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Abstract: Resonance Raman (RR) spectra are reported for mesoporphyrin IX bound to the Fab fragment
of the ferrochelatase antibody 7G12. Binding induces activation of a Raman band at 680 cm™?, which is
assigned to an out-of-plane porphyrin vibration, yis. This is exactly the predicted effect of distorting
mesoporphyrin to the geometry of N-methylmesoporphyrin IX, the 7G12 hapten, based on DFT/CIS modeling
of the RR spectrum. The modeling also shows that the pyrrole ring that is tilted out of the porphyrin plane
bears a nitrogen lone pair, which is therefore available for coordination by an incoming metal ion. The 680
cm~! band intensity is ~3 times higher for the affinity-matured antibody than for the germline precursor
antibody, while intermediate values are found for variants in which germline residues are mutated to mature
residues or vice versa. Thus, RR spectroscopy reveals an evolution from weak substrate distortion in the
germline antibody to strong substrate distortion in the affinity-matured antibody, and supports the view that

catalysis involves a substrate strain mechanism.

Introduction

The enzyme ferrochelatase has inspired the development of
a catalytic antibody,whose maturation via somatic mutations
has been analyzed structuradlylhis system exemplifies in
atomic detail the roles of inducedind of straiftin enzymatic
catalysis.

Ferrochelatase catalyzes the insertion of"Fato protopor-
phyrin X as the last step in heme biosynthésia. vitro, the
enzyme can accept other porphyrins, such as mesoporphyrin
IX (MP; Figure 1), and other divalent ions, such agZand

Co?*. Ferrochelatase is strongly inhibited by N-alkylated

porphyrins, suggesting that porphyrin distortion, which is
induced by N-alkylation, serves to increase the insertion rate,
by exposing the pyrrole nitrogen lone pairs to the mgtél.
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Figure 1. Structural diagrams of NMP and MP molecules. The side view
illustrates the 32tilt of the NMP A ring, and a slight porphyrin saddling.

Theoretical modeling of the ferrochelatase active site via QM/
MM computation suggests significant porphyrin distortion by
the enzymé.

Antibodies raised toN-methylmesoporphyrin 1X (NMP;

Figure 1) have been found to catalyze divalent metal ion
insertion into MP with rates comparable to that of ferroche-
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Porphyrin binding site
Figure 2. Porphyrin binding region of ligand-free germline (PDB code
INGZ, green) and affinity-matured (PDB code 1NGY, brown) 7G12
antibody. The three (out of five) somatic mutations, closest to the binding
site are shown. Two more distant somatic mutations are 8Ast6and
Serl4Thr. H and L denote heavy and light chains.

lataset X-ray crystallography has established significant distor-
tion of MP when bound to the Fab fragment of antibody 7G12,

The extent of activation is much less for germline than for
affinity-matured antibody, while variants with individual somatic
mutations show intermediate activation. Thus, the induced fit
binding of the germline antibody produces less porphyrin
distortion. Not only is the affinity-matured antibody preorga-
nized for substrate binding, but the binding produces greater
strain in the substrate.

Methods

Preparation of Samples.The preparation and purification of Fab
fragments of affinity-matured antibody 7G12 and of its germline
precursor, as well as variants with individual residue replacements, have
been described elsewherk:*>Mesoporphyrin IX free base (MP) and
its N-methylated product (NMP) were obtained from Midcentury
Chemicals (Posen, IL). A stock solution was prepared by first dissolving
the porphyrin in 5QuL of NH4OH, and adding 25@L of 5% (w/v)
Triton-X 100 and 70QuL of water. Further dilutions were made by
using 50 mM Tris-HCI buffer, at pH 8.0. Samples containing bW
MP and 70uM protein in Tris buffer, pH 8.0 (antibody being kept in
slight excess to avoid unbound porphyrin) were purged witfio20
min and then used for Raman measurements. The proteins were (a)
germline 7G12 Fab, (b) affinity-matured 7G12 Fab, (c) three “up”
mutants (single mutations of the germline antibody among the known

evidence that the substrate is strained by the enzyme toward itssomatic mutations), Ala3Pro, Arg50'Met, and Ser9Met, (d) three

transition staté.

