On the local structure of the glycyl radical in different enzymes
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NIMddd

Full hyperfine coupling tensors are computed for different geometric conformers of the glycyl radical,
using gradient corrected Density Functional Theory (DFT) together with large basis sets (IGLO-III).
Comparison is made with three enzymes in which the radical is present, namely Escherichia coli pyruvate
formate lyase (PFL), Escherichia coli anaerobic ribonucleotide reductase (RNNR) and bacteriophage T4
anaerobic RNR. The excellent agreement in hyperfine coupling constants between theory and experiment
confirms again that the radical is a glycyl radical and that, although embedded in the protein, it maintains
the planar gas phase structure in both E. coli PFL and E. coli RNR. In contrast to these two systems, we
propose a non-planar structure for bacteriophage T4 anaerobic RNR, in order to explain the unusually
high A4,(**C,) coupling (66 G) recently measured by Sjoberg et al.'®

Introduction

Ever since the discovery of the tyrosyl radical in Escherichia coli
ribonucleotide reductase (RNR),! protein radicals have
received considerable interest. Tyrosyl radicals are now proven
to exist in, e.g. RNR,? photosystem II (PSII),® galactose oxi-
dase* and prostaglandin H synthase,® and tryptophan radicals
have been detected in cytochrome ¢ peroxidase (CcP),® mutant
Y122F RNR7 and DNA photolyase.® These two radicals share
the common feature of having the spin almost entirely located
on the ring system of the residues, i.e. far away from the protein
backbone. In that sense the glycyl radical, the object of this
study, is quite different. It is the first case where the radical is
centered on the polypeptide backbone. It is now well estab-
lished that glycyl radical is present in E. coli pyruvate formate-
lyase (PFL),>'* E. coli anaerobic RNR *'¢ and bacteriophage
T4 anaerobic RNR."'8 In PFL, the glycyl radical catalyses the
entire reaction mechanism of cleaving pyruvate to form formate
and acetyl-CoA later used in the Krebs cycle. As there is a lack
of X-ray crystal data for the structures of these anaerobic pro-
teins (only the peptide sequence is known), theoretical calcul-
ations are an important tool with which to understand the
fundamental reaction mechanisms and interactions. Further-
more, since proteins are not static, an available crystal structure,
although providing valuable information about the three
dimensional structure of the system and possible sites of
interaction, does not offer a full picture which can explain the
modifications caused by changed oxidation states, substrate
binding, reaction mechanisms, etc.

In PFL, Knappe and co-workers showed, using isotope label-
ling and site directed mutagenesis techniques, that the radical
is centered on the C,-atom of the Gly734 residue.'® Using the
same methods, Sjoberg and co-workers concluded that the
anaerobic E. coli and bacteriophage T4 reductases contained a
radical centered on the C -atom of the Gly681 and Gly580 res-
idues, respectively.'®'® Anaerobic E. coli RNR and PFL show
some similarities. They both, for instance, cleave at the radical
site upon exposure to O,. Both have doublet-dominated EPR
signals with a hyperfine splitting of 14-15 G, which is believed
to originate from the H, atom of the glycyl radical residue. The
isotropic *C, hyperfine coupling (hfcc) is 15-21 G for both
systems. Some distinguishing features do exist, however, such as
the exchangeability of the H, atom in PFL but not in anaerobic
E. coli RNR, and the more complex substructure in the EPR
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spectrum of PFL. This is assumed to arise from two non-
exchangeable protons in the adjacent residues (Ser733 and
Tyr735). The isotropic hfcc of the Gly580 H, proton in T4
RNR is similar to the other two systems. However, the 4., coup-
ling of ®C, in T4 RNR is significantly larger than in E. coli
RNR and PFL (66 G for T4 RNR compared to 46-50 and 49 G
for the other two, respectively). The source of this deviation is
addressed in some detail in the present study.

