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Connection between the Taxonomic Substates and Protonation of
Histidines 64 and 97 in Carbonmonoxy Myoglobin
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ABSTRACT Infrared spectra of heme-bound CO in sperm whale carbonmonoxy myoglobin and two mutants (H64L and
H97F) were studied in the pH range from 4.2 to 9.5. Comparison of the native protein with the mutants shows that the
observed pH effects can be traced to protonations of two histidine residues, H64 and H97, near the active site. Their imidazole
sidechains experience simple, uncoupled Henderson—-Hasselbalch type protonations, giving rise to four different protonation
states. Because two of the protonation states are linked by a pH-independent equilibrium, the overall pH dependence of the
spectra is described by a linear combination of three independent components. Global analysis, based on singular value
decomposition and matrix least-squares algorithms enabled us to extract the pK values of the two histidines and the three
basis spectra of the protonating species. The basis spectra were decomposed into the taxonomic substates Ay, A4, and A,
previously introduced in a heuristic way to analyze CO stretch spectra in heme proteins at fixed pH (see for instance, Johnson
et al.,, 1996, Biophys. J. 71:1563-1573). Moreover, an additional, weakly populated substate, called A,, was identified.
Protonation of H97 gives rise to a blue shift of the individual infrared lines by about 2 cm™", so that the A substates actually
appear in pairs, such as A, and Ag . The blue shift can be explained by reduced backbonding from the heme iron to the CO.
Protonation of the distal histidine, H64, leads to a change of the infrared absorption from the A, or A, substate lines to A,.
This behavior can be explained by a conformational change upon protonation that moves the imidazole sidechain of H64
away from the CO into the high-dielectric solvent environment, which avoids the energetically unfavorable situation of an
uncompensated electric charge in the apolar, low-dielectric protein interior. Our results suggest that protonation reactions
serve as an important mechanism to create taxonomic substates in proteins.

INTRODUCTION

For many proteins, transfer of protons to or from amino acidcific properties may shed light on structure—function rela-
sidechains at the active site is key to their function. The fregions in proteins in general.

energy change associated with protonation of an amino acid The A substates have been studied extensively with a
sidechain can be significant in comparison with the overallwide variety of experimental techniques, such as IR spec-
stabilization energy of the folded protein, and therefore troscopy (Braunstein et al., 1993; Li et al., 1994), nuclear
conformational changes of the protein are frequently initi-magnetic resonance (Park et al., 1991), resonance Raman
ated by protonation of specific residues. Here we study th@cattering (Ray et al., 1994), and x-ray crystallography
influence of protonations near the active site on the structurgyang and Phillips, 1996). It was shown that the equilibrium
and function of sperm whale carbonmonoxy myoglobinpopyiations of thek substates depend on external conditions
(sSwMbCO). The infrared (IR) spectrum of MbCO shows g,ch as temperature, pH, solvent composition, and pressure
multiple CO stretch bands, denotég, fll' andAg, with  (zchsman and Appleby, 1979; Shimada and Caughey,
vibrational frequencies(Ao) ~ 1967 cm =, »(A)) ~ 1945  19g5. Ansari et al., 1987; Hong et al., 1990; Iben et al.,

71 — 71 . .
cm 7, anc_i Y(Ag) ~ 1933 cm_ » which have been_as&gned 1989; Morikis et al., 1989; Frauenfelder et al., 1990; Zhu et
to three different conformations, called taxonomic substateglI 1992: Mourant et al., 1993; Johnson et al., 1996). The

(Frauenfelder et al., 1991; Nienhaus and Young, 1996). . . .

o . - ““dynamics of interconversion between them has also been
These bands offer a sensitive tool for studying protonations .
. - measured over a wide range of temperatures=A80 K,
in myoglobin because of the large spectral changes of the

CO absorption with pH. Understanding of how the struc-conformational transitions between thesubstates require

tural differences among th& substates influence their spe- hours_ or days to oceur, whereas at room temperature, these
transitions occur in nanoseconds or microseconds (Young et

al. 1991; Johnson et al., 1996; Tian et al., 1996).
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was shown to govern a variety of properties of the activenanipulations were essentially as described by Sambrook et al. (1989),
site. Direct evidence of a conformational change accompalsing reagents from New England Biolabs (Beverly, MA) or Gibco-
nying protonation of H64 was provided by pH_dependentBethesda Research Labs (Grand Island, NY). Radiochemicals were pur-

o chased from Amersham (Arlington Heights, IL). All other reagents were
crystal structure analyses (Yang and Phillips, 1996). purchased from Sigma (S(t. Lo‘f’,is MO)? ) ?

The pH dependence of the ligand binding kinetics of The mutant proteins were purified as described by Springer and Sligar
MbCO was first noticed by Doster et al. (1982). Ansari et al.(1987), except for the following modifications. The cell lysate was adjusted
(1987) explained this effect by the different ligand binding © pH 5.9 with NaHPQ,. The solution was stirred for 30 min at 4°C, and

roperties of the individuah substates in coniunction with precipitates were removed by centrifugation at 30,000 rpm for 30 min. The
prop . rotein solution was diluted four-fold with water and then loaded on a

pH-induced changes in their relative populations. Champio M-52 cellulose cation exchange column (Whatman, Hillsboro, OH)
and coworkers (Morikis et al., 1989; Tian et al., 1993, 1996)equilibrated with 10 mM NsPO,, pH 6.0, and eluted with a linear pH
proposed a model to explain the pH dependence offthe gradient: 10 mM NgPQ,, pH 6.0, to 30 mM NgHPO,. This procedure
substate populations, which involves an unprotonated ofesulted in a homogeneous solution of Mb as monitored by sodium dodecyl
protonated H64 imidazole sidechain in either of two differ- sulfate polyacrylamide gel electrophoresis. Finally, the protein solutions
. . were dialyzed against distilled water and lyophilized for subsequent use in
ent protein conformations, termed open and closed, so th@{e spectroscopic experiments.
the model contains altogether four states. An appealing
feature of their model is the explicit consideration of con-
formational changes upon protonation. However, the asSample preparation
sumption implicit in the Champion model that prOtonation For measurements of the pH dependence of infrared spectra at room
of the H64 sidechain onIy affects the _pOPUIatlon ratio be'temperature (292 2 K), lyophilized metmyoglobin powder was dissolved
tween the open and closed conformation, but not the spegs water to yield a stock solution of 1 to 20 mM concentration. A fraction
troscopic and functional properties of the two conforma-of the stock was stirred under a CO atmosphere and afterwards reduced
tions, appears unrealistic in view of the experimentalwith sodium dithionite solution under anaerobic conditions to give MbCO.
evidence that structural changes in the vicinity of the boundmmzdia_tti'y tf’efori e?Chtme"’_‘S“rer;em'hatszf let?i””flo'gtli_"’? W;L e
. ; mixed with a fewpL of potassium phosphate (or glycine/NaOH for

Co I|gand markedly affect It_s bond order a_‘nd thus the8) buffer to yield the desired concentration of protein ard8Q0 mM)
stretch frequencies (Braunstein et al., 1993; Li et al., 1994)y e, Approximately half of the sample was loaded into a micro flow cell

To clarify the interplay between conformational changeswith a path length of 10um (model 155, Wilmad, Buena, NJ), and IR
and protonation, we have revisited the pH dependence of themectra were acquired. Measurements were carried out at approximately 30
infrared spectra of native swMbCO. We have also used twdifferent pH values for each of the three proteins studied.