The 7G12 germline precursor shows marked structural
differences relative to the affinity-matured antibody (Figure 2).
The porphyrin binding cleft is flanked by loops from the, V
and \{. domains, which have significantly different dispositions
in the germline and mature proteifig¥hen hapten binds to

“down” mutants (single reverse mutations from the affinity-matured
antibody), Pro32Ala, Met507Arg, and Met97'Ser, and (e) “chain-
swap” mutants (heavy and light chains of the germline and affinity-
matured antibodies are swappedi §ermline, germline light chain
and affinity-matured heavy chain;;\germline, germline heavy chain
and affinity-matured light chain).

We found that the 680 cmd shoulder, assigned tp:s (see the

the germline antibody, these loops are displaced toward the regyits) increased with time when the solutions were allowed to sit in

positions seen in the affinity-matured antibody, whereas little

the cold room under Nand protected from light; this effect leveled

motion occurs in the latter when hapten is bound. Thus, the off after 4 days. Apparently some steps in substrate binding are slow.

germline binding site is a good example of induced fit. The

All reported spectra and concentrations were for solutions that had been

energetic cost of the protein rearrangement is reflected in the stored for 4 days.

100-fold lower binding affinity for the germline relative to the
affinity-matured antibody. There are five somatic mutations
between germline and mature antibody. Proteins with individual

mutations have hapten affinities that are intermediate between

those of germline and mature antibothyand provide an
opportunity to trace the evolution of strong binding.

Spectroscopy Resonance Raman spectra were obtained in spinning
NMR tubes using the 406.7 nm excitation line from a Spectra-Physics
Beamlok 2080 krypton ion laser with 13%ackscattering geometry.
Laser power at the sample ranged between 8 and 15 mW. The scattered
light was collected and focused onto the slit of a Spex 1877 triple
monochromator equipped with a 2400 grooves/mm grating and detected
using a diode array detector. Spectral acquisition times were typically

Resonance Raman spectra are sensitive to porphyrin structure; s min.

and can be used to monitor out-of-plane distortigs.Out-

Computation. RR spectra were modeled via electronic structure

of-plane vibrational modes are not resonance-enhanced forcalculations on MP, as described elsewHém@eometries and vibra-

planar porphyrins, but are activated by out-of-plane distortions.
In previous work we have detected such activation for MP bound
to ferrochelatase on one hdA@nd the 7G12 antibody on the

other!® Different modes were detected in the two cases,

suggesting that while the substrate is distorted by both enzymes,

the distorted geometry is different.
In this work, we model the RR activation induced by antibody

7G12, using computational methods which are described

elsewheré? The activation is predicted by the NMP hapten

geometry. In addition, the modeling indicates that the tilted
pyrrole ring bears a lone pair on the N atom, as required for
antibody-catalyzed metal insertion.
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tional mode compositions and frequencies were computed using density
functional theory with nonlocal, Becke three-parameter exchange and
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improve on the quality of the normal modes, the scaled quantum
mechanical (SQM) refinement of DFT force constants by transferable
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Figure 3. Porphyrin bond stretching region of the 406.7 nm excited RR /9ure 4. Low-frequency region of the 406.7 nm excited RR spectra of

spectra of MP and NMP in aqueous solution (top and bottom) and of MP MP and NMP in aqueous solution (top and bottom) and of MP bound to

: L ! Fab fragments of germline or affinity-matured 7G12 antibody. The out-of-
bound to Fab fragments of germline or affinity-matured 7G12 antibody. planeyss mode is activated in NMP., and upon 7G12 antibody binding to

