occurring between charged residues onstrength of the amide band as the pD is decreased.
the surface of the protein, we would expect high saltto screen In addition to charge effects, any direct bonding to
the charges and affect the magnitude of the electric field carboxyl groups will affect the frequency. As noted above,
imposed by the neighboring atoms. This supposition was metal ligation shifts the frequency, and we would expect that
tested by comparing the pD profiles for the protein acquired salt linkages would also result in shifted frequencies. The
at high and low salt concentrations. The protein carboxyl X-ray structure of yeast cyt (Louie & Brayer, 1990)
groups more readily accept a proton at high salt concentrationidentifies at least one salt linkage, involving two residues
than at low salt (Figure 9C). If neighboring positive charges (His 26 and Glu 44), 2.76 A apart from each other.
are present, then these charges will be screened at high saModification of salt linkages may be responsible for some
concentration and the protonatioK ghould be very close  of the pH-dependent changes observed in the band intensities
to that of a free carboxylic acid (for example, 4.75 for and positions of all the spectra.
acetate), as experimentally observed. High salt may also Redox Properties, Salt Effects, and Protein Stability.
affect the spectrum by stabilizing the structure, as is well- Changing the oxidation state of the heme iron changes the
known. At acid pH and high ionic strength, tleehelices charge within the protein, and a question was whether this
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0.20 one. Upon the basis of the data presented in Figure 1, a
COOH group with a g of 9 would have itsvc—c at 1685
cm™%, with absorption probably hidden to some extent in
the amide | band. The spectra for yeastcit H,O (Figure
5), for horse cytc (Figure 7) and for tuna cyt in D,O
(Figure 10) show this region in the alkaline range. They all
show no indication of anyc—o contribution whatsoever
(which, if overlapped by the amide | antiBands, would
manifest itself as spectral shifts as pD is changed). We
therefore conclude that the propionic acids of the heme are
ionized in all three cyts with a (K, of <6.5. This compares
well with the K of the heme in MP-11~+6) (Figure 3) and
is consistent with a calculated value of 5.7 for a model
porphyrin with fully ionized propionic acids (Falk, 1975).
In summary, the major conclusion of this paper is that
the carboxylate antisymmetric vibrations in aytshow a
variety of vibrational frequencies which can be clearly
observed in the IR spectrum of cgt The shifts ofv3.,
with pK for model compounds, the broadness of the band in
the protein, and its pD dependence suggest that carboxyls
on the surface of cyt experience a variety of environments,
which can arise from the presence of different local electric
fields and as a result of hydrogen bonding.
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Ficure 10: pD dependence of 4 mM tuna ayin 20 mM NaPQ
and DO. The pDs are indicated on the figure, with the sequence REFERENCES
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