. . Immediately after taking the spectrum, the pH of the remaining half
mutant myOQIObmS’ HO97F and H64L, which enabled us toof the sample was determined using a calibrated combination electrode

unambiguously assign the pH-dependent spectral changes fQodel mi-413, Microelectrodes Inc., Londonderry, NH). Measurement of
the protonation of two histidines, H97 and H64. A global the pH in the concentrated protein solutions was complicated by adhesion
data analysis method was used to fit the IR spectra withoutf protein on the electrode surfaces, leading to continuous changes of its
assuming a functional shape of the IR bands associated Wim)tential. To minimize these errors, the electrode was cleaned frequently,
. . . checked with standard pH solutions and recalibrated when necessary. We
the different protonauon_states anq W|Fhout the need .t%stimate an error of-0.1 units in the pH determination,
reach the low-pH endpoint of the titration. The analysis o, experiments at cryogenic temperatures, MbCO was dissolved in
yields the basis spectra of the different conformational7s% glycerol/25% potassium phosphate (or glycine/NaOH for>pt8)
substates, characterized by the protonation states of H64 akhdffer solution (v/v). The protein solution was placed between two sap-
H97 and conformational differences induced by protonaphire windows separated by a 8n thick mylar washer, which were

. crewed tightly onto a block of oxygen-free high-conductivity copper and
tion. Between pH 4.2 and 9.5, the pH dependence ofthe C ounted on the cold-finger of a closed-cycle helium refrigerator for IR

stretch bands can be _mOdeled with the conceptually simplegg;a acquisition. The temperature was measured with a silicon temperature
model, two energetically uncoupled Henderson—Hasselsensing diode and regulated with a digital temperature controller (Lake

balch-type protonation reactions. Shore Cryotronics, model DRC93C, Westerville, OH).
MATERIALS AND METHODS Spectroscopic methods
Biochemical procedures Transmittance spectra were collected on a Sirius 100 FTIR spectrometer

(Mattson, Madison, WI) between 1800 and 2300 ¢rwith a resolution of

Native sperm whale myoglobin was purchased from Sigma Chemical cm * using a photovoltaic InSb detector. Transmittance spectra of
Company (St. Louis, MO) as lyophilized powder and used without furtherMbCO were referenced against met Mb samples to obtain absorbance
purification. Mutations at positions 64 and 97 were generated using sitedifference spectra. Although great care was taken to prepare the reference
directed mutagenesis procedures described by Springer et al. (1989). Olnet Mb samples under conditions identical to those of the MbCO samples,
gonucleotides were synthesized by the University of lllinois Biotechnologyslight differences in sample composition and optical geometry made it still
Center and purified by reverse-phase high performance liquid chromatogaecessary to apply quadratic or cubic baseline corrections to the difference
raphy (Springer and Sligar, 1987). Mutant sequences were confirmed usingpectra. Typically, baselines of low-pH spectra needed most correction.
the Sequenase double-stranded DNA sequencing reagents and protocol To assess the rebinding barriers in the low-temperature experiments,
from United States Biochemicals (Cleveland, OH). Mutant sperm whaletemperature derivative spectroscopy (TDS) was used. TDS is an experi-
myoglobins were expressedHhischerischia colusing the synthetic gene of mental protocol designed to measure thermally activated rate processes
Springer and Sligar (1987). For the mutant at position 97, the amino acidvith distributed barriers. The method has been described earlier in detail
at position 122 was corrected to aspartic acid (Phillips et al., 1990). DNA(Berendzen and Braunstein, 1990; Mourant et al., 1993; Nienhaus et al.,
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1994), and therefore, we give only a brief summary here. The TDSFor any fixed model matrix=(p), ¢ is minimized by choosingS =
measurement was started after completely photodissociating the MbCO(F(p))*, where E")" is the pseudo-inverse of the matfiX (Strang,
sample with light from an argon ion laser at a temperature of 12 K, wherel980). The optimal parameter spt can then be determined using a
rebinding is extremely slow on the experimental time scale. Subsequentlyponlinear least-squares fit program, and the quality of the model can be
while ramping the sample temperatufig linearly up in time, FTIR  judged by the residual error,
transmittance spectra were taken continuously. FTIR absorbance difference R
spectraAd (v, Tg), were calculated from transmittance spectra at succes- ¢ =D — D(F'(p))"FT(p)||. (6)
sive temperatures,
This method had been termed the matrix least-squares (MLS) method by
AA(v, Tg) = log $(v, T — ¥2K) — log $(v, Tg + ¥2K). Hendler and Shrager (1994). MLS decouples the linear least-squares prob-
(1 lem, which can be solved exactly, from the complex and computer-
intensive nonlinear problem.
The change in spectral arekg(v, Tg), is proportional to the population,
AN, that rebinds between successive scans at tempergturehe TDS
signal, Asd(v, Tg), approximates the distribution of enthalpy barriers for Singular value decomposition-based MLS
rebinding, g(H). Given a first-order reaction and the Arrhenius relation o ) )
with constant preexponential factor, the temperaigean be converted The MLS method alone is §t|l| quite computer |n_tenS|v_e; each update of_the
into an activation enthalpi. The relation betweefi, andH is linear to parameter sqi by the nonlinear least-squares fit requires the computation

a good approximation, so the temperature axis can be treated as an enthaﬁbpa” adjusted matri as part of the MLS algorithm, which involves all
axis. elements of the experimental data mafixXin our case approximately 100

spectral data points 30 pH values). A substantial reduction in the number
of computations can be achieved by combining MLS with singular value
decomposition (SVD), an algorithm that separates the noise from the
information in the data (Shrager, 1986). The linearly independent signal
In our m0de|Y the IR spectrum at any given pH is a superposition of |RCOmp0nentS above the eXperimentaI noise level contain all the information
spectra associated with four different protein states connected by proton&resent in the experimental data matiix The number of these indepen-
tion reactions, together with random noise. We arrange the data in a matrigent linear components defines the effective rank of the data niatithe
D, of m different wavenumbers anal different pH Values} which can be SVD algorithm is well suited to determine the effective rank from the data
decomposed as (Henry and Hofrichter, 1992; Press et al., 1992).

SVD decomposes then(xX n) matrix D (m = n) into

Data analysis

D = SF(p) + E, ) .
D = USV". @)
where the rows of matri$ contain the absorbance spectra of the individual .
protein states that are accessible by varying the pH; they will be referred tdhe columns of then X n) matrix U form an orthonormal set of basis
as basis spectra or physical speciFadenotes the transpose of matFix vectors, therf X n)-matrix V is orthonormal an& is an f X n) diagonal
the rows of which contain the pH-dependent amplitudes of the physicamatrix with non-negative elemeng(k € {1, ..., n}). The diagonal
spectra, which depend on a set of fit parameggrand the error matri elements5, are the singular values of the matiix and are arranged in
contains the random errors. According to Beer's law, the coefficients ordescending orde§( =8, = - - - = §, = 0). The firstr singular values of
amplitudes of the basis spectra in maffixare proportional to the concen- S together with the first columns of the matrice§ andV, which will be
tration of the individual protein states. referred to a§,, U,, andV,, constitute the best approximation of the matrix
To decompose the data matiixaccording to Eq. 2, a thermodynamic D of all matrices with rank. In other words, the matri, = U,S V[ has
model is needed that connects the pH with the population of protein stateghe smallest norm dfd — D,|| among all matrices of rank In the case of
In general, such a model depends on a set of control paranpesersh as ~ the Frobenius norm, it is given by (Golub and Loan, 1983),
pK values of protonatable groups and other parameters that specify an

P . _ }: ~
equilibrium state of the sample. The model completely determines the ID—DJ = \/§+1 + .-+ & (8)
population matrix=(p) as a function of the parameter get~or the case of
a Sing]e.site protonation reaction, The deviation of the matri)Dr from the experimental data matri®

decreases continuously with increasinghe error is determined by the
remaining singular values according to Eq. 8. The first singular values
decrease rapidly until the noise level is reached. Afterwards only a weak
decrease of the singular values is observed because the noise is purely
statistical; and thus, each noise component is independent and of almost
the normalized population of the protonated statel, is given by the  equal weight (Wigner 1967; Trotter, 1984). The number of singular values
Henderson-Hasselbalch equation, above the noise level determines the effective rank of the mBtrix
Consequently, the experimental data mabiwith effective rankr is

pK
AH=A" + H", ©)

f(pH) _ [AH] _ 1 (4) well approximated by the firat columns of the SVD matrices,
[A]+[AH] 1+ 10°HPK> o
D=0%"=03V/. (9)
which depends on only one parameter, the pK of the conjugate acid-base
pair (AH/A™). The best parameter gebf the model is then determined by minimizing the
corresponding error function
Matrix least-squares fit ¢ =[S(V] = VI(FT()) " FT(p))|. (10)

