








Protein Dynamics Control Catalytic Efficiency of AlkB

FIGURE 11. Representative HPLC assays of 20G and DNA turnover. Decarboxylation of 20G co-substrate (top) and demethylation of DNA substrates
(bottom) in standard reaction buffer at 37 °C were quantified in parallel using Aminex HPX-87H and Phenomenex Luna C18 columns, respectively. Because the
extinction coefficient of the Suc co-product at 210 nm is too low for reliable quantification, decarboxylation of 20G was measured based on its depletion compared
with pyruvate, an internal control compound that is not chemically modified during incubation or analysis. The chromatograms labeled “- control” come from mock
reactions incubated in the absence of enzyme. A and B, comparison of 20G turnover (A) during demethylation (B) of 5'-TmAT-3' trimer substrate versus 5'-CAMAAT-3’
pentamer substrate by the WT enzyme. Peak integration indicates ~5.1 20G molecules are decarboxylated per DNA trimer substrate demethylated, compared with
~1.1 20G molecules per DNA pentamer substrate (i.e. 76 um 20G oxidation for 15 um 5’-TmAT-3’ demethylation versus 20 um 20G oxidation for 19 um 5'-CAMAAT-3’
demethylation). Reactions initially containing 150 um 20G, 30 um 5’-TmAT-3’, and 0.5 um enzyme were allowed to proceed for 30 min, whereas reactions initially
containing 150 um 20G, 24 um 5'-CAmMAAT-3’, and 0.2 um enzyme were allowed to proceed for 20 min. C and D, comparison of 20G turnover (C) by 0.2 um WT versus
W89Y mutant enzyme during demethylation (D) of the longer 5'-CAMCAT-3’ pentamer substrate. Both enzyme variants oxidize roughly one 20G molecule per DNA
pentamer substrate demethylated, although W89Y turns over somewhat more slowly than WT (13 versus 20 um of co-substrate/substrate turned over). Reactions
initially containing 100 um 20G and 20 um 5'-CAmMCAT-3" were incubated for 5 min. E and F, comparison of 20G turnover (E) by 0.5 um WT enzyme (thick solid lines)
versus 1.2 um W89Y mutant enzyme (thin solid lines) during demethylation (F) of the shorter 5'-TmAT-3’ trimer substrate. At every time point, greater 20G decarbox-
ylation and less DNA demethylation was observed for the W89Y mutant relative to the WT enzyme. Therefore, the W89Y mutation substantially increases the oxidation
of 20G uncoupled from demethylation of the shorter trimer DNA substrate, which is released from the enzyme more rapidly than the longer pentamer DNA substrate
(Fig. 13, D and E). Reactions initially containing 150 um 20G and 30 um 5'-TmAT-3’ were incubated for 5 (pink), 10 (blue), or 30 (green) minutes. The dashed line shows
data from a mock (control) reaction without enzyme.

TABLE 4

Catalytic parameters of WT and mutant AlkB-AN11 enzymes
The k., and K,, values were determined by Michaelis-Menten analysis. The & values were measured by monitoring fluorescence anisotropy during competitive

cat
DNA-displacement experiments (e.g. as shown in Fig. 13, A-E). Michaelis-Menten analyses and DNA substrate release measurements were performed in the standard assay
buffer at 10 °C. The 20G/DNA coupling ratio (i.e. the ratio of 20G co-substrate turnover to DNA substrate turnover) was measured at the end of a 20-min incubation period

for pentamer DNA substrate or a 30-min incubation period for trimer DNA substrate at 37 °C.

wT W89Y Mé61L M92L 1119M

5'-TmAT-3’ ko (min™") 52*02

K. (um) 32+ 04

Koge (min™") 108 =+ 48

20G/DNA 49 *£0.5 99 *x21 123 = 1.2 51*0.3 41 =*0.7
5'-CAmCAT-3' Koo (min 1) 212+ 1.1

K. (um) 04+ 0.1

Ko (min~?) 1.80 = 0.02 7.5 %03 167 + 1.8 1.90 = 0.03

20G/DNA 09 *+0.1 0.8*+0.3
5'-CAmAAT-3’ 20G/DNA 1.0*0.1 1.5+0.2

mutant protein, the slope of the correlation is reduced for
the resonance of residue Met-49, and the chemical shifts of

open state, as inferred previously from the reduced 20G bind-
ing affinity of this mutant protein (Fig. 4). Therefore, the W89Y

residue Met-57 are highly perturbed. These results suggest that
the M61L mutant is less shifted toward the closed state in both
the 20G and DNA complexes and that the environment of
Met-57 is altered. This last effect is explained by the close prox-
imity of this residue to Met-61 in the closed-state structure (14,
23, 31). The chemical shifts of both Met-49 and Met-57 are
perturbed strongly in the W89Y mutant (Figs. 5F, inset, and 8),
confirming that the W89Y mutation biases AlkB toward the
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mutation opposes shifting of the conformational ensemble
toward the closed state.