On the theoretical front, Yu and co-workers have in a recent
study concluded that of all glycine derived from H-atom extrac-
tion (N-centered, O-centered and C-centered), the C-centered
radicals are the energetically most favourable.'” Barone and co-
workers have in several papers?*? used their ‘quantum mech-
anical protocol for open-shell systems’ (post Hartree—Fock
computations taking into account vibrational averaging effects)
to study the glycine radical, H,NCHCOOH. They concluded
that only the planar or nearly planar conformations are ener-
getically accessible due to effective m-electron delocalization.
The very good agreement in isotropic hyperfine couplings
between the experimental results from PFL and E. coli RNR
indicates that the planarity of the structure in the proteins is not
due to long-range effects.

In a series of papers, we have employed gradient corrected
density functional theory (DFT)?*?* to the study of electronic
and hyperfine properties of biologically active radicals.>***” The
particular form of DFT employed has proved to yield very
accurate theoretical hyperfine properties of, especially, organic
radicals.>=3!

Computational details

All geometries, energies and hyperfine parameters are com-
puted using gradient corrected density functional theory
(DFT), as implemented in the linear combination of gaussian
type orbitals—density functional theory (LCGTO-DFT) pro-
gram deMon.*? The gradient corrections are those by Perdew **
for the correlation potential and by Perdew and Wang** for the
exchange terms.

The calculations were performed in two steps. First, geom-
etries were optimized using the double zeta plus valence polar-
ization (DZVP) basis sets by Andzelm et al,* followed by
single point DFT-EPR calculations using the larger IGLO-III
basis sets. These are based on Huzinagas 11s7p series,* very
loosely contracted, and to which a double set of polarization
functions are added.’” For the fitting of the charge density and
the approximate exchange-correlation potential, V,., we have
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Fig. 1 Schematic representation of the two models of the glycine
radical considered in the present study

used the auxiliary basis sets (5,1;5,1) for H and (5,2;5,2) for the
remaining atoms.*® The numbers given in parentheses describe
the number of (s,spd) functions used for the charge density and
V. fittings, respectively.

Results and discussion

Geometry

Two models of the glycine radical were employed (Fig. 1): the
simple glycyl radical, H,NCHCOOH (hereafter called Glyrad)
and a larger model extended to include parts of the backbone
of neighbouring amino acids, CHO-NH-CH-CO-NH, (here-
after called Glyrad-ext). Geometry optimization gives, as
expected, planar structures for both models, the only exception
being two H atoms in the NH, moities, which are located slight-
ly above the plane. The planarity of the molecules, which is due
to effective electron delocalization, is in complete agreement
with previous theoretical work.'?

The effects of the geometry from extending the model are
very minor (Table 1). The largest changes are the increase in the
C,C, and C;-O, bond lengths and the decrease in the C,—N,
bond. We notice that our approach generally generates slightly
longer bond distances than both UHF?® and UMP2." This is a
general feature of PWP86/DZVP geometries.

Spin distributions and hyperfine properties

In Table 2 we present the full hyperfine tensors as well as
the total spin density distributions for the two models studied.
Spin densities, obtained from Miilliken population analyses, are
reported only for heavy atoms; the absolute spin densities are
less than 0.04 for all hydrogen atoms. In both models a large
amount of the unpaired spin density is located on the C,-atom
(0.58 and 0.66 for Glyrad and Glyrad-ext, respectively), which
supports the experimental assignment of a C,-centered radical.
We also observe that the relatively high concentration of spin
density on N; (0.24) in Glyrad decreases to 0.06 and redistrib-
utes on the outermost heavy atom when the model is extended
to Glyrad-ext (0.06 on N,, 0.08 on C, and 0.11 on O,). Of
course, the latter model should be the more appropriate one for
glycyl radicals in proteins.

