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three reversible waves, suggesting that it has a uniform and simple
structure and excellent stability in the electrochemical sense. A relevant
study of the copper complex derived from the optically active octameric
ligand [CH,CH(CH;)N(CONHPh)],.'%!® showed typical copper
bands with diffused fine structures, corresponding to essentially
“square-planar” configuration in the CD spectrum.

The iron(III) complex 2 was similarly prepared by mixing octameric
ligand (0.19 unit mmol) and iron(III) chloride (0.030 mmol) in 30 mL
of methanol-methylene chloride solution (1:1, v/v) for 4 h. After re-
moval of solvent, the methylene chloride soluble fraction (ca. 85%) was
used. This complex was yellow red but exhibited no discrete absorption
maximum in the methylene chloride. Although its coordination chem-
istry is not clear at present, it shows highly lipophilic properties, enough
to be soluble in the used liquid membrane.

Other copper complexes 3—7 were synthesized according to literature
methods.?

Transport Experiments. The passive transport experiments (Tables
I and II) were carried out at room temperature (ca. 15 °C) in a similar
apparatus as described before.!* A cylindrical glass cell (4.0 cm, i.d.)
holds a glass tube (2.0 cm, i.d.) that separates two aqueous phases.
Typically, the inner aqueous phase (aqueous phase I) contains substrate
anion in 4 mL of alkaline solution. The outer phase (aqueous phase II)
contains antiport anion in 10 mL of water. The membrane layer (8 mL
of methylene chloride), in which carrier is dissolved, lies below these two
aqueous phases and bridges the separation by the central glass tube. This
methylene chloride layer is stirred by a magnetic stirrer. Although we
confirmed that the variations in stirring speed had no pronounced effect
on the transport rates, the transport phenomena were not found to occur
without any perturbations.

A similar transport experiment with each substrate anion was per-
formed in the absence of carrier for reference, and leakage of substrate

(19) Araki, T.; Nagata, K.; Tsukube, H. J. Polym. Sci., Polym. Chem. Ed.
1979, 17, 731-746.

(20) (a) Nakatsuka, Y. Bull. Chem. Soc. Jpn. 1936, 11,45-48. (b) Jones,
M. M. J. Am. Chem. Soc. 1959, 81, 3188-3189.

was found to be very small (~0.1 X 107 mol/h).

The substrate anion concentration in aqueous phase II was confirmed
to increase linearly with running time (<16 h), and the initial rates are
shown in the tables.

The antiport anion was also observed to move from aqueous phase 11
to I. When the perchlorate anion was employed as antiport anion, we
found that the amount of perchlorate anion transported, determined by
the methylene blue method,2! was almost equal to that of substrate anion
transferred under the conditions stated in Tables I and IV. The detailed
conditions are included in each table.

The active transport of amino acid derivatives was performed in a
U-shaped glass cell (2.0 cm, i.d.). The carrier in methylene chloride (12
mL) is placed in the base of the cell, and two aqueous phases (5 mL each)
of equal substrate concentration and pH are placed in the arms of the
cell, floating on the methylene chloride. The membrane phase is stirred
constantly by a magnetic stirrer.

When the salt of antiport anion (KCl, NaClO,, or KSCN) was added
in aqueous phase II, substrate anion was transported from aqueous phase
I to II. The concentration of substrate anion in aqueous phase I increased
with running time and reached a steady state (usually after 20 h). The
concentration of substrate anion in aqueous phase I also decreased at an
almost similar rate.

Liquid-Liquid Extraction Experiments. The methylene chloride so-
lution of carrier was allowed to contact an aqueous solution of sodium
salt of substrate anion. After a given period (ca. 1 h), an organic phase
was separated from aqueous phase. The extracted amount of substrate
anjon was calculated from the difference between the concentrations of
initially and remaining substrate anion in the aqueous phase. The de-
tailed conditions are included in Table II.