Accelerated Release of DNA Substrate Causes Uncoupled
Turnover of 20G—Perturbation of the thermodynamics of the
conformational transition by W89Y provided an opportunity to
evaluate the transition’s influence on catalytic efficiency. To
determine the degree of coupling of the two stages of the enzy-
matic reaction, i.e. 20G decarboxylation and subsequent DNA
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FIGURE 12. 20G decarboxylation is decoupled from demethylation of trimer DNA substrate by the WT enzyme and further decoupled by mutations
favoring the open state of the NRL. A-C show enzyme turnover data for the 5'-TmAT-3’ trimer substrate, whereas D-F show the equivalent data for the
5'-CAmAAT-3’ pentamer substrate. A, yield of decarboxylated 20G per molecule of WT (black, 0.5 um), W89Y (red, 1.2 um), or M61L (blue, 0.7 um) AIkB-AN11 as
function of time in the presence of DNA trimer substrate. B, yield of demethylated 5'-TmAT-3' in the same reactions. C, ratio of 20G oxidation versus 5'-TmAT-3’
demethylation in these reactions. D, yield of decarboxylated 20G per molecule of WT (black, 0.2 um), W89Y (red, 0.5 um), and AlkB-AN11 as function of time in
the presence of DNA pentamer substrate. E, yield of demethylated 5'-CAmMAAT-3’ in the same reactions. F, ratio of 20G oxidation versus 5’-CAMAAT-3’
demethylation in these reactions. Enzyme reactions were carried out at 37 °Cin 150 um 20G, 75 um Fe(NH,),(SO,),, 500 um ascorbate, 150 um sodium pyruvate,
75 mm KCl, 50 mm Na-HEPES, pH 7.6.
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FIGURE 13. Mutations favoring the open state of the NRL and enhancing uncoupled 20G decarboxylation accelerate the release of DNA substrate.
A-C, fluorescence anisotropy assays of the rate of release of 10 nm 5'-CAmMCAT-3’ substrate from 4 um WT (A), W89Y (B), or M61L (C) AIkB-AN11 in the presence
of 2 mm Suc. Release was initiated by addition of 20 um unlabeled DNA substrate under the conditions used for the anisotropy assays in Fig. 3. D and E,
fluorescence anisotropy assays were used to measure the release rate of 5'-CAMCAT-FAM-3’ (D, ko = 1.8 min ") or 5'-TmAT-FAM-3' (, ko =108 min ") from
WT AlkB-AN11 at 10 °Ciin standard buffer containing 20 um Mn(ll) and 2 mm Suc. F shows Michaelis-Menten kinetic assays performed for 5'-CAmCAT-3' (black,
k... = 21.2min" ") and 5'-TmAT-3’ (red, k_,, = 5.2 min"~ ") in the standard assay buffer at 10 °C as described previously (23) with minor modifications described
under “Experimental Procedures.” Error bars represent the standard error of the mean.

demethylation, we developed an HPLC method to quantify the
rate of 20G oxidation in parallel with DNA substrate demeth-
ylation (Figs. 11, 12, and 154 and Table 4). Wild-type AlkB
consumes one molecule of 20G for each molecule of penta-
mer substrate demethylated (i.e. 5'-CAmCAT-3" or 5'-CA-
mAAT-3" in Figs. 11, A-D, and 12, D-F), indicating essentially
perfect coupling. In contrast, AlkB consumes ~5 molecules of
20G per molecule of trimer substrate demethylated (i.e.
5'-TmAT-3" in Fig. 12, A-C). Fluorescence anisotropy assays of
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the release rate of methylated DNA substrate from the Mn(II)/
Suc complex demonstrate that trimer substrate is released from
the co-product complex ~60-fold more rapidly than pentamer
substrate (Fig. 13, D and E, and Table 4), and this accelerated
release accounts for the premature quenching of the oxyferryl
intermediate and uncoupled 20G turnover in ~80% of oxida-
tion reactions that occur when trimer substrate is bound. These
observations indicate that the lifetime of the oxyferryl interme-
diate is =11 s (k_,, for 5'-CAmCAT-3’ (31)) and that the

cat
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enzyme releases longer DNA substrates more slowly than the
forward reaction rate with methylated nucleobase (Figs. 1D and
13, D—F). Notably, the Mn(II)/Suc complex does not release the
pentamer substrate more rapidly than the Mn(II)/20G com-
plex (Fig. 14), which is contrary to previous claims (32, 35) but is
consistent with the need to sequester the oxyferryl intermedi-
ate in the active site after Suc generation.