The decomposition of the matr (Eq. 2) allows the determination of the Weighing of the matrixV, with the singular values 0§, minimizes the
physical basis spectr& associated with the model matri The best differences between MLS and SVD-based MLS (Shrager, 1986).
parameter sgp is determined by minimizing the error function, Combining the MLS algorithm with SVD leads to an enormous reduc-
tion in the number of elements that need to be adjusted in the fit. In our
¢ =|E|| =D — SF(p)|. (5)  case, instead of computing about 3,000 elements for each change of the
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parameter sqt, SVD-based MLS only updates 30r elements, i.e., 90 in In the pH range covered by our study, the pH-dependent

the case of two protonating residues, to determine the error fungtion changes are caused by protonation of two histidine residues
close to the active site (see below); H64, which is in the

RESULT distal pocket and H97, which is stacked against the heme on
SULTS the proximal side. To investigate the involvement of these

pH dependence of the CO stretch spectra two amino acids, we explored the pH dependence of the CO

e I spects o eme-ound CO 1 SsiCO are s 1 D970 F o s, o s BT s o
in Fig. 1ain the range from pH 4.2 to 9.5. Above pH 7, the b y P

spectra are dominated by ti#g and A, substates at 1945 tonating gmino acid. The heme group is covalently bound to
and 1933 crt. As the sample pH decreases, theandA, the protein thr_ough H93, which is known not to protonate
lines first shift by ~2 cm* to the blue; subsequently, a P0ve pH 2.6in MbCO (Han etal., 1990; Sage et al., 1991).
band at 1966 cmt, A,, grows at the expense of the other Replacement of H97 with a phenylalanine res_,ldut_a in the
two. Below pH 4.2, this band broadens substantially, indi-H97F mutant results in the IR spectra shown in Fid. 1

cating the presence of acid denaturation of the proteirf hey are similar to those of the native protein, including the
sample. Because denaturation is cooperative, it has a shaggchange fromA; andA; to A, as the pH is lowered. The

onset in pH and so does not influence data above pH 4.&hifts of theA; and A; bands are absent, however, and a
Here we limit ourselves to the pH range in which the nativecrisp isosbestic point exists, indicating that only a single
protein is observed and treat the denaturation transitioprotonation reaction influences the IR spectrum. Closer
separately (Mler et al., in preparation). inspection also shows that th%, band in this mutant is
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FIGURE 1 Left column:CO stretch infrared spectra in the pH range from 4.2 to 9.:psWMbCO, ) proximal mutant H97F, anct) distal mutant
H64L, baseline corrected and normalized to an integrated area of 1 OF) Right column:Basis spectra of the different protonation states as determined
by least squares fits of the spectra to a model described in the dgsivMbCO, with neutral forngy, ( ), mixed protonation staty,; (—- —), and
doubly protonated protei®, , (- ——); €) H97F, with neutral H64S9”F (——) and protonated H6&Y"" (— — -); f) H64L, with neutral HO7S4- (—),

and protonated HOB P (—. —.).
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red-shifted by about 2 cit compared to the native protein,
as expected from the unshifted form of this band. SOO

Replacement of H64 by the aliphatic amino acid leucine
in the H64L mutant causes a single band to appear in the
wavenumber region o\, at all pH values (Fig. T). This pPKes pPK g7
effect is also observed for other substitutions of H64
(Braunstein et al., 1993; Li et al., 1994). The band shifts to
the blue upon lowering the pH, and an isosbestic point is S K S
again observed, implying that a single protonation reaction 10 01
is responsible for the pH dependence of the IR band. The
band is significantly narrower than tig band of the native
protein.

Several conclusions can be drawn directly from the spec-
tra. First, the 2-cm? blue shift of the individual bands is
absent in H97F but occurs in the mutant H64L and the (a)
native protein, both containing the residue H97. Thus, pro-
tonation of H97 results in a blue shift of the IR spectra by
~2 cm 1. Second, the splitting of the CO stretch spectrum [ ~
into multiple bands is absent in H64L, and thus H64 is I S,
responsible for the conversion of thg/A; bands to the 08~
blue-shiftedA, band upon protonation. Third, comparison i
of the mutants with the native protein shows that the pro- - 7SoN
tonation effects are largely additive. 061

Population

Quantitative model

» :
In this section, we will present a quantitative model that o2 (b) :
explains the entire set of pH-dependent spectra simulta- i !
neously without assuming a spectral form of each species.
From our qualitative discussion in the previous subsection,
it is evident that the model has to include four different
states arising from the four combinations of two protonation _ _

. .FIGURE 2 @) Schematic representation of the model based on the
s_tates’ prptonated and unprotonated, regardmg the tWO h,'ﬁfdependent titration of two histidine residues, H64 and H97, in swMbCO.
tidine residues, H64 and H97. The three (or four) heuristi-the protein states associated with each protonation state are denoted by
cally introducedA substate bands (Ansari et al., 1987) areS,, Su. Sio andSy;. The indices or§; are defined such tha 0 and a 1
not suitable for this analysis. Instead, we denote the protoepresent an unprotonated and a protonated residue, respectively, and the
nation state spectra b&)o, S Sio and S, where the first index refers to H64, gnd the second one to H97. Adjacent protein
L . states are connected by simple Henderson—Hasselbalch type protonation
indices are defined so that 0 rgpreser)ts an u_nprqtonated ane(ictions characterized by the pKs of either H97 or H64. The mixed
1 represents a protonated residue, with the first index refeigrotonation states,, and S, are in a pH-independent equilibrium and
ring to H64 and the second one to HI97. These states awpear in the titration as a single species, which we deno&,as (b)
represented by entire CO stretch spectra of the particu|;j_?opu_lationsfIJ associated with each of the protonation st@gshown as
protonation species§;; the observed spectrum is repre- functions of pH for pk, = 4.53 and pk, = 5.91, as recovered by a

least-squares fit to the data. The singly protonated spégiendf,, are

sented by a superposition of the four spectra with theadded to yield the populatidiy,; of the mixed specie§y,; (dashed ling

appropriate weight factors. We relate tBg to the well-  The vertical dashed lines at pH 4.2 and 9.5 show the experimental pH
known A substates below. window over which data were collected and globally fitted according to the
The model is shown schematically in Figa2We assume model in @). Below pH 4.2, acid-induced denaturation of the protein
that the protonation reactions of the two histidine sidechain§Ccurs with a sharp onsetin pH; thus only the populations above pH 4.2 are
. hysically meaningful.
are of simple Henderson—-Hasselbalch type. Furthermoré,
although the two protonations simultaneously affect the IR
spectra, it is assumed that the pK of H64 does not depend on
the protonation state of H97 and vice versa, as indicated,,, of the four protonation state,,, S;, Sio, andS;; are
by the identical labels on opposing sides of the square ithen given by
Fig. 2a.
The degree of protonation of a sidechdiipH), is given foo= (1 — fe))(1 — fg7), (11)
by Eqg. 4 and will be denoted witfy, andfgy; for H64 and
H97, respectively. The relative populatiofg, fyq, 10 and fi0 = fea(1 — fg7), (12)

