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ABSTRACT. Cobalamin-independent methionine synthase (MetE) catalyzes the final step of de novo
methionine synthesis using the triglutamate derivative of methyltetrahydrofolateHtR#eGly) as methyl

donor and homocysteine (Hcy) as methyl acceptor. This reaction is challenging because at physiological
pH the Hcy thiol is not a strong nucleophile and £Hy,PteGluy provides a very poor leaving group. Our
laboratory has previously established that Hcy is ligated to a tightly bound zinc ion in the MetE active
site. This interaction activates Hcy by lowering it€gpsuch that the thiolate is stabilized at neutral pH.

The remaining chemical challenge is the activation of;&PteGlw. Protonation of N5 of CktHa-

PteGly would produce a better leaving group, but occurs withka @f 5 in solution. We have taken
advantage of the sensitivity of the Gii,PteGly absorption spectrum to probe its protonation state when
bound to MetE. Comparison of free and MetE-bound;&tPteGly absorbance spectra indicated that

the N5 is not protonated in the binary complex. Rapid reaction studies have revealed changgs in CH
H4PteGly absorbance that are consistent with protonation at N5. These absorbance changes show saturable
dependence on both Hecy and €H4PteGly, indicating that protonation of C-HsPteGly occurs upon
formation of the ternary complex and prior to methyl transfer. Furthermore, the tetrahydrofolate (H
PteGlu) product appears to remain bound to MetE, and in the presence of excess Hcy- bl et |-

Hcy mixed ternary complex forms, in which,PteGly is protonated.

| find the reaction catalyzed by cobalamin-dependent by attack of the supernucleophilic cob(l)alamin cofactor and
methionine synthase improbable, and that catalyzed then transferred from the methylcobalamin cofactor to Hcy.
by cobalamin-independent methionine synthase im- However, cobalamin-independent methionine synthase (MetE)
possible. lacks any organic cofactor, and the nucleophile is Hcy itself.
—DuilioArigoni, 1989 Hcy has a microscopicly for the thiol of 10 (), so in

solution at neutral pH it is present as the thiol rather than
the more reactive thiolat2{-4). We have hypothesized that
the strategy to improve the concentration of reactive species
would be to shift the [, values of the two substrates upon

amines are rarely used as methyl donors in biology, because?Nding to MetE. If the K of Hey were lowered and that
the methy! group is only sluggishly reactive when compared of CHs-Hfolate were simultaneously _ralsed on blndnjg to
to that of the sulfonium adenosylmethionine (AdoMet), MetE, both s_ubstrates would be ac_tlvated for reaction _at
which is the usual biological methyl donor. In cobalamin- neutral pH (Figure 1). Furthermore, this strategy would avoid
dependent methionine synthase (MetH), the “improbable” proton transfer between the substrates in the ternary complex.

enzyme, the methyl group is removed from £Hifolate Prior studies have established that Hcy is activated by both

MetE and MetH using similar strategies. In both cases, the
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rahydrofolate; AcsE, methyltetrahydrofolate:corrinoid iron/sulfur protein However, consistent with the hypothesis that zinc serves as
methyltransferase; GiHafolate, (69-N5-methyl-5,6,7,8-tetrahydro-  a Lewis acid, nearly one proton per protein is released upon

folate; CH-H,PteGlu, (69-N5-methyl-5,6,7,8-tetrahydropteroyltri- PR ;

glutamate; Hfolate, (€5)-5,6,7,8-tetrahydrofolate; 4RteGlu, (69)- .blgqmg of Hey FO.M?tE’ mfeaSUI‘ed n thg preﬁenﬁ}ém? pH
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droxybenzoate); PCD, protocatechuic acid dioxygenase; PieGlu ele an € ave no detectable sequence similarity,

pteroylpentaglutamate. and the nature and spacing of the protein residues that bind