Protein Dynamics Control the Catalytic Efficiency of AlkB—
The observation that the release rate of the DNA substrate is a
critical determinant of catalytic efficiency provides a sensitive
starting point for analysis of the influence of protein mutations
on this process. The M61L mutation, which changes a residue
directly contacting the DNA substrate, substantially accelerates
DNA substrate release (Fig. 13C and Table 4) while only slightly
perturbing the thermodynamics of the functional conforma-
tional transition characterized above (Figs. 5F and 9). This
point mutation substantially increases turnover of 20G uncou-
pled from DNA demethylation (Fig. 12, A-C), confirming that
premature release of methylated substrate causes uncoupling.
Strikingly, a similar increase in DNA release rate (Fig. 13, A and
B, and Table 4) and uncoupled 20G turnover (Fig. 12, A-C) is
caused by the W89Y mutation, which is remote from the active
site (Fig. 1B) but strongly biases the enzyme conformation
toward the open conformation (Figs. 4 and 8). In contrast, the
mutation of methionine residue Met-92, which is located in a
region of the protein that is not significantly affected during the
ligand-dependent conformational transition (Fig. 54), alters nei-
ther the rate of DNA release nor the efficiency of coupling between
20G turnover and DNA repair (Fig. 15 and Table 4). These results
demonstrate that, in addition to controlling the proper order of

Anisotropy
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FIGURE 14. Oxidation of 20G to Suc does not enhance the release rate of
methylated DNA substrate. The release rate of 5'-CAMCAT-FAM-3’ from WT
AlkB in complex with Suc/Mn(ll) (A) or 20G/Mn(ll) (B) was measured at 10 °Cin
the standard buffer containing 20 um MnCl, and either 2 mm Suc (A) or 100 um
20G (B). These competitive binding experiments were carried out as
described for Fig. 13, A-D. Based on several replicates of each experiment, the
DNA release rate is 3.4 = 0.2 min~ ' from the Mn(l1)/20G complex and 1.80 +
0.02 min~" from the Mn(Il)/Suc complex.
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co-substrate/substrate binding (Fig. 3), the conformational transi-
tion between open/closed states of the NRL determines the DNA
release rate, which critically modulates the catalytic efficiency of
AIKB. If this transition were too slow, the rate of DNA repair would
be limited due to slow product release. Our results demonstrate
that, if this transition is too fast, catalytic efficiency is reduced
because of increased uncoupled turnover of the 20G co-substrate.
Therefore, the kinetics of the conformational transition gating
DNA substrate binding have evolved to control sequestration of
the reactive oxyferryl intermediate and the net efficiency of the
catalytic reaction cycle of AlkB.

DISCUSSION

Like other Fe(II)/20G dioxygenases, AlkB performs a high
energy chemical transformation requiring coordination of the
binding of four cofactor/substrate molecules followed by
sequestration of a highly reactive enzyme-bound intermediate
(2). Previous research suggested that the dynamics of AlkB con-
tribute to several stages in its reaction cycle, including binding
of structurally diverse substrates (23), coupling between suc-
cessive chemical steps in the reaction cycle (23), and facilitating
release of the repaired DNA product (32). In this study, by com-
bining fluorescence spectroscopy and NMR spectroscopy with
enzymological assays, we demonstrate that a specific protein
conformational transition orchestrates the complex multistep
catalytic reaction cycle of AlkB (Fig. 1D), controlling both the
proper sequential order of cofactor/substrate binding as well as
the kinetic sequestration of the reactive oxyferryl intermediate.