Registry No. 3, 55997-76-7; 4, 82469-60-1; 5, 82469-61-2; 6, 46369-
53-3;7, 10380-28-6; 8, 5137-55-3, [CH,CH,N(CSNHPh)],, 71093-49-7;
copper(1I) chloride, 7447-39-4; iron(III) chloride, 7705-08-0.

(21) Boltz, D. F. “Colorimetric Determination of Non-Metals”™; Intersci-
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Abstract: The detection of a single proton exchangeable resonance for unligated ferrous horseradish peroxidase, HRP, with
hyperfine shift comparable to that found for the proximal histidyl imidazole N .H in deoxy myoglobins, hemoglobin, and models
established that the axial imidazole in ferrous HRP, contrary to the interpretations of other spectroscopic evidence, is not
deprotonated. A protein conformational change modulated by another titratable residue induces a significant change in the
N_H contact shift. We show that simultaneous consideration of changes of the proximal histidyl imidazole N .H contact shift
and resonance Raman v(Fe—N;) permit the differentiation between steric and electronic influences on iron-imidazole bonding.
For ferrous HRP, the acid — alkaline transition involves primarily changes in N .H hydrogen bonding to a peptide acceptor,
with the degree of imidazolate character for the axial ligand slightly larger for the acid than for the alkaline form of the protein.

The proposal that electronic control of iron reactivity in he-
moproteins is exercised primarily through the axial ligand is a
cornerstone of the theories for the mechanism of action of both
hemoglobins and heme peroxidases. The original Perutz model
for hemoglobin cooperativity emphasized strained or stretched
iron-histidine bonds.! More recently, recognition has been given
to the fact that the strength of the iron-imidazole bond can be
modulated indirectly by the formation of a hydrogen bond between
the proximal histidyl imidazole N.H (A in Figure 1) and a protein

(1) Perutz, M. F.; Ten Eyck, L. F. Cold Spring Harbor Symp. Quant. Biol.
1971, 36, 295-310.

0002-7863/82/1504-5203801.25/0

acceptor residue.”® Increased donor properties of the N.H would
increase the imidazole o basicity and hence strengthen the iron—
imidazole bond.> Even complete deprotonation of the imidazole
in hemoglobin has been considered on the basis of ESR data,>*
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86-127. Nickolls, P. Biochim. Biophys. Acta 1962, 60, 217-228.
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Figure 1. (A) Proximal histidyl imidazole shown with N H essentially
not interacting with protein H-bond acceptor X=; (B) proximal histidyl
imidazolate formed by deprotonation of N, via transfer to X~

and studies on model compounds have revealed that deprotonation
of an imidazole significantly alters their CO affinities.” In the
case of the present protein of interest, horseradish peroxidase,
HRP, the unusual stability of higher oxidation states of iron has
led to the proposal that the imidazole is deprotonated in several
of its forms.? This view appears to be supported by recent optical
spectra of unligated and CO-ligated ferrous porphyrins containing
the ionized imidazolate ion, which differ from those of myoglobin
but 3trongly resemble those of ferrous HRP and ferrous HRP-
CO.

Other evidence cited to support a deprotonated imidazole is
the high »(Fe—N;) relative to deoxymyoglobin as found in reso-
nance Raman spectra.>!® Moreover, the variable extent of hy-
drogen-bond acceptor strength of solvents has been shown to
significantly influence »(Fe—N;) leading to the suggestion that
variable degrees of N-H hydrogen bonding in the alternative
quaternary states of hemoglobin may be primarily responsible for
the energy of cooperativity.’