Methionine synthases catalyze the transfer of a methyl
group from N5 of methyltetrahydrofolate (GHHsfolate)}
a tertiary amine, to thé-sulfur of homocysteine (Hcy) to
form methionine and tetrahydrofolate fidlate). Tertiary
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100 100 absorbance of CHHfolate changes considerably with pH
- (15) and hydrophobicityX6), providing an easily observable
80 - [ 80 signal of the protonation state and environment (Figure 2).
Co The very high protein absorbance limits absorbance mea-
surements to wavelengths abov807 nm (vertical red line
in Figure 2a). This region of the spectrum of the protonated
and unprotonated species does not dramatically change shape
and differs largely in the magnitude of the extinction
coefficients. However, these species can be distinguished on
the basis of their characteristic difference spectra. For
instance, when the spectrum of gHjfolate at pH 7 is
0 == 13 m v 12“ subtracted from that of C{Hfolate at pH 3, the positive
difference absorbance below 27280 nm and negative
pH difference absorbance above 27ZB0 nm is characteristic
Ficure 1: A strategy for catalysis by MetE. Th&pfor the N5 of of CHs-Hjfolate protonation (Figure 2a). The difference
CHa-Hfolate is 5 in solution (blue solid line); the microscopi€ spectrum associated with binding of GH4PteGlu to MetE

for deprotonation of the Hcy thiol in solution is 10 (red solid line). . .
Shifting the substratekp, values to 8 and 6 (blue and red dotted does not resemble the difference spectrum for protonation

lines, respectively) would greatly increase the overlap between Of CHs-Hafolate in solution (Figure 2b)7). Instead, the
activated substrates. difference spectrum associated with formation of the MetE

CHs-H4PteGly binary complex is very similar to that for

introducing aqueous CfH,PteGly into 80% acetonitrile
the zinc differ. MetE arose from gene duplication and has at neutral pH, suggesting that the €H,PteGly is trans-
two homologous domains that both fold int@/f)s barrels  ferred to a hydrophobic environment on binding to the
(9). The barrels are oriented face-to-face such that the protein. Additionally, theKq for binding of the CH-Ha-
C-termini of the barrel strands point toward each other. Zinc pteGly is invariant between pH 5.5 and pH 8.5, indicating
is bound in the C-terminal domain of MetE and is coordi- that binary complex formation does not involve either proton
nated by protein residues Cys643, Cys726, His@}1and uptake or releasery.
Glu665 E. colinumbering) 9). When Hcy binds to MetE,
it coordinates the zinc, causing the metal to move away from
Glu665 and toward Hcy9). Even though the zinc/Hcy
domains of MetE and MetH have no sequence similarity,
they are bothd/f)s barrels with strong structural similarity
(9). However, MetH has a unique set of zinc ligands: three
cysteines and an N/O ligand, presumably a wété). (WWhen
Hcy coordinates the zinc, the latter ligand is displaced.

The binding of CH-H,folate to MetE and MetH also is

very different. MetH can bind both the monoglutamate and
polyglutamate forms of CkHfolate, and both can serve
as efficient methyl donorsl@). In contrast, MetE shows an
absolute requirement for a polyglutamate derivative (2).
Typically, the substrate used is methyltetrahydropteroyltri-
glutamate (CH-H4PteGlwy), which is the predominant form
in Escherichia col{13). A structure ofThermotoga maritima

7o protonated amine
91e|0Iu} %

The spectral changes seen whens&tHfolate binds MetH
are similar to those seen on its binding to MetE, indicating
that the environment is hydrophobic and that the; &t
folate N5 is not protonated in the MetH binary complex
(16). In MetH, CHs-Hfolate binds in and/(5)s barrel which
forms a separate domain of the protelY); pH—rate pro-
files of MetH enzyme activity suggest that protonation occurs
only in a ternary complex of enzyme, G#folate, and
cob(l)alamin ), in which the cobalamin-binding module
of MetH is positioned vis-ais the folate-binding barrel.
These experiments measured the rate of methyl transfer to
exogenous cob(l)alamin from GHH,folate bound to a
fragment of MetH containing only the folate- and Hcy-
binding barrels. This reaction exhibits Theorethance
kinetics, in which the ternary complex does not accumulate,

MetE shows that CEHH.PteGlu binds between the N- and so that abso_rbance measurements of this ternary complex
. . . are not possible.