This transition changes AlkB from an open conformation
that has yet to be observed crystallographically to a closed con-
formation resembling that in substrate- and product-bound
crystal structures (14, 23, 31). Our spectroscopic data demon-
strate that the open conformation has similar net secondary
structure content as measured by CD (Fig. 2, A and C) but an
altered environment of the Trp and Met residues proximal to
the active site and at the interface between the Fe(II)/20G core
and the NRL (Figs. 3, A-D, and 4). Previous amide-exchange
measurements showed that the backbone of the NRL has
enhanced dynamics in the open conformation (23), and the
NMR data presented here show that its methionine side chains
are disordered in this conformation (Fig. 5). Therefore, the key
conformational transition controlling the catalytic reaction
cycle of AlkB involves movement of the NRL away from the
active site into a more open position where it participates in
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FIGURE 15. AlkB-AN11 mutants with unaffected 20G/DNA coupling efficiency have DNA substrate release rates similar to the wild-type enzyme. 4,
coupling of 20G oxidation to 5'-TmAT-3" demethylation by WT (black), M92L (red), or I1119M (blue) enzymes was quantified as shown in Fig. 11 in reactions
conducted at 37 °C in the standard assay buffer. Although some uncoupled decarboxylation of the 20G co-substrate occurs in the absence of alkylated DNA
substrate, its addition substantially increases the rate of this reaction (12, 13). B, fluorescence anisotropy assays were used to measure the release rate of
5'-CAmMCAT-FAM-3’ from WT (left) or M92L (right) enzyme at 10 °C in standard buffer containing 20 um Mn(ll) and 2 mm Suc. Competitive binding experiments
were conducted as described for Fig. 13.
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fewer constraining interactions with the Fe(II)/20G core (as
schematized in Fig. 1C).

In the metal-bound enzyme, this open state is favored over
the closed state by a factor of ~5:1, as elucidated by the NMR
data presented here. Binding of 20G or Suc changes this ratio
to ~0.5:1, which importantly increases the affinity for DNA
substrate. Although some variation in the exact ratio is possible
with co-substrate versus co-product in the buffers at acidic or
neutral pH, our "H-">C chemical shift data (Figs. 5— 8) suggest
that any such variations are relatively small. Using these data,
the estimated proportion of the closed state in the Zn(II)/20G
complex is 0.64 = 0.05 at pD 5.5 and 0.59 * 0.06 at pD 7.6, and
the estimated proportion of the closed state in the Zn(II)/Suc
complex is 0.61 = 0.05 at pD 5.5.

Comparing the apoenzyme (i.e. with neither metal cofactor nor
20G co-substrate bound) with the metal/20G complex, the affin-
ity for the DNA substrate is increased by ~100-fold by Fe(II)/20G
binding, as demonstrated by our fluorescence binding experi-
ments. Thus, the transition toward the closed state controls the
proper sequential order of substrate binding. We also demonstrate
that DNA binding greatly stabilizes the closed state and that muta-
tions that bias the transition toward the open state substantially
accelerate DNA substrate release and enhance uncoupled turn-
over of 20G. Therefore, the kinetics of the conformational transi-
tion gating DNA binding directly control sequestration of the
reactive oxyferryl intermediate and thereby the net efficiency of
the catalytic reaction cycle. In wild-type AlkB, the opening kinetics
are tuned to mediate release of the DNA substrate/product slightly
more slowly than hydrogen abstraction from the primary sub-
strate, to produce efficient repair of this substrate without promot-
ing uncoupled turnover of 20G and adventitious oxidative side
reactions. Dynamic conformational transitions of this kind are
likely to control the catalytic efficiency of other Fe(II)/20G dioxy-
genases as well as many other enzyme families performing com-
plex biomolecular transformations.

Acknowledgments— We acknowledge Victor Wong for technical assist-
ance and Brent Stockwell and Scott Banta for instrumentation access.
We thank Christie Brouillette and Wendy Yang of the University of Ala-
bama and Chi Wang and other members of the Hunt and Palmer labo-
ratories for advice. The 900 MHz spectrometers were purchased with

funds from the National Institutes of Health, the Keck Foundation (New
York State), and the New York City Economic Development Corp.

REFERENCES

1. Schofield, C.J., and Zhang, Z. (1999) Structural and mechanistic studies
on 2-oxoglutarate-dependent oxygenases and related enzymes. Curr.
Opin. Struct. Biol. 9,722-731

2. Hausinger, R. P. (2004) Fe(II)/a-ketoglutarate-dependent hydroxylases
and related enzymes. Crit. Rev. Biochem. Mol. Biol. 39, 21— 68

3. Clifton, I.]., McDonough, M. A,, Ehrismann, D., Kershaw, N. J., Granatino,
N., and Schofield, C.J. (2006) Structural studies on 2-oxoglutarate oxyge-
nases and related double-stranded p-helix fold proteins. J. Inorg. Biochem.
100, 644 —669