Among the many solution spectroscopic methods applied to
hemoproteins, none have provided the structural details available
from proton NMR or resonance Raman spectroscopy. For the
high-spin five-coordinate ferrous hemoproteins, these two spec-
troscopic techniques provide particularly valuable insight into the
structure of hemoproteins in that they are unique in detecting the
state of the proximal histidyl imidazole considered crucial to the
control of iron reactivity., Resonance Raman (RR) spectroscopy
provides a direct measure of the iron-imidazole bond
strength®10:13.14 yig y(Fe—N;) (see Figure 1). Proton NMR, on
the other hand, provides the only direct probe of the imidazole
exchangeable (N, H) proton, and the nature of its hyperfine
shift!3-1% clearly establishes the state of protonation of the axial
imidazole. This N—H hyperfine shift has been shown to reflect
overwhelmingly a contact interaction resulting from iron spin
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Table I. Steric vs. Electronic Influences on Bond Distances and
Resonance Raman and Proton NMR Iron-Imidazole
Spectral Parameters

Ne-H

contact

influence r(Fe-Ng) v(I'e-Ng)  shift

steric bond compression decrease increase increase

increase decrease decrease
decrease increase decrease
increase decrease increase

bond extension
electronic stronger H bond
(H bonding) weaker H bond

transfer into the imidazole & system.!11%1618-20 However, while
it is simple by NMR to establish that the imidazole is not de-
protonated, it is less obvious though more interesting as to how
to establish the presence of hydrogen bonding between the N~H
and some as yet unspecified acceptor residue.

While neither RR or NMR spectroscopy yields unambiguous
interpretation of changes in their parameters in terms of dominant
electronic or steric influences on the iron—imidazole bond, we show
here that simultaneous consideration of the RR »(Fe—N,) and the
proton NMR N_~H contact shift permit one to identify the more
likely dominant mechanism that is responsible for changes in these
parameters during a protein conformational change. Such a
protein conformational change, modulated by a single proton with
pK ~ 7, has been characterized for reduced HRP by a number
of physicochemical means.>?! Although a physiological role for
unligated ferrous HRP has only been suggested, the oxygenated
complex, also called compound I1I, appears to exist under certain
conditions.??

Differentiation between simple steric (bond strain) and elec-
tronic influences via variable H bonding of the N H can be made
on the basis of the following simplified but intuitively reasonable
hypothesis. As listed in Table I, extension (or compression) of
the Fe—N; bond due to steric influences leads to a longer (shorter)
Fe—-N; bond and hence to a reduction (or increase) in the RR
v(Fe—N;) located in the 200-250-cm™ region.”!%!131% In the case
of variable H bonding of N~H, it is instructive to consider the
limits of no H bonding and complete deprotonation. In the former
case, the N _H hyperfine shift, which has been shown to arise
overwhelmingly from contact shifts due to unpaired spin in the
system,!1:151620 would be expected in the region 70-90 ppm, as
found in both models'*!¢ and deoxymyoglobins'®'® in which neither
axial tension nor H bonding influences are considered important.
Upon complete deprotonation, the resulting imidazolate is a
somewhat stronger ¢ base than neutral imidazole,®!° leading to
a fractional increase in the o contact shift for the axial ligand as
well as an increased »(Fe—N;) due to the stronger bond. The
deprotonation of N .H, however, necessarily completely severs the
interaction between the proton and the unpaired spin density on
the coordinated imidazolate (B in Figure 1). Hence, while the
amount of transferred ¢ spin to the imidazolate must increase,
the subsequent transfer of spin density to the removed proton is
completely terminated.??> Thus for any intermediate case in which
there is a significant partial removal of the N H via partial proton
donation to some hydrogen acceptor, the fractional decrease in
the interaction of the N H with the imidazole spin density is likely
to be larger than the fractional increase in the extent of Fe —
N; o spin transfer, as summarized in Table I. In the case of very
weak H bonding, the contribution of direct spin transfer and spin
polarization? could interfere with such a simple interpretation,

(20) La Mar, G. N. In “NMR of Paramagnetic Molecules”; La Mar, G.
N., Horrocks, W. D, Jr., Holm, R. H., Eds.; Academic Press: New York,
1973; Chapter 3.

(21) Yamasaki, .; Araiso, T.; Hayashi, Y.; Yamada, H.; Makimo, R. Adv.
Biophys. 1978, 11, 249-281.

(22) Yamasaki, L.; Yukota, K. Mol. Cell. Biochem. 1973, 2, 39-52.

