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ABSTRACT. Both an antibody that catalyzes metal insertion into porphyrins and the corresponding enzyme,
ferrochelatase, are shown by resonance Raman spectroscopy to induce distortion in the bound porphyrin
substrate. It was found that the enzyme-induced distortion is different from that induced by the antibody;
the catalytic antibody produces a distortion which is similar to the one present in the hapten,
N-methylmesoporphyrin IX (N-MeMP). Activation of specific out-of-plane vibrational modes reveal that
the antibody induces an alternating up-and-down tilting of the pyrrole rings, while ferrochelatase induces
tilting of all four pyrrole rings in the same direction (doming). Both distortions are effective in catalyzing
metal insertion. The distortion induced in the enzyme is only seen when an inhibitory metal ion is also
bound. This observation suggests an allosteric mechanism, in which a conformational change which
distorts the porphyrin toward the transition state geometry, is induced by metal binding at an adjacent
site. In contrast, the antibody does not have a metal binding site and appears to function largely through
binding interactions with the porphyrin.

The concept of Haldane and Paulind) that enzymes A comparison between the mechanism of an antibody-
catalyze reactions by binding more tightly to the transition catalyzed reaction and that of the corresponding enzyme can
state than to the reactants or products has been profoundlyprovide insights into the chemical requirements of the
useful in probing the chemical mechanisms of enzymes, asreaction. Here we show spectroscopically that both an
well as designing new oneg)( The recent development of  antibody and an enzyme which catalyze the insertion of metal
catalytic antibodies depends heavily on this conc8ptA ions into porphyrins induce distortion or strain in their bound
stable molecule, which models the transition state of a gypstrates, evidence of an active site whose structure is more

reaction, is used as a hapten to elicit antibodies with complementary to that of the transition state than substrate.
complementary binding sites. If the hapten closely resemblesHowever’ the enzyme and antibody induce different distor-

Epﬁ tra?sTon s':]ate, the dantltéody W.'(Ijl catal)_/zte th? reetlciuc:n. tions in the porphyrin. This indicates that the protein uses
n'LiSb Sdira e%%/ na?/vi?rqoin:mre f\‘/w' te Ivﬁr'e yw% cataylic yitferent binding interactions to affect the same chemical
antibodies, many pressive catalytic powey. ( transformation, much like the serine and aspartyl proteases.
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Ficure 1: Resonance Raman spectra (18Q@00 cnt?) of free
base mesoporphyrin ardkmethylmesoporphyrin using 406.7 nm
excitation. (A) Aqueous free base mesoporphyrin IX (300);
(B) mesoporphyrin IX bound to the catalytic antibody £R0); (C)
aqueousN-methyl mesoporphyrin (30@M); and (D) mesopor-
phyrin IX bound to ferrochelatase (58/) in the presence of Hg
(slight excess) (adapted from rB8). All solutions were maintained
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FIGURE 2: As Figure 1, but covering the low-frequency region
(250—1000 cnr?).
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EXPERIMENTAL PROCEDURES

All porphyrins (N-MeMP and MPk) were obtained from
Midcentury chemicals (Posen, IL). The preparation and
purification of the antibody 7G12-A10-G1-A12 is described

at pH 8.0 with Tris buffer. Band frequencies and assigned modesin detail elsewhere9), as is the purification of yeast

[based on NiIOEP12, 15] are indicated.

ferrochelatasel(l). RR spectra were obtained by focusing
406.7 nm light from a Kt laser (at an angle of 13bonto

of enzyme-induced substrate distortion have also been notedspinning NMR tubes containing degassed samples. The

in the literature 4).

scattered light was collectefimatched, focused onto the

protoporphyrin IX, and is essential for heme biosynthesis giode array detector. Laser powers ranged from 8 to 25 mWw,
(5). In vitro, the enzyme has been found to accept other gepending on the sample, and typical acquisition times were
porphyrins such as mesoporphyrin IX and other divalent 10 min. The concentrations of the samples (in pH 8.0 Tris

metal ions such as Zn(ll) and Co(1B)( However, still other
metals, such as Mn(ll), Cd(ll), and Hg(ll), are inhibitorg) (

buffer) were as follows: (A) [MPH = 300uM, (B) [MPH,]
= 50 uM; [Ab] = 70 uM, (C) [N-MeMP] = 300 M, and

Ferrochelatase is also strongly inhibited by N-alkylated (D) [MPH;] = 50 uM; [Fc] = 55 uM.

porphyrins 8), suggesting that the porphyrin distortion which

is induced by N-alkylation serves to increase the rate of RESULTS

insertion.
N-alkylporphyrins chelate metal ions-% orders of mag-
nitude faster than nonalkylated porphyrirs. ( This latter

This is not unexpected, as it is known that

The high- and low-frequency RR spectra are shown in
Figures 1 and 2, respectively. In the high-frequency region,

result is consistent with temperature jump experiments which Several stretching vibrations of the ring CC and CN bonds

provide an activation energy of approximately 7 kcal ndol
to distort tetrall-methylpyridyl)porphine 10). Antibodies
raised toN-methylmesoporphyrin IX (N-MeMPhave been
found to catalyze insertion of Zn(Il) and other divalent metal
ions into mesoporphyrin free base (Mptt rates of up to
10% of the enzymatic rat®). As expected, the antibody
reactivity is inhibited by the hapten.