4. Kurowski, M. A., Bhagwat, A. S., Papaj, G., and Bujnicki, J. M. (2003)
Phylogenomic identification of five new human homologs of the DNA
repair enzyme AlkB. BMC Genomics 4, 48

5. Loenarz, C., and Schofield, C. J. (2011) Physiological and biochemical
aspects of hydroxylations and demethylations catalyzed by human 2-oxo-
glutarate oxygenases. Trends Biochem. Sci. 36, 7-18

29600 JOURNAL OF BIOLOGICAL CHEMISTRY

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Duncan, T., Trewick, S. C., Koivisto, P., Bates, P. A., Lindahl, T., and

Sedgwick, B. (2002) Reversal of DNA alkylation damage by two human
dioxygenases. Proc. Natl. Acad. Sci. U.S.A. 99, 16660 -16665

. Sanchez-Pulido, L., and Andrade-Navarro, M. A. (2007) The FTO (fat

mass and obesity associated) gene codes for a novel member of the non-
heme dioxygenase superfamily. BMC Biochem. 8, 23

. Gerken, T., Girard, C. A., Tung, Y.-C., Webby, C.].,, Saudek, V., Hewitson,

K. S, Yeo, G. S., McDonough, M. A., Cunliffe, S., McNeill, L. A., Galva-
novskis, J., Rorsman, P., Robins, P., Prieur, X., Coll, A. P., Ma, M., Jo-
vanovic, Z., Farooqi, I. S., Sedgwick, B., Barroso, L, Lindahl, T., Ponting,
C.P., Ashcroft, F. M., O'Rahilly, S., and Schofield, C. J. (2007) The obesity-
associated FTO gene encodes a 2-oxoglutarate-dependent nucleic acid
demethylase. Science 318, 1469 —1472

. Kataoka, H., Yamamoto, Y., and Sekiguchi, M. (1983) A new gene (alkB) of

Escherichia coli that controls sensitivity to methyl methane sulfonate. J.
Bacteriol. 153, 1301-1307

Dinglay, S., Trewick, S. C., Lindahl, T., and Sedgwick, B. (2000) Defective
processing of methylated single-stranded DNA by E. coli alkB mutants.
Genes Dev. 14, 2097-2105

Aravind, L., and Koonin, E. V. (2001) The DNA-repair protein AlkB,
EGL-9, and leprecan define new families of 2-oxoglutarate-and iron-de-
pendent dioxygenases. Genome Biol. 2, RESEARCH0007

Falnes, P. @., Johansen, R. F., and Seeberg, E. (2002) AlkB-mediated oxi-
dative demethylation reverses DNA damage in Escherichia coli. Nature
419, 178-182

Trewick, S. C., Henshaw, T. F., Hausinger, R. P., Lindahl, T., and Sedgwick,
B. (2002) Oxidative demethylation by Escherichia coli AIkB directly reverts
DNA base damage. Nature 419, 174—178

Yi, C, Jia, G., Hou, G., Dai, Q., Zhang, W., Zheng, G., Jian, X, Yang, C. G,,
Cui, Q., and He, C. (2010) Iron-catalysed oxidation intermediates cap-
tured in a DNA repair dioxygenase. Nature 468, 330 -333

Ryle, M. J., Padmakumar, R., and Hausinger, R. P. (1999) Stopped-flow
kinetic analysis of Escherichia coli taurine/a-ketoglutarate dioxygenase:
interactions with a-ketoglutarate, taurine, and oxygen. Biochemistry 38,
15278 -15286

Price, J. C., Barr, E. W., Tirupati, B., Bollinger, J. M., Jr., and Krebs, C.
(2003) The first direct characterization of a high-valent iron intermediate
in the reaction of an a-ketoglutarate-dependent dioxygenase: a high-spin
Fe(IV) complex in taurine/a-ketoglutarate dioxygenase (TauD) from
Escherichia coli. Biochemistry 42, 7497-7508

Price, J. C., Barr, E. W., Hoffart, L. M., Krebs, C., and Bollinger, ]. M. (2005)
Kinetic dissection of the catalytic mechanism of taurine:a-ketoglutarate
dioxygenase (TauD) from Escherichia coli. Biochemistry 44, 8138 — 8147
Grzyska, P. K, Ryle, M. J., Monterosso, G. R., Liu, J., Ballou, D. P., and
Hausinger, R. P. (2005) Steady-state and transient kinetic analyses of tau-
rine/a-ketoglutarate dioxygenase: effects of oxygen concentration, alter-
native sulfonates, and active-site variants on the Fe(IV)-oxo intermediate.
Biochemistry 44, 3845-3855