F e e e e e e e — -
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for = (1 — fo0)for, (13) Global analysis of the IR spectra

f1y = fosfor. (14) The SVD-based MLS algorithm described under Materials
and Methods, was used to globally fit an entire set of
The scheme of Fig. a leads to population ratios for each PH-dependent spectra according to the model in the previ-
protonation state shown in Fig.2assuming a p, = 4.53  0OUS subsection. The first twelve singular values of the
and pKy, = 5.91. swMbCO spectras, are shown in Fig. 3. Only the first
Only three of the four states in our model are |mear|ythree singular values are larger than 0.01. Moreover, for the
independent because a pH-independent equilibrium exisf§st three singular values, a strong decrease is observed,

betweenf,, andf,, whereas from the fourth one on, the decrease is much
weaker, suggesting that only the first three components
< represent real features in the data, and the higher ones

fOlﬁflou (15)

contain only noise. Consequently, we conclude that the

effective rank of the data matrix equals three, consistent

with the three linearly independent basis spe&j@ Soq),

and S;; from two protonations, as required by our model.

fo Kor- pKen Fig. 3b show_s the firs_t fou_r basis vectors of _matrifx

fro 10 : (16)  scaled by their respective singular values. Again, only the
first three spectra of matrii contribute to the signal of the

Intuitively, this behavior is expected because no protons aréR absorption bands. N

exchanged with the solvent in this reaction. Titration exper- The first four amplitude vectors of matri are plotted in

iments cannot distinguish between the two singly protonFig. 4. The first three vectors (panels ¢ show a system-

ated state§,; andS,,, so we denote the combined spectrumatic dependence on pH, whereas the fourth (paheind

with the equilibrium coefficienK given by

as §py; Which is a linear combination d&,; and S, higher components no longer show a correlation with pH.
Consistent with the singular value analysis, this observation
Sog = (L = fw)Swo + fuSou, (17)  also supports the presence of three linearly independent

. . . " ) components. Indeed, the determination of the effective rank
with a pH-independent mixing coefficiefi, given by

1
(18)

i = 1 4 10pkorpkea- of

The fractional population of the mixed species is simply the

sum of the two singly protonated populations, - ! 3
o E

fon = for + fio. (19) < 2

The pH dependence dfy,; is also included in Fig. B. —3?

Thus, the overall spectrum at a particular pH is obtained as
a superposition of the three basis spectra,

S=feoSo + f[01]$01] + 1,51 (20) 0.10
The model for the mutants has only to consider a single ~ 0.00F
protonation reaction, with 010 3 3
R
~0.20F Y 3
B4 H =g (21) - -
~0.30F () L 3
for H64L, and -0.40k . : - s E
1900 1920 1940 1960 1980 2000
pKHOTF Wavenumber (cm™)
)?7F + H+ N >?7F (22)

FIGURE 3 @) The first 12 singular value§ of the swMbCO data,
shown on a semilogarithmic plot. Only the first three singular values are

for H97E. Here. the indices referring to the protonationabove 0.01 and decrease strongly, which suggests an effective rank of three
’ ’ for the data matrix.t) The first four basis spectra of the SVD matfik

State$ of the mutants are a”a'ogous to that of the natlv?(:aled by their respective singular values. Line style order: — —,
protein, excgpt that ar has been introduced to denote the ___ .. ... (starting with the first basis spectrum). Only the first three
mutated residue. basis spectra contribute appreciably to the swMbCO spectra.
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FIGURE 4 Symbols represent the £ o014l ] 0zf
first four amplitude vectors of the :
SVD matrix V determined from the _0.16F < 1 00
swMbCO spectra. Only the first three
amplitude vectorsa)—(c) show a sys- -0.18 : : : : : -0.2
tematic dependence on pH, whereas 0.4 r T T T T 0.4 T T r T T
the fourth componentj is no longer
correlated with pH, consistent with an X
effective rank of three of the data ma- I X % (d) b
trix. Amplitude vectors calculated o X oxggk xX
with the fitted parameters pf = E x o X xX x
4,53 and pl§, = 5.91 are plotted as 5 r X X X
solid lines. E X x X
x X %
- x .
X
-0.6 . . . . . —0.al
4 5 6 7 8 9 10 4 5 6 7 8 9 10
pH pH

of the data matrix should not be based entirely on the The physical basis spectra of the mutants H97F and H64L
behavior of the singular values, but also take into accounare shown in Fig. 1e andf, respectively. The basis spectra
the presence of correlations in the matix(Shrager and  of H97F resembl&,, andS,, of the native protein, whereas
Hendler, 1982). H64L exhibits narrow, symmetric bands. The pK values
The MLS algorithm is needed to transform the orthogonalobtained for all three proteins are compiled in Table 1.
spectra in Fig. ® to physical spectra of the different pro-
tonation states;. The least-squares fit of our thermody-
namic model to the data yields gkK= 4.53 and pk; =
5.91. With these parameters, the best approximation to thelere we take a closer look at the effect of protonation on the
V, matrix by the model was calculated &(@)F(p) ")V,;  shape and position of the individual basis spectra. The
the three amplitude vectors of this matrix are plotted in Fig.influence of protonation of H97 on the IR stretch bands can
4 as solid Iine~s on top of the experimental amplitude vectorsnost easily be seen in the H64L mutant. Figa Shows the
of the matrixV. According to Eq. 10, comparison of thNe  spectra of the deprotonated for8e*", and the protonated
matrix vectors of the experimental data with the amplitudesorm, S/¢*. The dashed line i§$*", shifted by 2.8 cm*
based on the least-squares fit demonstrates the successfoilthe blue, producing a band almost identical to that of
modeling of the data. S°4-. The differences, aside from the band shift, are shown
Fig. 1d shows the physical spectra of the three distin-by the dotted line in Fig. 3, and indicate that the extent of
guishable species of swMbCG,,, S5, andS;;, and Fig.  conformational heterogeneity, which determines the width
2 bthe relative weightsy, fio,), andf;; as a function of pH.  and shape of the band, is not appreciably affected by the
The deprotonated (high-pH) forng,, consists essentially protonation state of H97.
of A; andA;. These twoA substates do not respond to pH  In the native protein, the protonation of H64 makes the
changes with adjustment of their relative populations. Forffect of H97 protonation less obvious than in the H64L
the doubly protonated forng, ;, we expect theéd, substate mutant (Fig. 1a). Based on the behavior of the H64L
band. TheS;; spectrum peaks around 1966 thas ex- mutant, we expect that protonation of H97 causes a blue
pected for theA, line, but the shape of the band is clearly shift of the individualA bands, so that the threesubstates
asymmetric with a tail toward lower wavenumbers. The
mixed speciesgy,;, appears in a first approximation as a

Shapes and shifts of the basis spectra

blue-shifted copy of the unprotonated stefg,. TABLE 1 pK values as obtained from the global analysis of
The same analysis was also applied to the mutants Ho7}® 'R spectra

and H64L. In contrast to the native protein, only two lin- PKo7 PKea

early independent components were uncovered by SVDswmb 591 4.53

and the pH dependence of the first two amplitude vectors ofi97F — 4.49

matrix V followed simple Henderson—Hasselbalch behaviotH64L 6.33 —

(Mdller, 1997). Errors in the pKs are estimated to bed.1.
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respectively, to mimic the influence of < 20 |
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occur as pairsy/Ag, AJJA;, andAy/A;, where the super- the best representation of tH&,;; spectrum based on a
script + denotes the protonated state of H97. least-squares fit of the above equation. The coefficignt
We test this supposition in Fig.th where we examine in  was calculated for a pK difference of 1.4 between H64 and
detail the changes betwe&), and Sy,;. The spectrum of  H97 and kept fixed during the fit. The dotted line leads to a
the mixed protonation state§y,;, consists 0f~95% spe-  fair representation of the mixed protonation specti§gy.
ciesSy;, based on the pK difference ef1.4 between H97  The difference in area between the fit and &g, spectrum
and H64. Thus th&g,; spectrum reflects, in a good approx- in the region around 1964 cm can be avoided by allowing
imation, the changes in th&), spectrum caused by proto- the mixing coefficient,, to vary during the fit. The mixing
nation of H97. Analogous to the quantitative analysis of thecoefficientfy, of such a fit leads to a pK difference of 1.2
H64L basis spectra, th&,, spectrum was shifted by 2.0 between H97 and H64, which is 0.2 pH units less than the
cm ™! (dashed lingn Fig. 5b) and scaled to the absorption difference determined by the global analysis.
maximum of the §q;; spectrum, to better compare the The differences between the fiddtted lineof Fig. 5b)
spectral changes associated with protonation of H97. Thand the basis spectrum are thus within the uncertainty of our
shifted spectrum approximates the mixed protonation spe®@K determination by the global analysis. From these results
trum Sy, well below 1950 cmt. As in the H64L mutant, we conclude that protonation of H97 causes a blue shift of
marked changes in the band shapes are absent. However, the A bands without obvious population changes in Mg
A; band clearly shifts further to the blue than theband  A;, andA; substates; therefore, the free energy differences
upon protonation of H97F. among these substates are only weakly influenced by the
At wavenumbers above=1950 cm!, deviations be- protonation of H97.
tween the shifte,, andS;; spectrum are observed, which
arise from the contribution d§,, to Sg,;- S0 is expected to
contribute a spectrum similar to that of the doubly proton-Basis spectra and taxonomic (A) substates