When going from Glyrad to Glyrad-ext the hyperfine struc-
tures are modified considerably. The isotropic component on
BC,, for instance, increases from 13.9 to 18.0 G while 4;,, on H,
is lowered from —12.6 to —13.9 G, which both lead to a better
overall agreement with the experimental values for the glycine
radical in the three enzymes considered, Table 3. Also, the
anisotropic couplings change by up to 4 G by the extension of
the model. For the specific system of Bacteriophage T4 RNR,
the experimentally reported A4,, component on C, is very high
(66 G), compared to both the two other proteins where it has
been observed (49 and 46-50 G for E. coli PFL and RNR,
respectively) and to our two models (48.2 and 54.8 G for Glyrad
and Glyrad-ext, respectively). This discrepancy is discussed in
detail in the next subsection.

As mentioned in the introduction, two non-exchangeable
protons with hfcc of 4.5 and 6 G are observed in E. coli PFL.
These were unassigned in the original work,' but the authors

Table 1 PWP86/DZVP optimized geometries (A and °). Other theor-
etical results are included for comparison.

Glyrad Glyrad-ext UHF/HD“ MP2/6-31 G(d)®
Distances
C,—C, 1.441 1.461 1.445 1.434
O, 1.248 1.255 1.234 1.233
C,-O 1387 — — 1.364
C—N, — 1.392 1.357 —
O-H, 0983 — — —
C,N, 1.380 1.372 1.379 1.358
C,H, 1.089 1.090 1.066 —
G, — 1.392 1.362 —
C,0, — 1.234 1.215 —
Angles
N,-C,~C, 117.0 114.7 — 116.4
C,—C,-0, 123.6 120.2 — 124.5
—C—O 1144  — — 112.8
C,Ci—N, — 117.8 116.9 —
—Ci—N, — 120.9 122.8 —
0,~C,-O 1219 — — 126.3
C,—N,—C, 125.3 123.2 —
N,-C,-0, — 123.2 123.8 —
Dihedral angles
N,-C,~C,-0O, 4.8 -1.1 — —
N-C~C-O 1844 — — —
N-C,C-N, — 175.7 — —
CN-C-C, — 180.3 — —
0, C,N—C, — -1.0 0.0 —

“Ref. 20. HD = Dunning’s [42/2] contraction of the Huzinaga (9s,5p/
4s) basis. ® Ref. 19.

Table 2 C, 7O, N and 'H hyperfine coupling tensors (G) for the two models investigated. Total spin densities on the heavy atoms, as calculated
from Mulliken population analyses, are also included
Glyrad Glyrad-ext
Atom Aiso Tox T, T, spin Ajso Tyx T, T, spin
C, 13.90 —17.26 —17.02 34.28 0.58 17.98 —18.65 -18.19 36.84 0.66
C, —6.71 -3.29 -1.82 5.11 0.06 =772 -1.37 -0.02 1.39 -0.01
0O, —2.82 —15.00 7.47 7.53 0.14 —1.79 -11.34 5.59 5.75 0.11
O —-0.08 =557 2.47 3.10 0.04
H, —1.38 -1.21 -1.01 222
N, 6.58 —4.49 —4.42 8.91 0.24 —0.90 -1.99 -1.82 3.81 0.06
Hyig -1.72 —4.28 -1.89 6.17 -2.25 -1.59 -1.50 3.90
Hxio 3.61 —5.34 —1.64 6.98
H, —12.64 -8.27 —-0.52 8.79 —13.88 —8.43 —0.41 8.83
N, 1.07 -1.09 —0.90 1.99 0.06
Hyog —0.56 -1.21 -0.29 1.51
Hxoo -0.71 —1.41 —0.63 2.04
C, 0.90 —2.42 —1.69 4.11 0.08
0, —2.45 —11.76 5.77 5.99 0.11
He, -3.39 -1.67 —0.80 2.47
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Table 3 Selected hyperfine couplings (G) compared to their experimental counterparts. Note that experimentally, only absolute values are reported