(23) Ideally, the increase in Fe-N; ¢ covalency upon deprotonation could
be directly monitored by observing the hyperfine shift changes of the 2-H and
4-H imidazole protons. While these are observable in imidazole models, such
NMR data on imidazolate are not yet available. While the 2,4-H imidazole
proton in deoxymyoglobin!®1® and monomeric deoxyhemoglobin'® have been
detected, their expected extensive line width makes detection in large hemo-
proteins such as reduced HRP extremely unlikely.
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Figure 2. Traces of the 200-MHz proton NMR spectra at 25 °C of (A)
ferrous HRP in 2H,0, “pH” 7.8; (B) ferrous HRP in 90% H,0/10%
2H,0, pH 7.5; and (C) deuterohemin-reconstituted ferrous HRP, pH
9.4, in 90% H,0/10% H,0.

and shifts of the N.H hyperfine shift and the RR »(Fe-N;) could
be in the same direction.

Thus, changes in the opposite direction of the N H hyperfine
shift and the resonance Raman v(Fe—N;) necessarily dictate that
the change in iron reactivity originates in changes in N H hydrogen
bonding rather than changes in Fe-imidazole steric strain.

Experimental Section

Horseradish peroxidase type VI was purchased as a lyophilized salt-
free powder from Sigma Chemical Co. The purification, activity assay,
and electrophoretic behavior of the HRP used in this study have been
described elsewhere.2* Preparation of deuterohemin reconstituted HRP,
deutercheme-HRP, from apo-HRP was also described elsewhere.? The
ferrous form of the proteins was generated by addition of excess sodium
dithionite under N,.

Solutions for proton NMR studies were 1-3 mM in protein in either
0.2 M NaCl, 99.8% *H,0, or 90% H,0/10% *H,0. The solution pH,
adjusted under N, with 0.2 M ?HCl or 0.2 M NaO?H, was measured
with a Beckman 3550 pH meter equipped with an Ingold microcombi-
nation electrode. The pH was not corrected for the isotope effect and
is hence referred to as “pH”.

The 200-MHz proton NMR spectra were recorded on a Nicolet
NT-200 Fourier transform NMR spectrometer operating with quadra-
ture detection. Typical spectra consisted of 5000-10000 pulses with 4000
data points over a 40000-Hz bandwidth (5 us 90° pulse). The water
peak was suppressed by an ca. 25-ms presaturation pulse; signal-to-noise
was improved by exponential apodization, which introduced 10-Hz line
broadening. Peak shifts were referenced to the residual water line, which
in turn was calibrated against internal 4,4-dimethyl-4-silapentane-
sulfonate, DSS. Chemical shifts are reported in parts per million, ppm,
referenced to DSS, with downfield shifts positive; line widths are given
in hertz.

Results and Discussion

The 200-MHz proton NMR spectra of reduced HRP at 25 °C
in 2H,0, “pH” 7.4, and 90% H,0/10% ?H,0, pH 7.5, are il-
lustrated in A and B of Figure 2. Also included in this figure
is the 25 °C, pH 9.4, trace for reduced deuteroheme-HRP in 90%
H,0/10% *H,0 (C). The spectrum in B is for a sample kept over
24 h in ?H,0. When one compares the neutral pH traces in A
and B of Figure 2, it is obvious that, in addition to numerous
nonexchangeable peaks arising primarily from the heme and
possibly some distal amino acid side chain, there are two ex-
changeable peaks, designated a and a’, in the region 75-90 ppm.
A single such exchangeable peak is also found in deuteroheme-
HRP at high pH (C in Figure 2); the trace for the equilibrated
protein in *H,0O is not shown, and the reduced form of this re-
constituted protein is unsufficiently stable to obtain spectra rea-
sonably quickly at much lower pH. The exchangeable peaks a,
a’ in Figure 2 exchange with solvent sufficiently slowly so that