ated speciesS;,, but red-shifted by~2 cm™* due to the Figure 6a shows the high-pH basis spectrug, (symbols:

deprotonation of HI7. If the protonation reaction of HI7 .,y toqether with a heuristic fit using three Voigtian lines

merely shifts theA bands without changing their relative (., olutions of Lorentzians and Gaussians). The two pre-

populations, then we should be able to representSh§  gominantly populated lines at 1944.5 cfnand 1933.1

spectrum by cm™?, assigned t\, andA,, appear as a single species in
& 1 _ our protonation scheme, because they do not respond to pH
Soy = (1= ) Soov + Avy) 1S = Ava), (23) changes with adjustment of their relative populations for a

in which the basis spectra of the high pH fofgy, and the  deprotonated H97 and H64.

low pH form S;; are allowed to shift byAv, to the blue and Close inspection ofy, (Fig. 6a) reveals an additional

by A, to the red to mimic the influence of the protonation line with a relative population o£1% at 1968 cm*, shown

of H97 on theA substates. The dotted line in Fighgives  in an expanded view in Fig. 7. This line, which we denote
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FIGURE 6 Fit of the basis spectra of swMbCO
with discrete Voigtian lines &) the S, spectrum¢),
fitted with three Voigtian bands to isolate thfg
(=) A (+--- ), and theA, (—-—-) substates.
Solid line: sum of the three lines. Th&, substate
with a population of~1% is negligible on this scale.
(See Fig. 7 for an expanded view). Basis spectrum of
the doubly protonated forig,;, (A, solid line to guide
the eye) is asymmetric and needs at least two Voig-
tian bands for a fit to discrete lines (see Table 2). We
identify the asymmetricS;; spectrum with theA,
substate.lf) S0,y spectrum ¢), fitted with Voigtian
bands to isolate the\; (——-) andA; (----- )
substates. The band {—-) at 1964 cm* contains
contributions from theA! and A, substate as dis-
cussed in the text. Solid line: sum of the three lines.
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B I

60

40
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20

1940 1960 1980 2000
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with A, must not be confused with eithéy, at 1964 cm %, BecauseSy,; contains predominantly the specigs (pro-

or AJ at 1966 cmit. TheA, state (with neutral H97) should tonated H97), we assign the two bandsAfo andA; . The

be red-shifted by=2 cm * from the low pH form (with  presence of both, and A" at intermediate values of pH

protonated H97) to 1964 cit and is 4 cm™* from theA,  may have led to the initial assignment of &g state in

peak position. This suggests th&t is a minority species swMbCO (Ansari et al., 1987). The high wavenumber part

that is not related to tha, or Ay conformations, which are of Soaj ot only containsA,, but also an additional contri-

characterized by a H64 imidazole outside of the hemebution from theS,, protonation state, which is appropriately

pocket. Further evidence of this assertion comes from ligandssigned td\,. As S, contributes~6% to the total area of

binding studies of thé\, substate (see below). The popula- the spectrum and.,, only ~0.8%, the peak position of this

tion ratio A /A, = exp[-AG/(RT)] ~ 0.012 corresponds to line at 1964.3 cm? is essentially determined by tha,

a difference in free energyG between the two substates of substate. The features of tig band are completely ob-

~11 kJ/mol at 300 K. scured in theSy,; basis spectrum by the dominance of the

In Fig. 6b, a fit of separate Voigtian lines to th8y,; A, substate; therefore no further deconvolution of the line at

spectrum is plotted. The main contribution to the spectrall964.3 cm* into two separate bands was attempted.

area arises from two lines at 1946.6 and 1935.8 tm Also shown in Fig. @ is the basis spectruig;; (sym-
bols: A) of the doubly protonated form, which peaks at
1966.3 cm* and is therefore assigned to tAg substate.

6 AT ' This band is asymmetric, with a substantial broadening

T | toward the red side. Analysis &'F (Fig. 1e) reveals a

similar broadening. Because acid denaturation begins to

occur at pH 4.2, it is not possible to physically isolate this

4r 7 species, global analysis is required to obtain the spectrum of
é‘ 1 doubly protonated, but still native, myoglobin. Furthermore,
£ a functional line fit will always assign the red tail to one of
< the other substates, leading to misinterpretation of both the
2F - line shapes and the pH dependence of the IR spectrum. To

get a reasonable agreementSpf with a fit based on model
functions, at least two Voigtian lines have to be included.
This, however, is merely an exercise in line fitting, because

T i o the individual bands cannot currently be associated with
1950 1960 1970 1980 1990 2000 different species.

Wovenumber (cm™) Close inspection of the shoulder in tf8, and Sy,

FIGURE 7 Expanded view 0fS, in the region above 1950 cm Specirum aroun+d 1935 Cn]‘, demo_ns_trate,s that a fit of the
to display theA, substate at 1968 cit (symbols and linestyles as in A/A; and Ag/A; bands with Voigtian lineshapes cannot
Fig. 6a). reproduce this feature accurately. Instead of assigning the
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deviation between data and fit to an additional substate, fobarrier to eachA state using TDS. Because multipke
which we have no further evidence at this time, we note thasubstates are measured at the same time in the same sample,

the assumptions of simple model bands is most likely onlythe measurement is sensitive to slight differences between

an approximation of the true lineshape of tAgA;]” and
A /A substates as in the case of the asymme{gidand.

substates. TDS studies were done with two samples, one at
pH 6.8, and the other one at pH 8.5, both pH values as

The ratio of theA, andA; population was calculated from measured at room temperature. In general, the pKs of pro-
the results of the Voigtian deconvolution (see Table 2) fortonable groups depend on temperature (Douzou, 1977).

the Syp and the corresponding rathy /A; for the S,; basis
spectrum. The ratio changes from 0.5 for Syg state to 0.6

Below 160 K, however, the solvent is frozen, so both pK
and pH are constant. Additionally, the protonation states can

for the Sy, state. The relative change of 0.1 is just within be inferred from the spectra at 12 K, shown in Fig. &he
the error margin based on the uncertainty of the Voigtian fitsolid line shows the spectrum of the sample at pH 8.5. It
parameters, but we still like to comment on this relativeagrees with the spectrum of the doubly deprotonated species

increase iMA; population with respect tA,. Protonation of

except that the lines are narrower and spectrally better

H97 on the proximal side may cause slight conformationaresolved at 12 K, withA, at 1946 cm?* and A, at 1925
changes on the distal side. A change in the relative freem *. TheA, substate at 1970 cnt is well separated from

energy betweed,/A” and A, /A3 by only 0.4 kJ/mol upon

the tail of A,.

protonation of H97 would explain the increase in the pop- The dashed line in Fig. & represents the spectrum at pH

ulation ratio.