C-terminal barrels and interacts with a number of conserved ) o
residues from both domaing)( The N5-methy! points away In this contribution, we have taken advantage of the
from the zinc site and is clearly too distant for methyl sen5|t|V|'Fy of the UV-visible spectra qf reduced folates to
transfer. These data indicate that the &HPteGly binary protonation at N5 and the lack of pro_teln and Hcy absorbance
complex is not poised for catalysis and must assume aabo.vervSOO nm to monitor the chemical state of f[he §ub§trate
different conformation for direct methyl transfer to occur. during catalysis. This study of GFH,PteGly activation is
Indeed, a structure of MetE frorrabidopsis thalianavas unique because MetE is the only &H.folate-dependent
solved with PteGlyand methionine bound. In this structure €nzyme that does not catalyze methyl transfer to a corrinoid
the pterin ring is flipped, such that the N5 is pointing toward ©r cobalamin cofactor, both of which absorb strongly in the
the methyl group of methioninelg). Such a rotation about UV and visible ranges.
the C6-C9 and C9-N10 dihedrals represents one type of Here we present evidence that E€H,PteGly is activated
conformational change that may take place to allow methyl for methyl transfer by protonation of N5 and that the
transfer. It should be noted, however, that the electron densityprotonation of CH-H,PteGluy requires formation of a ternary
for the pterin is poor in this structure and the ring geometry complex with both substrates bound to MetE. We provide
of PteGly is different from that of reduced folates, which kinetic evidence that this protonation occurs before methyl
may not be able to adopt this particular conformation. transfer. We further demonstrate that the produftelGluy

The K, for N5 of CHs-H4PteGly is not perturbed upon  can also bind MetE in a complex with Hcy and is protonated
binding to MetE in a binary complex?). The UV—visible in this mixed product/substrate ternary complex.
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2.0 MATERIALS AND METHODS
1.6 Reagents.Dithiothreitol was purchased from Bio-Rad
(Hercules, CA). (6)-CHs-HsPteGlu and (65)-H4PteGly

were a gift from Eprova (Schaffhausen, Switzerland). Potas-
sium phosphate and other buffer components were purchased
from Fisher Scientific (Fair Lawn, NJ). Protocatechuic acid
dioxygenase (PCD) was a generous gift from David P.
Ballou. Hcy thiolactone and all other materials were obtained
from Sigma (St. Louis, MO). See the accompanying paper
(35) for expression and purification of MetE, as well as the
synthesis of (6)-CHs-H,PteGly and Hcy.

Absorbance Spectra of Free Folate Speci®pectra of
folates in solution were obtained using either an HP 845x
diode array or a Cary 50 Bio UVvisible spectrophotometer.
Spectra of CBH4PteGly in AMT buffer with and without
80% acetonitrile were obtained previously, (6). Stocks
(~1 mM) of HsPteGly were made fresh on the day of use
in water with 10 mM dithiothreitol, and aliquots from the
stock were diluted (100-fold) into various buffers to obtain
spectra. All buffers were bubbled with oxygen-scrubbed ar-
gon for at least 10 min. The spectrum offieGly in aque-
ous solution was obtained as previously descritdEs) (n
70 mM sodium formate, 70 mM sodium acetate, and 70 mM
potassium phosphate buffer, brought to either pH 7.2 or pH
3.0 with hydrochloric acid and approximatel M ionic
strength with sodium chloride. The spectrum of protonated
H4PteGly in a hydrophobic solution was obtained in 80%
acetonitrile and 20% water, brought to pH 3.0 with phos-
phoric acid.