Hoffart, L. M., Barr, E. W., Guyer, R. B, Bollinger, ]. M., Jr., and Krebs, C.
(2006) Direct spectroscopic detection of a C-H-cleaving high-spin Fe(IV)
complex in a prolyl-4-hydroxylase. Proc. Natl. Acad. Sci. U.S.A. 103,
14738 14743

Flashman, E., Hoffart, L. M., Hamed, R. B., Bollinger, ]. M., Jr., Krebs, C., and
Schofield, C. J. (2010) Evidence for the slow reaction of hypoxia-inducible
factor prolyl hydroxylase 2 with oxygen. FEBS J. 277, 4089 — 4099

Panay, A.]., Lee, M., Krebs, C., Bollinger, ]. M., and Fitzpatrick, P. F. (2011)
Evidence for a high-spin Fe(IV) species in the catalytic cycle of a bacterial
phenylalanine hydroxylase. Biochemistry 50, 1928 —1933

Price, J. C., Barr, E. W, Glass, T. E., Krebs, C., and Bollinger, ]. M., Jr. (2003)
Evidence for hydrogen abstraction from C1 of taurine by the high-spin
Fe(IV) intermediate detected during oxygen activation by taurine:a-keto-
glutarate dioxygenase (TauD). J. Am. Chem. Soc. 125, 13008 —13009

Yu, B, Edstrom, W. C., Benach, J., Hamuro, Y., Weber, P. C., Gibney, B.R,,
and Hunt, J. F. (2006) Crystal structures of catalytic complexes of the
oxidative DNA/RNA repair enzyme AlkB. Nature 439, 879 — 884

Holme, E. (1975) A kinetic study of thymine 7-hydroxylase from Neuro-
spora crassa. Biochemistry 14, 4999 —5003

Zhou, J., Gunsior, M., Bachmann, B. O., Townsend, C. A., and Solomon,

SASBMB

VOLUME 289-NUMBER 43+-OCTOBER 24, 2014

¥T0¢ ‘2T BGUBAON UO AfIqIT YIESH JO SaInIsu| [euolieN Te /B.10°0q I mmmy/:dny Wwody pepeojumoq


http://www.jbc.org/

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

OCTOBER 24, 2014 +VOLUME 289-NUMBER 43

E. 1. (1998) Substrate binding to the a-ketoglutarate-dependent non-heme
iron enzyme clavaminate synthase 2: coupling mechanism of oxidative
decarboxylation and hydroxylation. J. Am. Chem. Soc. 120, 13539 —13540
Myllyld, R., Tuderman, L., and Kivirikko, K. I. (1977) Mechanism of the
prolyl hydroxylase reaction. Eur. J. Biochem. 80, 349 —357

Eser, B. E., Barr, E. W., Frantom, P. A, Saleh, L., Bollinger, ]. M., Jr., Krebs,
C., and Fitzpatrick, P. F. (2007) Direct spectroscopic evidence for a high-
spin Fe(IV) intermediate in tyrosine hydroxylase. /. Am. Chem. Soc. 129,
11334-11335

Riggs-Gelasco, P. ], Price, J. C., Guyer, R. B., Brehm, J. H,, Barr, E. W., Bol-
linger, J. M., Jr., and Krebs, C. (2004) EXAFS spectroscopic evidence for an
Fe=0 unit in the Fe(IV) intermediate observed during oxygen activation by
taurine:a-ketoglutarate dioxygenase. . Am. Chem. Soc. 126, 8108 —8109
Proshlyakov, D. A., Henshaw, T. F., Monterosso, G. R., Ryle, M. J., and
Hausinger, R. P. (2004) Direct detection of oxygen intermediates in the
non-heme Fe enzyme taurine/a-ketoglutarate dioxygenase. /. Am. Chem.
Soc. 126, 1022-1023

Myllyld, R, Majamaa, K., Giinzler, V., Hanauske-Abel, H. M., and Ki-
virikko, K. I. (1984) Ascorbate is consumed stoichiometrically in the un-
coupled reactions catalyzed by prolyl 4-hydroxylase and lysyl hydroxylase.
J. Biol. Chem. 259, 5403—5405