In summary, the protonation states of our mod,are
related to the individuahA substate lines in the following
way:

S = F1A; + f3A; + £LA, (24)
S = A +5A; + 1A (25)
S="Ao (26)
Su=A; 27)
Son = fu(fTAT + AT + AT + (1—fwfh  (28)

Here, thef; denote the fractional populations of the

6.8. The band at 1966 cm consists predominantly a%g .
From the fraction ofA;, the population of the protonation
statesSy, So13, S11, can be estimated as 10, 75, and 15%,
respectively. Therefore, the spectrum below 1950 tm
consists mainly ofA;” andA;. Consistent with room tem-
perature data, these bands are slightly blue-shifted #gm
(by 2 cm ) and A, (by 3.5 cmi %) due to H97 protonation.
Fig. 8b shows a TDS contour plot of the pH 8.5 sampig.
peaks at 47 K anéy; at 70 K. The maximum of th&, TDS
signal appears at 45 K, close to, but clearly distinct from,
that of A;, whereas maximum recombination & occurs

at 42 K, as seen in the contour map of the pH 6.8 sample in
Fig. 8c. ConsequentlyA, is both kinetically and spectro-
scopically distinct from the otheA bands and therefore

substates. The parameters obtained from fits of Voigtiaf€presents a separate substate.

lines to the protonation states are compiled in Table 2.

Low-temperature studies

At low temperature, where interconversion betwéestates

Error analysis

The dominant sources of error are the pH determination of
the samples and the baseline correction of the IR spectra.

does not occur, it is possible to determine the enthalpyBoth of these errors are systematic in nature, and their

TABLE 2 Parameters of discrete Voigtian A substate lines fitted to the spectra of the protonation species S;; of swMbCO and

the mutants

Line 1 Line 2 Line 3
Peak FWHMF Area Peak FWHM Area Peak FWHM Area
fem™] fem™] [%] [em™] fem™] [%] [em™] [em™] [%6]

So 1933.1°53 129+0.7 33.8+24 19445-01 97+03 65532 1967.9+15 10.2= 3.5 0.8+ 0.2
S0 1935.8+ 0.4 129+09  353+3 1946.6+ 0.1 10.1*x0.25 57.922 1964.339 13.6"23 6.8+ 1.1
S 1957.3 17.7 375 1966.5 9.2 62.5 — — —

164l 1968.0 7.8 100 — — — — — —

's4L 1970.8 7.6 100 — — — — — —

07F1932.4 11.7 30.1 1944.3 11.4 68.7 1968.0 10.0 1.2
07F 19533 23.2 17.2 1964.8 10.8 82.8 — — —

Peak positions, full widths at half maximum, and relative areas of Voigtian lines were determined by nonlinear least-squares fits. The statidard devi
of the fitting parameters was determined for the basis sp&trand Sp,;. For the weakA, band ofS,, at 1967.9 cm™, the errors in the fitting values
were determined with fixed; parameters. The two Voigtian bands used to approximate the basis spgeral S;'9’" are mere parameterizations of the
asymmetric bands peaking at 1966.3 and 1964.7 cmespectively. The errors associated with the deconvolution d8{fi€ substate are similar to those

of the corresponding bands of ti%g, spectrum.
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100 Although the low wavenumber range of ti$g,; spec-
(a) - trum is almost unaffected, the region around 1966 tis
sensitive to uncertainties. The spectr8mis most strongly
dependent on the choice of the pK parameters (Fl). &s
_ N relatively small population and strong overlap with &,
s 920 1990 1960 Tos0 2000 and S, spectra at low wavenumbers leads to a significant
Wavenumber (cm™") uncertainty below 1950 citt, whereas the high-wavenum-
h ' ' ' ' ' ] ber region is again well determined. The spect&gof the
5 (b) 1 deprotonated form is directly observed at high pH and
1960 ] therefore not affected by uncertainties in the pK parameters.
. We found the shapes of the basis spectra to be a good
marker from which to judge the quality of a model. Sys-
tematic errors in the data, such as those caused by a drifting
pH-electrode, typically resulted in basis spectra that were
clearly unphysical (e.g., negative at some wavenumbers).
We considered models other than the one sketched in Fig.
2 a but rejected them as they yielded poor fits or unphysical
basis spectra.

A (mOD)

1940

Wavenumber (cm™)

1920

1960
DISCUSSION

1940 Protonation of H97 and = back-bonding

The pH-dependent shifts of th%, and A; bands by a few
wavenumbers were noted by Shimada and Caughey (1982)
for bovine MbCO. They concluded that a group with a
-0 0 50 50 00 120 pK ~ 6 must be responsible for this change. Here we have
T, (K) identified this protonating group as H97. The shift can be
understood from the nature of the chemical bond between
FIGURE 8 Low temperature FTIR difference spectra and TDS contourthe CO and the heme iron, which can be represented as a

maps of swMbCO.d) Spectrum al = 12 K for a sample at pH 8.5 (——) resonant hybrid of three electronic configurations,

and at pH 6.8 (- —-), with total areas normalized to 1 OD &npH as

determined at room temperaturé) TDS contour map of theé\ substate MO —C=0:N=M = C=Z0O:

region for the pH 8.5 samplec)(TDS contour map of thé substate region (1) @) (29)
for the pH 6.8 sample. The contour lines are spaced logarithmically.

Wavenumber (ecm™)

1920

=M =C=0:0

influence on the precision of the basis spectra and pK 3
parameters are difficult to quantify. Estimates of the errors
of the pK values were obtained by comparison of the Interms of molecular orbitals, the major contributions to
parameters with those obtained from a second data set atide Fe—CO bond are provided bycadonation from the
also from an error analysis analogous to the Studéntast ~ Weakly antibonding & molecular orbital to the ironsland
(that actually assumes the presence of statistical errors). {82 orbitals andm back-bonding from the irond, orbitals
both cases, the estimated errors in the pK determination® the strongly antibonding COn2 orbitals (Kushkuley and
were +0.1 pH units. Stavrov, 1996). Consequently, with increased back-bond-

The uncertainty in the pKs leads to an uncertainty in theénd, the Fe—C bond becomes stronger and the C-O bond
determination of the physical spectra of the different proto-\Weaker, and an inverse correlation between the stretch fre-
nation species. Fig. 8 shows the best-fi§,, spectrum quency, », of the Fe-C and the CO bond is expected.
together with the two spectra that constitute the extreméndeed, on the basis of data on many heme proteins, Li and
forms that can be obtained by changing the pK values in th&piro (1988) determined the following inverse correlation
range of+0.1 pH units. The extreme forms where deter-empirically,
mined by fitting the data while restricting either the pK of 17 _ g
H64 or HI7 to fixed values within 0.1 pH units around their Vred M ] = 1985 0.73vco em ] (30)
optimal value. The basis spectra of this forced fit wereln the heme molecule, the irahorbitals are coupled to the
compared to the original set by computing the least-squaresxtended delocalizett electron system of the heme, and the
deviation. The two most strongly deviating spectra, whichextent of back-bonding depends on the properties of the
encompass all the other cases, are shown in Fa.t® heme macrocycle. It was shown that electron-withdrawing
convey the uncertainty connected with the determination ofjroups at the heme periphery decreadeack-bonding and
the basis spectra. thus increasev.o by a few wavenumbers (Alben and
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Caughey, 1968; Ray et al., 1994). Although H97 is not aThe reduction of ther donor character of the heme iron

sidegroup of the heme, it is in the immediate vicinity of it upon protonation of H97 causes an overall increase-i

and maintains a hydrogen bond with the heme-7-propionatdor each substate, but the influence exerted upgy de-

Upon protonation, the positive charge on H97 attracts elecpends on the Fe—C bond length, thus influencing each

tron density from ther electron system of the heme, and the substate differently. Moreover, other effects such as subtle

7 donor character of the heme iron decreases. Conselifferences in the tilt angle of the FeCO unit could also

quently, the extent of back-bonding decreases, and the IRffect the back-bonding and contribute to the observed

stretch frequency increases. The fact that the size of the shiftariations in the shift of the individugh bands (Kushkuley

depends on the particul#@ substate line (Table 3) shows and Stavrov, 1996).

that back-bonding is sensitive to the different conformations The inverse correlation betweery.- and v-o would

of the taxonomic substates. predict a shift of the Fe—C Raman line of thg substate
Variations in the Fe—C distance lead to strong changes inear 510 cm? (Li and Spiro, 1988; Ramsden and Spiro,

m back-bonding. Model calculations by Kushkuley and1989) upon protonation of H97 by 1.5 crhto the red.