. . MP. Deconvolution of the/;1s band is shown in the insets.
scale factors was employétt8 The resonance Raman intensity patterns

enhanced via exmt_atlon negr the Soret electronic transitions were of the 762 cm! band, which we attribute to augmentation of
computed from vertical gradients on the resonant states, evaluated atanother out-of-plane mod (see below). The activation
the CIS (configuration interaction with single excitations) level of P ¥6, NH :

theory?® of v15 was reported in our earlier studyput again we note
the presence of additional bands in the earlier spectrum, which
Results probably arose from impurities. The present results indicate that

SpectroscopyFigure 3 displays RR spectra of MP in aqueous the only substantial effect of antibody binding is activation of

solution and bound to antibody, in the region of porphyrin bond V15

stretching vibrations (for mode labeling, see ref 10). The spectra Five somatic mutations accumulate during the affinity
are almost identical. The effect of antibody binding is limited Maturation process of the 7G12 germline antibody: two in the
to a broad weak feature between the 16&Q)(and 1551 ¢5) Vi chain (Ser14Thr and Ala32Pro) and three in M (Arg50+-
cm -t bands, probably reflecting a modest activation of infrared Met, Ser78Asn, and Ser9iMet). The effects of these mutations
modes in this region. Similar activation is seen for aqueous NMP on mesoporphyrin can be quantitated by spectral analysis of
(bottom spectrum in Figure 3). We note that more substantial mutants of the germline and affinity-matured antibody in which
perturbations of the MP spectrum were reported in our earlier somatic mutations are individually introduced (up mutants) or
antibody binding study? It seems likely that the earlier solutions ~ deleted (down mutants). Thas intensity relative to that of the
contained impurities; there may have been some degradationadjacentz, via band deconvolution (Figure 4 insets), is nearly
of MP, which is sensitive to light and oxygen. Although the 3 times higher for the affinity-matured than for the germline
intensity pattern is similar, the mode frequencies are systemati_antibody. Intensities for mutant antibodies are intermediate
cally lower for NMP than MP. This is an electronic effect of ~(Figure 5). As might be expected, the up mutants (entrie3 1
the methylation, and is captured by DFT computations, as in Figure 5), which contain one of the five somatic mutations
discussed elsewhete. introduced into the germline antibody, have weakgractiva-

In the low-frequency region (Figure 4), the spectra are also tion than the down mutants (entries-3 in Figure 5), in which
very similar, but antibody binding induces a 676 ¢rshoulder one of these five mutations is deleted from the affinity-matured
on the 661 cm! v; band. This shoulder is quite distinct for —antibody. Interestingly, the two chain-swap variants show
MP bound to affinity-matured antibody, and also for aqueous different extents of activation; thess intensity is higher when
NMP, where it is shifted slightly, to 680 crh. The shoulderis  the light chain is from the germline than when it is from the
assigned to an out-of-plane mode, designatggd by analogy affinity-matured antibody. The heavy chain appears to dominate
with a saddling-type mode (see the eigenvector in Figure 5 the activation.

of the computational pap¥) of NiOEP or the artificial model Computation. As described in our computational papeér,
porphyrin FBP-%.1° There is also an asymmetric broadening porphyrin RR spectra can be computed via a combination of
DFT-SQM determination of the ground-state force field and CIS

88 Rauhut, G, Pulay, B. i\\"-"p(ﬁf'fym@sgﬁfsg5cﬁleﬁ4i%§a 102 1412- evaluation of resonant excited-state gradients for the ground-
1424, state normal modes. Predicted and experimental spectra were
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Figure 5. Intensity of the 680 cm' y15 band, relative to the 662 crhv;

band, for MP bound to the germline Fab, the affinity-matured Fab, and
various mutants of the germline Fab numbereeB1The identities of the
somatic mutations in the mutants are labeled on the bars. Green bars denote
the light-chain somatic mutations, while red bars denote the heavy-chain
somatic mutations.