E. coli PFL* E. coli RNR*® T4 RNR ¢
hfcc Gly-734 Gly-681 Gly-580 Glyrad Glyrad-ext
Ajso(Hy) 15 14-15 14.4 —12.64 —13.88
A,(BC) ca. 1 0.5 — -3.36 —0.67
4,(°C)  ca 2 0-5 — -3.12 -0.21
A (BCy 49 46-50 ca. 66 48.18 54.82
A, (BCy) 16-21 15-21 — 13.90 17.98
“Ref. 10. ® Ref. 16. ¢ Ref. 18.
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Fig. 2 Effects of rotations around C,~C; (1) and around C,~N; (2) on: (A) relative energy; (B) 4_,(®C,); (C) 4;,(H,); (D) total spin density on C,.

(®) Rotation 1, (H) rotation 2.

speculated that the Hy,-proton or protons from adjacent resi-
dues could be the source of those couplings. From our calcul-
ation on Glyrad-ext, we note that the Hy;-proton, with
A,.=3.7G (4;,= —2.3 G), could serve as a candidate for one
of these protons. There is no proton coupling of a magnitude
close to 6 G in this model, which supports the assumption that
it originates from an adjacent residue. We are currently studying
models of tripeptides (Ser-Glyrad-Tyr and Cys-Glyrad-Tyr),
which we hope will lead to a more definite conclusion regarding
the source of these two unassigned couplings.

Effects of rotations
The large discrepancy in A4_(C,) between theory and experi-
ment for Bacteriophage T4 made us consider whether the
geometry of the radical unit in this system is really planar. We
therefore rotated the extended molecule around two different
bonds, C,—~C; and C,—N;, in steps of 10° and at each point
performed single point calculations at the PWP86/IGLO-III
level of theory. The rotations were conducted up to 150° only,
since further rotation will change the whole character of the
molecule by creating bonds between the outermost atoms. The
effects of the two rotations are displayed in Fig. 2.

The 66 G coupling of A4.(C,) is reproduced best for a
rotational angle of ca. 60° for both rotations. The energy is

then ca. 12-15 kcal mol ! higher than the planar ground state
structure. A4,,,(H,) is ca. —15 G, which is still in very good
agreement with the experimental value (14.4 G) and the spin
density on C, increases to ca. 0.75. All changes in the other
hfccs are within +2 G for all dihedral angles covered. Relax-
ation of the structure during the rotation, ie. optimizing all
degrees of freedom except the dihedral angle considered, will
lower the rotational energy by ca. 1-2 kcal mol™!. The resulting
10 kcal mol ™ is still too high from the ground state structure,
and the question of whether the three dimensional structure
of the protein is able to ‘force’ the glycine radical to take an
energetically unfavourable non-planar structure then arises.
Our calculations indicate that this may indeed be the case. It
is important to emphasize that we make no quantitative state-
ment about the actual rotation of the radical, but rather a
qualitative indication that the high 66 G coupling could have a
structural explanation. The present model of rotation is natur-
ally associated with some uncertainties, as we do not (for com-
putational reasons) explicitly take structural reorganization
into account. Such reorganization will in the present case
involve lengthening of the rotated bonds due to breakage of
conjugation; we do not, however, expect any considerable
modifications of spin localization or spatial arrangement
thereof at C,. We should not, of course, exclude other explan-
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ations of the observed deviating data set, such as the presence
of hydrogen bonding groups or maybe simply erroneous
experimental measurement and/or interpretation.

Conclusions

We have in the present study applied accurate DFT calculations
to study the geometric and hyperfine properties of the glycyl
radical. We obtain overall good agreement in hyperfine coup-
ling constants with the three proteins in which the radical has
been observed, namely E. coli pyruvate formate-lyase, E. coli
anaerobic RNR and bacteriophage T4 anaerobic RNR. Based
on a comparison of hfccs, we propose planar structures for the
radicals in E. coli PFL and E. coli RNR, but most likely not in
bacteriophage T4 anaerobic RNR.
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