(24) La Mar, G. N,; de Ropp, J. S.; Smith, K. M.; Langry, K. C. J. Biol.
Chem. 1980, 255, 1146-1152,
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Figure 3. Downfield portions of the 200-MHz proton NMR spectra of
ferrous HRP in 90% H,0/10% ?H,0 at 25 °C at the indicated pH
values. The peaks are labeled a-g for the acid form and a’-g’ for the
alkaline form. Assignments? for acid and alkaline forms are ¢, d’ (vinyl
H,); e, ¢ (5-CH,); f, g’ (8-CH,); g/, f (3-CHa).

dissolution of the protein lyophilized from H,O and quickly
dissolved in ?H,O yields essentially the full intensity of peaks a,
a’ for up to 1 h. Hence the pH and temperature dependence of
the exchangeable resonances can be studied either in H,O solution
or in freshly prepared *H,O solution.?’

In Figure 3 we present the downfield portions of the 200-MHz
proton NMR spectra of reduced HRP in H,O as a function of
pH from 5.8 to 9.8. All peaks can be accounted for by two
pH-interconvertible protein forms with the peaks for the dominant
species in acid-to-neutral pH designated a—g and those arising
from the main species at alkaline pH as a’—g’, with the pair a,
a’ being the sole resolved exchangeable peaks for each protein
form. Exchange between the two forms is slow on the NMR time
scale, i.e., <20 s7! for methyl e. We have elsewhere carried out
systematic deuteration labeling of several heme resonances of
several ferrous hemoproteins.?® Although little structural in-
formation could be gleaned from the assigned heme resonances,
the known assignments are included in the captions to Figure 3
for completeness. The three upfield peaks, h, i, and j in the alkaline
form (A in Figure 2), have shifts essentially independent of the
conformational transition. Integration of individual methyl res-
onances or the exchangeable peak a, a’ as a function of “pH” yields
a “pK” of 7.5, which is consistent with values obtained by other
methods.”?! The origin of the titrating residue responsible for
this protein conformational change is not known but is generally
believed to be the second and presumed distal histidine.?! The
proton NMR data shed no further light on this matter except to
definitely exclude the titration of the proximal histidine.

The unit proton intensity of both a and a’ for each of the
proteins is established by their relative intensities to the assigned
methyls for each component at higher temperature where all lines
are narrower and better resolved (not shown). This is further
supported for reduced deuteroheme-HRP, whose single proton
2,4-H peaks appear at 41 and 57 ppm from DSS and have the
same intensity as a’. These deuteroheme 2,4-H peaks resonate
essentially in the same region as found in ferrous models,'¢ de-
oxymyoglobins,'''* and monomeric hemoglobins.!® The close
similarity of the hyperfine shift pattern for the heme resonances
in reduced HRP and deuteroheme-HRP and other characterized
deoxyhemoproteins supports their great similarity in electronic

(25) The dynamics of exchange of N~H with bulk solvent in this and other
forms of HRP are under study and will be reported elsewhere.

(26) La Mar, G. N.; de Ropp, J. S.; Budd, D. L.; Kong, S. B.; Smith, K.
M.; Langry, K. C,, to be published.
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Figure 4. Plot of shifts vs. pH for hyperfine shifted resonances of ferrous
HRP at 25 °C, 200 MHz. Peak labeling is the same as in Figure 3.

structure and dictates that the exchangeable pak a, a’, as previously
found in both models'>!¢ and deoxyhemoproteins,'s" arises from
the N ~H’s of the proximal histidyl imidazole in the two protein
conformations. These observations categorically preclude de-
protonated proximal histidyl imidazoles in either the neutral or
alkaline forms of reduced HRP, in contradiction to indications
derived from the interpretation of optical spectra.® The plot of
shifts vs. pH for reduced HRP in H,O at 25 °C is illustrated in
Figure 4. There is no evidence for any additional pH dependence
for the alkaline form to pH 10. The neutral form displays some
curvature for some of the peaks, particularly at very low pH.
These effects most likely arise from the titration of the propionic
acid side chain,”’