found to match quite well for free base porphine and MP, and

also for the distorted prophyrin NMP, which is the hapten for

the 7G12 antibody. - : . . h . . f .
When applied to unconstrained MP, the DFT-SQM/CIS 600 700 oo 900 1000

methodology models the observed RR spectrum of aqueous MP Frequency [om’]

satisfactorily’® The low-frequency spectra are compared in Figure 6. Experimental (MP and 7G12-bound MP) and modeled RR

. - spectra. In the modeling, the MP was unconstrained fMottom) or
Figure 6 (the two black traces), where it can be seen that theconstrained to the protein crystal coordinates (MP/&@alop), along the

frequencies and relative intensities of the principal observed ,, distortion coordinate (MR, green), or to the NMP porphyrin geometry
features, the bands assigned to the in-plane porphyrin modegMPuwe, red). In the last case, the protons were on pyrrole rings B and D,
v7, v15, andvg, are predicted with the correct frequencies and !¥ing near the mean porphyrin plane (solid line) or on rings A and C, one

. . The main shortcoming of the computation is of which (A) is tllt_ed out of the plane (dotte(_j line). Asterisks on the MP/
'mens'tY paFtem' ) " g_ p Faha spectrum indicate modes whose eigenvectors contain dominant
overestimation of the intensities of the infrared-active modes contributions from the MP peripheral substituents.

vas, vVas, andrag. 1% Their RR activation is due to the loss of the

porphyrin center of symmetry, which is associated with the yis5 on the side of theaband. This is exactly the effect observed
asymmetric distribution of the peripheral substituents in MP when MP is bound to mature Fab. There is also some broadening
(Figure 1). This effect is overemphasized in the CIS gradients. of the complex band arising from the overlapigfwith 6 n,

We note that there is some activation of out-of-plane (00p) and this is also detectable in the experimental spectrum. The
modes (see Table 4 of ref 10), even though the unconstrainedintensities of the infrared modes continue to be overestimated,
porphyrin is flat. This effect is due to the ethyl and propionate a5 they are in the unconstrained MP calculation, Contributions

substituents (Figure 1) being oriented out of the plane, and of the various vibrational modes to the computed intensities
contributing to the eigenvectors of the oop skeletal modes. The 5re given in Table 4 of ref 10.

biggest effect is seen for thg ny mode, which is nearly as
strong as the adjacen band, and contributes to the broad band
envelope, a feature of the experimental as well as the compute
spectra.

We then computed spectra for MP in various constraine

Clearly, the RR spectrum favors the NMP structure over the
0protein crystal structure. The two structures are compared in
Figure 7. In NMP pyrrole ring A is tilted 32out of the mean
d plane, and there is a saddling displacement of the porphyrin as

geometries, a procedure that has been evaluated using th whole. This saddling is.seen ip the protein structure.as well,
artificial porphyrin FBP-%.1°When MP was constrained to the ut th(_ere is also substantial ruffling, an_d the D ar_ld _A rings are
coordinates reported in the crystal structure of MP-bound mature POth tilted out of the plane. The maximum deviation of any
Fab, the predicted spectrum (Figure 6, top) bore no resemblancesingle atom between the two structures is 0.8 A,j(élom
to the observed spectrum. The predicted spectrum is dominated?€tween rings C and D), while the mean square displacement
by features whose computed eigenvectors mainly involve Of the porphyrin skeleton from the average plane is slightly
motions of the MP substituents; the porphyrin skeletal modes greater for NMP, 0.065 A, than for the protein structure, 0.053
are weak in comparison. We infer that the CIS gradients becomeA. In view of the limited resolution, 2.60 A, of the protein crystal
unreliable for the type and extent of distortion in the reported structure, it is doubtful that these differences are experimentally
structure. significant. (We note that crystallography at 2.40 A resolution
On the other hand, the structure of the NMP hapten serveshas shown that NMP binds to mature 7G12 antibody with the
very well (red trace) to model the observed spectrum. As seensame geometry as in NMP crystdls Nevertheless, the
in Figure 6 (spectrum marked MRr@Ep)) the effect of distorting predicted RR spectrum is highly sensitive to the structural
MP to the NMP porphyrin geometry is to induce activity in  differences.