Stavrov (1996) indicate that a minute decrease in the Fe—Elowever, electrical charges close to the edge of the por-

bond distance by 0.01 A, which requires less than 0.Iphyrin ring, as is the case for a protonated H97, can lead to

kJ/mol in their calculation, reduces back-bonding markedlyrather complicated relationships betweeps and veoc

and leads to shifts of about 5 crhin v.o. Consequently, (Kushkuley and Stavrov, 1996).

small conformational changes around the active site be-

tween the different substates can produce significant shifts.
Protonation of H64 and electrostatic effects

TABLE 3 Frequency shifts of the A substate bands upon When H64 is replaced by an aliphatic amino acid, a slmgle
protonation of the H97 imidazole sidechain A substate band appears in the region near 1970-cm

(Braunstein et al., 1993; Li et al., 1994). H64L is typical for

- - - - this class of mutants (see Fig.cll with relatively weak
ﬁ%r;*{j]o A[lcr;*/‘f]l A[Gcn:f.ff AHG‘EEH}QHML interactions between the CO dipole and the distal heme

pocket. The IR line position is similar to that 8f andAj

S; shift 14-2.2 20-21 2.5-2.7 2.8 of the native protein, which implies that the H64 imidazole

Voigtian 2.0 21 27 28 sidechain only weakly interacts with the CO in these sub-

The shifts of theA substates upon protonation of H97 were estimated bystates. Indeed, the x-ray structure analysis of MbCO at

either shifting two basis spect@ with respect to each other to match the various pH values reveals that the H64 sidechain can as-

individual bands or by calculating the difference in their peak positions t tt distinctly diff t f ti Y
based on a Voigtian deconvolution of the basis spectra (see Table 2). Th%ume at least two distunctly drfrerent conformations ( ang

A, substate was assumed to be well represented by the band at 1964.3 cm@Nd Phillips, 1996). Fig. 18 shows parts of the active site
of the Sy, Spectrum, neglecting the small contribution of #iesubstate. ~ region at pH 6, with the H64 imidazole in the interior of the

swMbCO H64L
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protein in close vicinity to the bound CO. At pH 4, however, Structural properties of the A substates

the H64 sidechain has rotated around @)e—C; bond so ithouah vibrational . linf
that its ring points out of the distal heme pocket into the\lthough vibrational spectra cannot give structural informa-

solvent (Fig. 1(). The distance to the bound CO has tion directly in terms of atomic coordinates, they are sensi-

become much larger, so that much weaker electrostatitive to local interactions and can—once these interactions
interactions are expected, consistent with the CO stretcA"® understood—indirectly provide structural information.
band at a similar wavenumber as in the aliphatic He4The observed variations inco (and veed have led to a
mutants. variety of structural models, including electron donor-ac-
The observation that the pH dependence of the H97Feptor interactions between ti of H64 and the bound
mutant is described by a simple Henderson-HasselbalcGO ligand (Maxwell and Caughey, 1976; Makinen et al.,
titration implies that the conformational change observed irll979; Fuchsman and Appleby, 1979; Ray et al., 1994),
the x-ray structures must be coupled to the protonatiomlistortions of the Fe—CO complex (Maxwell and Caughey,
reaction; protonation of the H64 sidechain is the reason fol976; Makinen et al., 1979; Li and Spiro, 1988; Potter et al.,
the observed conformational change. Uncompensateti990), and electrostatic interactions (Li and Spiro, 1988;
charges in the low-dielectric interior of the protein carry aMorikis et al., 1989; Oldfield et al., 1991; Balasubramanian
large energetic penalty. Transfer of a charge from the solet al., 1993; Ivanov et al., 1994; Li et al., 1994; Springer et
vated environment at the protein surface to the low-dieleca., 1994). Kushkuley and Stavrov (1996, 1997) concluded
tric interior costs in excess of 10 kJ/mol in free energyfrom quantum-chemical calculations that electrostatic inter-
(Nakamura, 1996), which is a significant fraction of the action is the most important factor determining the CO
entire stabilization energy. Upon protonation of the H64gyetch frequencies. The specific assignments are, however,
sidechain, the protein therefore responds with a conformagy, ambiguous. In the following, we discuss some new

tional change so that the imidazole becomes exposed to thﬁsights that can be gained from the basis spectra of the
high-dielectric solvent medium. This sidechain motion CaNyitferent protonation states

be interpreted as a local unfolding of the protein structure. . . . .
. Cd, The high-pH I S50 I %
Whereas protonation of H64 is still accommodated by a € high-pH (neutral) SpecieSy, consists mainly (99%)

largely native protein molecule, pH values below 4.2 lead toof theA, andA, substates, which both have their imidazole

2. . . .. side chain inside the heme pocket, as seen in the x-ray
acid-induced denaturation, a global unfolding transition, Kurivan et al.. 1986: Ouillin et al. 1993) neutron (Chen
during which the majority of the interior histidines are (Kuriy " ; Quill " ), neu ( 9

protonated. The unfolded structure of the protein aIIowsand Schoenborn, 1991), and NMR dépay et al., 1994)
effective shielding of the charges by the solvent. structures. In all these structures, and A; cannot be
Protonation of H64 requires a conformational change, ofliStinguished, and unfortunately, the assignment of their
local unfolding, and so is related to the type of Changesstructural dlfferepces on the paS|s of spectro;coplc data is
occurring in hydrogen exchange experiments by Englandefot conclusive either. For a discussion of various sugges-
and coworkers (Englander et al., 1992; Bai et al., 1995)tions, we refer to Oldfield et al. (1991), Ray et al. (1994),
They have given clear evidence that the exchange of amidand Kushkuley and Stavrov (1997).
hydrogens under mildly denaturing conditions is governed Here we only wish to comment on the suggestion of an
by concerted local unfolding of small protein segmentsadditional hydrogen bond tdl;; by a solvent molecule
whereas a global, cooperative unfolding transition is in-outside of the pocket (Kushkuley and Stavrov, 1997). This
duced by harsh conditions such as high temperature, higbuggestion is quite appealing, as it is consistent with our
denaturant concentrations, or extreme pH values. observation that the dynamics of interconversion between
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A, andA; is very fast at room temperature-fanoseconds) The Champion model

and sets in near the glass transition of the solvent (‘]Ohnsoehampion and coworkers have proposed a four-well model

et al., 1996). Moreeyer, the ligand binding propert!esAgf that treats conformational change and protonation of H64
in crystals are modified (Nienhaus et al., 1998), which COUld(Morikis et al. 1989 Zhu et al. 1992° Tian et al. 1993
arise from a different solvent structure near the H64 imida- o ’ ” ' y X

le sidechai 1996). The conformation characterized by the H64 imida-
zole sidechain. zole in the pocket was termed closed and associated with the