Yu, B., and Hunt, J. F. (2009) Enzymological and structural studies of the
mechanism of promiscuous substrate recognition by the oxidative DNA
repair enzyme AlkB. Proc. Natl. Acad. Sci. U.S.A. 106, 14315-14320
Bleijlevens, B., Shivarattan, T., Flashman, E., Yang, Y., Simpson, P. ],
Koivisto, P., Sedgwick, B., Schofield, C. J., and Matthews, S. J. (2008) Dy-
namic states of the DNA repair enzyme AlkB regulate product release.
EMBO Rep. 9, 872877

Wong, C., Fujimori, D. G., Walsh, C. T., and Drennan, C. L. (2009) Struc-
tural analysis of an open active site conformation of nonheme iron halo-
genase CytC3. J. Am. Chem. Soc. 131, 48724879

Khare, D., Wang, B., Gu, L., Razelun, J., Sherman, D. H., Gerwick, W. H.,
Hékansson, K., and Smith, J. L. (2010) Conformational switch triggered by
a-ketoglutarate in a halogenase of curacin A biosynthesis. Proc. Natl.
Acad. Sci. U.S.A. 107, 14099 —14104

Bleijlevens, B., Shivarattan, T., van den Boom, K. S., de Haan, A., van der
Zwan, G., Simpson, P. J., and Matthews, S. J. (2012) Changes in protein
dynamics of the DNA repair dioxygenase AlkB upon binding of Fe** and
2-oxoglutarate. Biochemistry 51, 33343341

Nicholson, L. K., Yamazaki, T., Torchia, D. A., Grzesiek, S., Bax, A., Stahl,
S.J., Kaufman, J. D., Wingfield, P. T., Lam, P. Y., and Jadhav, P. K. (1995)
Flexibility and function in HIV-1 protease. Nat. Struct. Biol. 2, 274—280
Sawaya, M. R,, and Kraut, J. (1997) Loop and subdomain movements in the
mechanism of Escherichia coli dihydrofolate reductase: crystallographic
evidence. Biochemistry 36, 586 —603

McClendon, S., Zhadin, N., and Callender, R. (2005) The approach to the
Michaelis complex in lactate dehydrogenase: the substrate binding path-
way. Biophys. ]. 89, 2024 -2032

Boehr, D. D., McElheny, D., Dyson, H. J., and Wright, P. E. (2006) The
dynamic energy landscape of dihydrofolate reductase catalysis. Science
313, 1638-1642

Doucet, N., Watt, E. D., and Loria, J. P. (2009) The flexibility of a distant
loop modulates active site motion and product release in ribonuclease A.
Biochemistry 48, 7160 -7168

Xu, Y., Lorieau, J., and McDermott, A. E. (2010) Triosephosphate isomer-
ase: °N and *C chemical shift assignments and conformational change
upon ligand binding by magic-angle spinning solid-state NMR spectros-
copy. J. Mol. Biol. 397, 233-248

Wolf-Watz, M., Thai, V., Henzler-Wildman, K., Hadjipavlou, G., Eisen-
messer, E. Z., and Kern, D. (2004) Linkage between dynamics and catalysis in
a thermophilic-mesophilic enzyme pair. Nat. Struct. Mol. Biol. 11, 945—949
Hammes, G. G., Benkovic, S. J., and Hammes-Schiffer, S. (2011) Flexibility,
diversity, and cooperativity: pillars of enzyme catalysis. Biochemistry 50,
10422-10430

. Massi, F., Wang, C., and Palmer, A. G. (2006) Solution NMR and com-

puter simulation studies of active site loop motion in triosephosphate
isomerase. Biochemistry 45, 10787—-10794
Stafford, K. A., Robustelli, P., and Palmer, A. G. (2013) Thermal adaptation

SASBMB

Protein Dynamics Control Catalytic Efficiency of AlkB

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

of conformational dynamics in ribonuclease H. PLoS Comput. Biol. 9,
1003218

Liu, H., Llano, J., and Gauld, J. W. (2009) A DFT study of nucleobase
dealkylation by the DNA repair enzyme AlkB. J. Phys. Chem. B 113,
4887—-4898

Findeisen, M., Brand, T., and Berger, S. (2007) A "H-NMR thermometer
suitable for cryoprobes. Magn. Reson. Chem. 45, 175-178

Schleucher, J., Schwendinger, M., Sattler, M., Schmidt, P., Schedletzky, O.,
Glaser, S. J., Serensen, O. W., and Griesinger, C. (1994) A general en-
hancement scheme in heteronuclear multidimensional NMR employing
pulsed field gradients. /. Biomol. NMR 4, 301-306