16364 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004
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T T T T T T T T T T T T unique, there is no obvious alternative structure which does as

well.

Finally, we considered the consequences of NH tautomer-
i ization at different pyrrole rings in MP. For the spectrum
4 discussed above, Migr@ep), the protons were placed on the B
y and D rings, and the NH bonds are both close to the porphyrin

" ] plane. When the protons were placed instead on the A and C
rings, MRuwpac), agreement with experiment deteriorated
(Figure 7, dashed red trace). Very large enhancements are
i predicted for the infrared modesgs and v4s, whereas the/is
. intensity diminishes. These alterations stem from the fact that,
. in MPnvp(ac), the proton on the tilted A ring projects out of
N the porphyrin plane. Clearly, the in-plane tautomer accounts
cm much better for the experimental spectrum.

0.6

0.4

02

0.0

D2

Out-of-plane displacements

04

0.6

i
Porphyrin Ring Atoms Discussion

J e Substrate Distortion Matches the Hapten.The present

~ ) A0 results provide striking support for the rationale behind the
development of catalytic antibodies, namely, that using a
° e [ o e o B transition-state model as the hapten will elicit antibodies that
A bind and distort the substrate toward the transition state. NMP,
cy a powerful ferrochelatase inhibitor, is believed to model the
: transition state for metal insertion, and antibodies elicited by
NMP MP,g Fab MP NMP do indeed catalyze this reactibithe present RR spectral
Figure 7. (Top) Connectivity plot of out-of-plane displacements for NMp ~ modeling clearly shows that MP bound to 7G12 antibody does
(red), MP in the FabMP crystal structure (blue), and MP distorted along  distort toward the NMP porphyrin geometry. The indicator for
ys to the same average out-of-plane displacement (0.053 A) as in Fab this distortion is activation of the out-of-plane mode which
MP. (Bottom) Projection of the atomic out-of-plane displacements in the . . . . T
three structures. The size of the circles is proportional to the extent of correlates withy1s of symmetric porphyrins. This activation is
displacement. the only significant spectral change associated with antibody
binding, and is accurately reproduced by the DFT/CIS meth-
To see whether the agreement with experiment is unique to odology for RR modeling, when MP is constrained to the NMP
the NMP structure, we systematically computed RR spectra by structure.
distorting the NMP along each of the 17 normal modes of MP,  The computed spectra are very sensitive to the nature of the
which are computed to lie below 200 cfa None of these modeled distortion. When MP was distorted along each of the
produced a pattern close to experiment, except for distortion 17 lowest frequency out-of-plane modes, only one, analogous
along the mode assigned te. This is a kind of saddling to ys, produced a spectrum anything like the experimental
distortion (see Figure 5 of the computational papéor the spectrum, and it failed to predict significgnis activation. While
parent eignenvector), although in the low-symmetry framework Some linear combination of these distortion coordinates might
of MP, there are additional localized displacements, including have produced a better result, it is likely that the resulting
tilting of the D ring. Figure 7 shows the resulting structure, Structure would resemble NMP. Although we cannot prove the
constrained to the same mean square displacement from théiniqueness of the NMP resullt, the sensitivity of the modeled
average porphyrin plane, 0.053 A, as seen in the protein crystalSPectra suggests that a good fit is unlikely for any structure
structure. The computed spectrum, shown in Figure 6 (greendeviating substantially from NMP.
trace), resembles that of the NMP-constrained structure, but the  This presumption is reinforced by the bad fit obtained for
venn mode is slightly exaggerated, while tiigs enhancement the reported crystallographm structur_e of bound MP. The
is too low. Thus, the NMP structure reproduces the experimental SPECtrum computed for this structure is completely different

spectrum, especially thes activation, significantly better than frqm the experimental spectrum. C_ompanson of the struc_tures
does distortion alongs. (Figure 7) suggests that the atomic displacements relative to