BesidesA, and A, the S, species also contains the a ang A, substates, whereas the one with the imidazole
weakly populated\ substate at 1968 cni. In this substate, swung out of the heme pocket was called open. Schemati-
the H64 imidazole sidechain is neutral, so it is expected tQally, the model can be represented by

reside inside the heme pocket, but in such a way that it
interacts minimally with the bound CO. Olfield and co-

closed
PKes

workers (1991) showed that the H64%° conformation A <« A

interacts minimally with the CO stretch at 1967 cinThey '

assigned, to this conformation before it became clear that . I 1 o (31)
the distal histidine ring points out of the pocket in thg pKEper

conformation. Kushkuley and Stavrov (1997) also obtained A, <—— N

a small blue shift of this species of 3.5 chfrom its value

in the absence of electrostatic interactions. We can use the

position of A, at 1964.3 cm*, as extracted from th§,,  In this model,A, ;andAf 5 denote the closed state, afgl
basis state (Table 2), as the reference state, because thedAjthe open state with unprotonated and protonated H64
imidazole side chain i, is expected not to interact with sidechain, respectively. The pK of H64 depends on the
the CO. This yields a red shift oA, of 3.7 cm%, in  conformation and is denoted tpKg;®" and pKEL>>} thus
quantitative agreement with the theoretical predictions byProtonation affects the equilibrium between the conforma-
Kushkuley and Stavrov (1997). Consequently, we suggest th&ns, quantified byK and K. Furthermore, the model
the A, substate may represent the HB¥° conformation. ~ 2SSumes that the spectroscopic properties are governed by

The Sy, basis spectrum corresponds to #hg substate the conformation, but not by the protonation states. In other

p p
with the protonated H64 imidazole swung out of the hemewords’AO andAg andA, sandAy 5 are assumed to have the

pocket. TheS;, spectrum, which peaks at 1966.3 ch same spectra. For the closed conformation, i.e., the pair

oo . ) .
exhibits an asymmetric bandshape with a substantial taflAlﬁ/ Al this appears unlikely, as a charge in the interior of

toward the red. Such a broadening has also been observedthe protein, close to the bound CO, should yield a large shift

| : o
the H64G and HB4A mutants, whereas H64V and H64L?jrtrrr1]e CO stretch band from its position in the unprotonated

yield symmetric, narrower lines (Brau_nstein ?t al., 1993;_ Li The model rests on the assumption that an equilibrium
et al., 1994). Replacement of H64 with glycine or alan'neexists betweemg and AP, at low pH (pH < 4), with
leaves enough room in the pocket to accommodate agjynificant population of both species, and betwdgrand
additional water molecule in the CO-bound st.a.te, as ha),%_\13 at high pH (pH> 7), again with population of both
been observed by x-ray crystallography (Quillin et al.,gpecies. Although it is very difficult to perform a clean
1993). It has been suggested that the interaction between ”&‘Fﬁalysis at low pH due to the appearance of the acid-
CO and the additional water molecule gives rise to the reqjenatured form, there is no such problem at high pH. At
tail in these mutants. The fact that the crystal structure of thgigh pH, we have shown, however, that the band at high
native protein at pH 4 does not show a water molecule in thgvavenumberA , has distinctly different spectroscopic and
distal pocket does not necessarily disprove this suggestioffigand-binding properties so that it should not be confused
because a water molecule with a low occupancy of 10%, awith A,.
judged from the area under the red tail, will not be resolved The pH dependence predicted by the Champion model
in the electron density maps. disagrees with the experimental data on MbCO in Fig. 1
Asymmetric broadening may even appear in the absenck contrast, our conceptually simpler model, involving two
of water molecules in the native protein if the positively energetically uncoupled protonations, successfully de-
charged H64 imidazole fluctuates significantly around itsscribes the data to within the statistical error.
mean position outside of the heme pocket. Coulomb inter-
actions are long-ranged, and fluctuations, which decrease
the distance between the imidazole ring and the ligand CO(;\’O"“""'Uszs

can produce significant red shifts, as indicated by theoreticato investigate the pH dependence of conformational sub-
calculations (Kushkuley and Stavrov, 1996). Because thetates in MbCO and two mutants, H97F and H64L, a global
electric field strength at the CO position does not changenalysis technique was performed on infrared spectra of the
linearly with histidine position, an asymmetric band canCO stretch bands in MbCO, which assumes no particular
result from spatially symmetric fluctuations. functional form for the component spectra yet allows ther-
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modynamic models involving protonating residues (H97 K.T. Yue. 1982. Control and pH dependence of ligand binding to heme
and H64) to be quantitatively tested. It provides the spectra Proteins.Biochemistry 21:4831-4839.
of the individual protonation species even when they cannop®uz0!: P- 1977. Cryobiochemistry. Academic Press, New York.

be isolated i f Th basi t h Englander, S. W., J. J. Englander, R. E. McKinnie, G. K. Ackers, G. J.
€ Isolated In pure torm. These basis Spectra areé mucn morey ey 3 A westrick, and S. J. Gill. 1992. Hydrogen exchange mea-

readily related to structure and theory than is the complete surements of the free energy of structural and allosteric change in
IR spectrum. hemoglobin.Science 256:1684-1687.
The analysis shows that protonation of histidine 97 Shiﬂfrauenfelder, H., N. A. Alberding, A. Ansari, D. Braunstein, B. R. Cowen,
1 M. K. Hong, I. E. T. Iben, J. B. Johnson, S. Luck, M. C. Marden, J. R.
the CO stretch frequency by2 cm™ -~ to the blue. Unpro- Mourant, P. Ormos, L. Reinisch, R. Scholl, A. Schulte, E. Shyamsunder,

tonated H64 produces distingt bands at 1933 and 1945 L. B. Sorenson, P. J. Steinbach, A. Xie, R. D. Young and K. T. Yue.
cm * with distinctly different ligand-binding properties. _ 1990. Proteins and pressute.Phys. Chemd4:1024-1038.

; ; ; Frauenfelder, H., S. G. Sligar, and P. G. Wolynes. 1991. The energy
Moreover, it was shown that a minor species at 1968 tm landscapes and motions of proteiggience254:1598-1603.

exists that is spectroscopically and kinetically distinct frome, ncman w. H., and C. A. Appleby. 1979. CO and @mplexes of
the conformation that appears upon protonation of H64, soybean leghemoglobins: pH effects upon infrared and visible spectra.
associated with a single line at 1966 ¢ No other pH- Comparisons with CO and @omplexes of myoglobin and hemoglobin.

dependent changes were observed in the spectrum betwegrfy 0chemisty18:1309-1321. _ . .
H 4.2 and 9.5. In the mutants. brotonation effects of e.theIGqul:_), G., and C. V. Loan. 1983. Matrix computations. Johns Hopkins
p 2 an e u P I I University Press, Baltimore, MD.

of the two histidines on the spectra were observed individtan, s, D. L. Rousseau, G. Giacometti, and M. Brunori. 1990. Metastable
ually, whereas they occur in the native protein in an additive intermediates in myoglobin at low pHeroc. Natl. Acad. Sci. USA.
fashion, implying that their energetic coupling is suffi- 87:205-209. _

ciently weak (less than 1 kJ/mol) to remain unresolved inHendIer, R. W., and R. I. Shrager. 1994. Deconvolution based on the

singular value decomposition and the pseudoinverse: a guide for begin-
the data. ners.J. Biochem. Biophys. Met28:1-33.

While the present work clarifies some aspects of conforHenry, E. R., and J. Hofrichter. 1992. Singular value decomposition:
mational heterogeneity in heme proteins related to protona- Application to analysis of experimental data. Methods in Enzymol-

. - - . ogy, Vol. 210. Academic Press, New York. 129-193.
tions near the active site, more work remains to be done t :

. . . . ong, M. K., D. Braunstein, B. R. Cowen, H. Frauenfelder, I. E. T. Iben,
charac_tenze the multitude of_conformatl_onal substates in the 5 'R mourant, P. Ormos, R. Scholl, A. Schulte, P. J. Steinbach, A. H.
lower tiers of the substate hierarchy (Nienhaus and Young, Xie, and R. D. Young. 1990. Conformational substates and motions in
1996) myoglobin: external influences on structure and dynaniisphys. J.

' 58:429-436.

Iben, I. E. T., D. Braunstein, W. Doster, H. Frauenfelder, M. K. Hong, J. B.
Johnson, S. Luck, P. Ormos, A. Schulte, P. J. Steinbach, A. H. Xie, and
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