The N.H hyperfine shifts, as well as the heme methyl and
pyrrole 2,4-H shifts, exhibit magnitudes similar to those found
in both models!>!¢ and other deoxyhemoproteins.!6-1° Thus the
proximal histidyl imidazole N H is definitely primarily associated
with the imidazole rather than some acceptor residue such as the

(27) The nonexchangeable heme resonances exhibit essentially Curie be-
havior with apparent intercepts in the diamagnetic region, as also found in
deoxy-Mb'® and monomeric Hb.1® The exchangeable N;~H’s in both forms
also yield apparent intercepts in the diamagnetic region (10 ppm for the acid
form and 4 ppm for the alkaline form), though the data for the alkaline form
exhibit some curvature at near 0 °C in the direction of larger shifts than
expected; we are unable to interpret this small curvature at this time.
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glutamate found in the crystal structure of the related cytochrome
¢ peroxidase.?® However, the presence of some proton donation
by the axial imidazole and hence some partial imidazolate
character for the axial ligand are indicated by the changes in the
RR »(Fe-N;) that has been reported to decrease from 244 to 241
cm™! during the acid — alkaline transition.” The larger »(Fe-Nj;)
(~240 cm™) in reduced HRP relative to that in deoxymyoglobin
(~220 cm™) already supports a stronger Fe—N; bond but does
not alone permit differentiation between steric bond compression
and H-bonding effects. The N.~H contact shift increases some
7-8 ppm during this same acid—alkaline transition, dictating that
the origin of the protein conformational perturbation on the
proximal histidine involves electronic changes due to H bonding
rather than imposed steric constraints on the iron—imidazole in-
teraction (see Table I). Moreover, we can conclude that the degree
of N~H hydrogen bonding or partial imidazolate character is
greater in the acid form than in the alkaline form of the protein.
The original® RR data on reduced HRP have also been reinter-
preted recently to be consistent with H bonding rather than de-
protonation,?

The opposite direction in the changes in »(Fe—N;) and N.H
contact shift during the structural transition in reduced HRP is
contrasted to the behavior found during the T — R quaternary
transition of tetrameric deoxyhemoglobins. Here the « and 8
subunits indicate small and moderate increases!>!# in »(Fe-Nj).
The N.H contact shifts, however, also decrease during this
transition,*® supporting the proposition that the small change in
the iron—imidazole bonding characteristic of T — R transition
is due primarily to steric or strain influences rather than variable
H- bonding effects, as suggested recently solely on the basis of
RR data.!®

The demonstration that H bonding of the N H is detectable
in HRP but not in myoglobin is consistent with the expectation
that more pronounced imidazolate character in the former protein
should stabilize the reactive compounds I and II in their proposed
iron(IV) states. More quantitative assessment of the degree of
H bonding will require the development of a reliable theoretical
framework for quantitatively interpreting the hyperfine shifts of
coordinated imidazole and imidazolate anions.

Additional support for more extensive imidazolate character
for the axial ligand in low-spin ferric HRP relative to metmyo-
globins is obtainable from comparing the proximal histidyl im-
idazole nonexchangeable 2,4-H hyperfine shifts with model com-
pounds containing either an imidazole or imidazolate axial ligand.
Details of the methods for locating and assigning these elusive
resonances in this protein form will be published elsewhere.3!

Acknowledgment, This work was supported by grants from the
National Institutes of Health, HL-16087 and GM 26226, and the
UCD NMR Facility.

Registry No. HRP, 9003-99-0; imidazole, 288-32-4.

(28) Poulos, T. L.; Kraut, J. J. Biol. Chem. 1980, 255, 8199-8215.

(29) Teroaka, J.; Kitagawa, T. J. Biol., Chem. 1981, 256, 3969-3977.

(30) Nagai, K.; La Mar, G. N.; Jue, T.; Bunn, H. F. Biochemistry, 1982,
21, 842-847.

(31) La Mar, G. N,; de Ropp, J. S.; Chacko, V. P., submitted for publi-
cation.