- . . NMP are not experimentally significant, given the limited
Itis I'kgly that agre_ementwn_h the expen.mer\tal RR spect.rum resolution (2.60 A) of the protein crystal structure, but the
C°“"{' be wnprovgd with Some linear combination of the various computed RR spectra are clearly sensitive to these differences.
possible d.IStOI‘tIOI’] coordlnatgs. We have Qot attemptgd 10 Tited Pyrrole N Bears a Lone Pair. The computed RR

explore this large conformational space, since there is no

biecti iterion f luating th | - hei ; spectra also permit a choice among porphyrin tautomers,
objective criterion for evaluating t eresu ts, given the Imperfect ;¢qrmation that is otherwise unavailable, since protons cannot
character of the spectral computation.

be resolved in the protein crystal structure. Agreement with the
The conclusion we draw from this analysis is that constraining experimental spectrum is obtained if the protons are located on
MP to the NMP structure produces a computed RR spectrumthe pyrrole N atoms which remain in the porphyrin plane. If
which is remarkably close to the experimental MPab instead the tilted pyrrole bears a proton, then the computed
spectrum. Moreover, the RR spectrum is clearly very sensitive spectrum differs markedly from the experimental spectrum.
to the form of the distortion. While the NMP fit may not be Activation of y15 diminishes, while dramatic enhancement is

J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004 16365
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(A) M2+ (B8) M2 0.0~

: NH ]
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Figure 8. Alternative mechanisms for metal ion insertion. (AfVattacks
the N lone pair, exposed by pyrrole tilting, followed by proton transfer to  x
the endogenous base. (B) Proton transfer to the endogenous base, foIIowe(?

by metal ion attack. RR spectral modeling, which shows the tilted pyrrole = .24
does not bear a proton, favors (A).

predicted for the infrared modesgs and v46. The v4s mode is -2.54
activated only modestly in the experimental spectrum, while

v46 iS activated only weakly, if at all. Thus, the RR spectrum 30 germline w3
shows that the tilted pyrrole ring does not bear a proton. 045 020 025 030 035 040 045 050 055 0.60
This result is important for the mechanism of metal insertion. Iy M
2

It is generally assumed that porphyrin distortion exposes a Figure 9. Correlation of catalytic efficiency (loga/Km from ref 2) with

nitrogen ane pair to an incoming metal iO!’l; Coprqi”aﬂon of y1s activation (intensity relative to the adjacentband) for MP bound to
the metal ion would then be followed by dissociation of two the 7G12 antibody variants in this study.