Kay, L., Keifer, P., and Saarinen, T. (1992) Pure absorption gradient en-
hanced heteronuclear single quantum correlation spectroscopy with im-
proved sensitivity. J. Am. Chem. Soc. 114, 10663—-10665

Palmer, A. G., Cavanagh, J., Wright, P. E., and Rance, M. (1991) Sensitivity
improvement in proton-detected two-dimensional heteronuclear corre-
lation NMR spectroscopy. J. Magn. Reson. 93, 151-170

Schanda, P., Kupce, E., and Brutscher, B. (2005) SOFAST-HMQC exper-
iments for recording two-dimensional heteronuclear correlation spectra
of proteins within a few seconds. /. Biomol. NMR 33, 199 -211
Tugarinov, V., Sprangers, R., and Kay, L. E. (2007) Probing side-chain
dynamics in the proteasome by relaxation violated coherence transfer
NMR spectroscopy. J. Am. Chem. Soc. 129, 1743-1750

Gill, M. L., and Palmer, A. G. (2011) Multiplet-filtered and gradient-se-
lected zero-quantum TROSY experiments for "*C'H; methyl groups in
proteins. J. Biomol. NMR 51, 245-251

Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax, A.
(1995) NMRPipe: A multidimensional spectral processing system based
on UNIX pipes. J. Biomol. NMR 6, 277-293

Helmus, J. J., and Jaroniec, C. P. (2013) Nmrglue: an open source Python
package for the analysis of multidimensional NMR data. /. Biomol. NMR
55, 355-367

Barrett, P., Hunter, J. D., and Greenfield, P. (2004) Astronomical Data
Analysis Software & Systems XIV

Pérez, F., and Granger, B. E. (2007) IPython: a system for interactive sci-
entific computing. Comput. Sci. Eng. 9, 21-29

Koivisto, P., Duncan, T., Lindahl, T., and Sedgwick, B. (2003) Minimal
methylated substrate and extended substrate range of Escherichia coli
AIKB protein, a 1-methyladenine-DNA dioxygenase. J. Biol. Chem. 278,
44348 — 44354

Besley, N. A, and Hirst, J. D. (1999) Theoretical studies toward quantita-
tive protein circular dichroism calculations. /. Am. Chem. Soc. 121,
9636 —9644

Spolar, R. S., and Record, M. T. (1994) Coupling of local folding to site-
specific binding of proteins to DNA. Science 263, 777784

Myers, J. K., Pace, C. N, and Scholtz, J. M. (1995) Denaturant m values and
heat capacity changes: Relation to changes in accessible surface areas of
protein unfolding. Protein Sci. 4, 2138 2148

Chen, H., Ahsan, S. S., Santiago-Berrios, M. B., Abrufia, H. D., and Webb,
W. W. (2010) Mechanisms of quenching of Alexa fluorophores by natural
amino acids. J. Am. Chem. Soc. 132, 7244 —7245

Lakowicz, J. R. (2006) Principles of Fluorescence Spectroscopy, 3rd Edition,
pp. 334—342, 443—472, and 530-573, Springer, New York

Ricci, R. W., and Nesta, J. M. (1976) Inter- and intramolecular quenching of
indole fluorescence by carbonyl compounds. J. Phys. Chem. 80, 974—-980
Sillen, A., Diaz, J. F., and Engelborghs, Y. (2000) A step toward the predic-
tion of the fluorescence lifetimes of tryptophan residues in proteins based
on structural and spectral data. Protein Sci. 9, 158 —169

Farid, S., Dinnocenzo, J. P., Merkel, P. B., Young, R. H., Shukla, D., and
Guirado, G. (2011) Reexamination of the Rehm-Weller data set reveals
electron transfer quenching that follows a Sandros-Boltzmann depen-
dence on free energy. . Am. Chem. Soc. 133, 11580-11587

Holland, P. J., and Hollis, T. (2010) Structural and mutational analysis of
Escherichia coli AIkB provides insight into substrate specificity and DNA
damage searching. PLoS ONE 5, e8680

Williams, J. C., and McDermott, A. E. (1995) Dynamics of the flexible loop
of triose-phosphate isomerase: The loop motion is not ligand gated. Bio-
chemistry 34, 8309 — 8319

JOURNAL OF BIOLOGICAL CHEMISTRY 29601

¥T0¢ ‘2T BGUBAON UO AfIqIT YIESH JO SaInIsu| [euolieN Te /B.10°0q I mmmy/:dny Wwody pepeojumoq


http://www.jbc.org/