1 Abbreviations: N-MeMP,N-methylmesoporphyrin 1X; MPH

mesoporphyrin free base; RR, resonance Raman; NIiOEP, nickel

octaethylporphyrin; Ab, antibody.

were found to be shifted relative to the free MP3blution
spectra. Three of these modes (seelfor the assignment
scheme)v, (1370 cnt?), v3 (1485 cnl), and vy (1619
cm™1) were found to be shifted down by-244 cnr? for
N-MeMP (spectrum C), while for antibody-bound MPH
(spectrum B), these same modes were also found to be
shifted, but by smaller amounts«(5 cntt). Additionally,

the v1; skeletal mode (1550 cmi) was found to be shifted
up by 5 cntt in N-MeMP, and by even more in the bound
MPH; spectrum (9 cm'). These shifts can be related to
bonding changes observed in crystal structures of N-alkyl
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Ficure 3: Structural diagram of a free bademethylporphyrin

(13) compared with the eigenvectors fofs, vs, andyg (15). Atom
labeling is indicated in the structural diagram, as well as the atomic .
displacements (in angstroms) from a plane defined by three of the Ab +2H ei

Cn atoms. Open and filled circles in the eigenvector diagrams

indicate the direction of the displacements of the atoms above and

below the plane, while the numbers indicate their relative values. r\@c

8-

e

o

porphyrins (3): the pyrrole ring bearing the N-alkyl group
has slightly longer Ngand GCg bonds, and slightly shorter
C«Cs bonds, than the nonalkylated pyrroles. This alternating Ficure 4: Model of the proposed mechanisms for metal insertion,
pattern is reflected in the up- and downshifts of the skeletal highlighting the differences between ferrochelatase and the catalytic
modes, which contain variable contributions from the ilmibOdry'hAlrtirr]novl\J/?IIhbirre\S?RatlﬂgeathSCrgﬁgeagfdnqg?arle(sassegﬁg ﬂgtﬁesrggw
stretching of the pyrrole bondﬂZ}. Some of the.bondmg }(ir?etlijc? 8a¥a suggest that the metal actually binds before thé
effects are no doubt due to the direct electronic influence of orhyrin during catalysis.
the alkyl group, but additional effects may also arise from
the out-of-plane distortion induced by the alkylation. As seen the dominant in-plane electronic transition. However, an out-
in Figure 3, this includes tilting of the pyrrole rings of-plane distortion renders one or more of the out-of-plane
alternately above and below the mean porphyrin plane. modes totally symmetric and, therefore, subject to resonance
Skeletal mode shifts that accompany out-of-plane porphyrin enhancement. The eigenvector of the vibration directly
distortions have also been analyzed extensively by Shelnuttreflects the nature of the distortion. Thus, activatiory gf
and co-workers14). The fact that antibody-bound MBH s direct evidence that the catalytic antibody induces the same
shows a similar pattern of frequency shifts, with no alkyla- kind of distortion as does N-alkylation.
tion, strongly suggests that the out-of-plane distortion does However, the ferrochelatase enzyme has a very different
affect bonding and that the distortion induced by the antibody effect on the MPH spectrum 16) than is found for the
resembles that induced by alkylation. In addition to fre- catalytic antibody. When MPHSs involved only in a binary
guency shifts, the out-of-plane distortion induces activity in complex with ferrochelatase, spectral changes are slight,
modes which are inactive for aqueous MH¥¢cause of the  reflecting little influence from the protein. However, when
higher symmetry of the planar porphyrin; these inclugg MPH, is involved in a ternary complex with ferrochelatase
V3g, andvgg. and the inhibitor Hg(ll), the spectrum is markedly perturbed

The low-frequency spectrum (Figure 2) is even more (spectrum D). These spectral changesratobserved for
revealing. Of particular significance is the activation of an solutions containing only MPHand Hg(ll). In the ternary
out-of-plane vibrationy;s, (see refl5 for assignments) in  complex, extra bands are again activated in the high-
both N-MeMP and antibody-bound MBHThe eigenvector  frequency region (Figure 1), but no frequency shifts are
of this mode [in the analogue NiOERY); Figure 3] shows observed for the skeletal modes. In the low-frequency region
it to involve alternating up and down displacements of the (Figure 2), out-of-plane modes are again enhanced, but they
pyrrole N atoms. This is precisely the distortion pattern aredifferentfrom those activated by N-alkylation. Especially
observed in N-alkylated porphyrins. Out-of-plane modes are prominent areys (725 cn?) and ys (356 cntl). Their
unactivated in RR spectra of planar porphyrins (such as eigenvectorsi5) (Figure 3) involve out-of-plane motions
MPH,), because there is no mechanism to couple them toof all the N atoms in theamedirection. Thus, the distortion

:
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