pyrrole protons, perhaps assisted by a basic residue on the
protein. In the 7G12 antibody crystal structures, the assisting the basis of these collective studies, it has been propdsat!
base is likely the carboxylate side chain Asp 96, which is close the intrinsic structural plasticity like sequence diversity con-
to the pyrrole N atom3. tributes to the tremendous binding potential of the germline
This view of the mechanism is supported by the present antibody repertoire. Somatic mutations then fix the combining
results, which indicate that the pyrrole ring does not bear a site conformation of the affinity-matured antibody to bind a
proton. If it did, the proton would have to be removed before specific ligand with high affinity in a locked key fashion.
the incoming metal could access the lone pair. The two Furthermore, it was argued that in the case of antibody 7G12
alternatives are diagrammed in Figure 8. Since metal ion attackthe increase in rigidity and binding affinity during affinity
on an exposed lone pair would be diffusion limited, whereas maturation leads to increased distortion of the mesoporphyrin
proton transfer would be limited by thépdifference between  substrate and, as a consequence, an increased catalyfic rate.
the porphyrin and the assisting base, alternative A would be |n this study the RR spectra of the Fab-bound MP were used
more efficient. This is the alternative that is consistent with the to follow the extent of substrate distortion and thus the extent
RR spectra. of strain applied to the MP substrate by the antibody combining
Evolution of Substrate Strain in Antibody 7G12. The site. The distortion of MP in the germline Fab, the 7G12 Fab,
present RR analysis of the conformation of MP bound to and various mutants with different somatic mutations are
germline Fab, 7G12 Fab, and various mutants provides furthercompared on the basis of thg15)/1(v7) ratio, which increases
insight into the coevolution of the binding and catalytic activity with a higher extent of out-of-plane porphyrin distortion. This
of this antibody. Previously, a comparison of the crystal analysis clearly shows that the affinity-matured antibody distorts
structures of the ligand-free or NMP-bound germline Fab and that substrate more than the germline antibody, which is
the corresponding affinity-matured 7G12 Fab’s showed that consistent with the enhanced binding energy and catalytic
significant structural rearrangements in the antibody combining efficiency of 7G12.
site occurred upon binding of the germline antibody with either  Ag shown in Figure 5, the somatic mutations S&ig@t,
NMP or a structurally nonrelated small molecule, Jeffantfhe. Arg50°Met, and Ala3#Pro all increase porphyrin distortion
However, affinity-matured 7G12 Fab showed minimal changes sjgnificantly. When residues at these positions are each switched
upon NMP binding and no affinity for Jeffamine. These results pack individually to their germline identities, tHéy1s)/1(v7)
suggested an ‘“induced-fit" binding mode for the germline rtio of Fab-bound MP drops 4&0% compared to that of the
antibody which is characterized by moderate binding affinities affinity-matured 7G12 Fab. Likewise, they display intermediate
with the target antigen and broad binding specificities. In catalytic efficiencies as measupely kea/Km. Figure 9 shows
contrast, the affinity-matured antibodies adopt a *lock-and-key” 5 reasonable correlation between the logarithm of this ratio and
binding mode which is characterized by high-affinity binding - the 5,4/, intensity. The roughly linear dependence indicates
with the hapten and stringent binding specificity. This notion that they 5 activation is largely proportional to the activation
is also supported by structural studies on the germline and energy, as expected if the distortion stabilizes the transition state.
affinity-matured antibodies 48G?,AZ28?* and 28B4 On The structural studies revealed that somatic mutations Akg50
- ] ) ] ] Met and Ser97Met fix the conformation of the CDRH3 loop
(19) R;'or} %io?efgggeeféé'6|55'ifg]5der¥3k" S £ Stevens, R. C. Schultz, B. G- for binding a distorted MP, and Ala8Pro reinforces the
(20) Wedemayer, G. J.; Patten, P. A.; Wang, L. H.; Schultz, P. G.; Stevens, R. packing of Tyr9i (CDRL3) on pyrrole ring A of the bound

C. Sciencel997, 276, 1665. . ,
(21) Mundorff, E. C.; Hanson, M. A.; Varvak, A.; Ulrich, H.; Schultz, P. G.;  MP. In addition, comparison df(y1s)/I(v7) for mutants +3

Stevens, R. CBiochemistry200Q 40, 627. ; ;
(22) Yin, J.; Mundorff, E. C.; Yang, P. L.; Wendt, K. U.; Hanway, D.; Stevens, with t_hat of mutants 57 SUQ_geStS that_’ as more ngatlc
R. C.; Schultz, P. GBiochemistry2001, 40, 10764. mutations accumulate, the antibody applies more strain to the
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MP substrate and the antibody combining site becomes morefunction in which the binding energy is evolved to lower the
rigid. Thus, during affinity maturation, somatic mutations are activation energy of a reaction, in this case by straining the
selected that increase the binding affinity of antibody 7G12 with substrate.

NMP h i ize th i ini

St 16 stapiize the nonplanar conformation of e porphyin. . ACkTowledgment. The work was supported by NIH Grant
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