Stopped-Flow MeasuremenRapid reaction studies were
carried out in a Hi-Tech Scientific model SF-61DX2 stopped-
flow spectrophotometer (TgK Scientific Ltd., Bradford on
Avon, Wiltshire, U.K.) in single mixing mode, using a
deuterium light source for single wavelength detection or a
tungsten light source for diode array detection. All stopped-
flow experiments were performed under anaerobic condi-
tions. The instrument was flushed with 100 mM potassium
phosphate, pH 7.2, containingd.1 unit/mL protocatechuate
dioxygenase (PCD) and 1 mM protocatechuate [PCA (3,4-
dihydroxybenzoate)] and allowed to stand overnigt)(
PCA and PCD were flushed from the system with MetE
] assay buffer (50 mM Tris, 10 mM potassium phosphate, pH

0.8 Frrrrrrr e e o o o 7.2, 100uM MgSO;,, 1 mM dithiothreitol), which had been
250 300 350 400 bubbled for at least 10 min with oxygen-free argon. Enzyme
Wavelength (nm) and substrate solutions were made anaerobic in glass
. tonometers by cycling quickly between vacuum and oxygen-
FiGURe 2: Absorbance spectra of reduced folates as a function of ¢ nped argon five times, followed by 5 min of equilibration

protonation state and hydrophobicity. All spectra are normalized _ . e
to 604M folate. (a) CH-Hafolate at pH 7.2 (solid black line) has with argon at room temperature; this procedure was repeated

a single maximum at 290 nm. When @H,folate is protonated ~ ten times. All measurements were performed at’@5in
(pH 3 aqueous solution, dashed blue line; pH 3 in 80% acetonitrile, MetE assay buffer.

dotted blue line), it gains a second maximum at shorter wavelength. .
The difference spectra of the protonateds&tifolate species minus Apparent rate constants were calculated from exponential

CHa-Hafolate at pH 7.2 each have a characteristic trough beyond fits of single wavelength absorbance traces in Kaleidagraph
270-280 nm (aqueous solution, dashed green line; 80% acetonitrile, 3.6 (Synergy Software, Reading, PA) using eq 1B)(
dotted green line). (b) CHH4PteGly bound to MetE at pH 7.2
(dashed red line) is red-shifted with respect to free;EPteGly
(solid black line). The difference spectrum (dotted blue line) was
constructed by subtracting the spectra of freesEt#PteGly and
free MetE from the spectrum of the MetEH;-H,PteGly binary ; ; ;
complex. (c) Hfolate at pH 7.2 (dashed pink line) is red-shifted Typically, amp(ljltudejﬁ]nd rate constanlts flrotmdtwo :ﬁ?l SIXtShc:jts d
with respect to ChtH folate (black line). The difference spectrum were averaged, an € error was calculated as the standar
(dotted purple line) was constructed by subtracting the;-Blid deviation from the mean. The sum of the amplitudes of the

folate spectrum at pH 7.2 from fblate at pH 7.2. first two phases were fit to eq 20).

1.2

0.8

Absorbance

Absorbance

Absorbance

A=A, +AA ™M+ AA ™ + .. 1)
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AA 1.07
AA= S L(EALH B+ K o)
JEAL + Bl +K)?— 4EAI[BI} )  E o
N ]
Spectra of intermediates were calculated from global fits & %73
of diode array data using SpecFit/32, version 3.0 (Spectrum 3 0.6
Software Associates, Claix, France). The refined rate con- = ]
stants and amplitudes from the fit were used to calculate the o 0.5
spectrum of each reaction intermediate (at 100%) in SpecFit. 3 ]
The spectrum of each intermediate was determined as an £ %3
average from multiple shots taken under the same conditions, 0.3 a
unless noted. ]
E-H4PteGly Spectral TitrationsAll spectra were obtained O-g(')m- SR W PR St s I
using an HP 845x diode array spectrophotometer. A solution ’ ’ )
of MetE and CH-H4PteGly in MetE assay buffer was made Time (seconds)
anaerobic via a side port in a closed cuvette by the method 10
described above for stopped-flow tonometers. A solution of e
10 mM Hcy was bubbled with oxygen-free argon for at least 0.9
20 min. One equivalent of Hcy was introduced through a ]
PTFE/silicone septum (Fisher Scientific), held by a screw g 0.8
cap at the top of the cuvette, into the solution containing <« ]
MetE and CH-H,PteGly using a 10Q:L Hamilton syringe S
equipped with an aliquoter (2 /aliquot). The reaction was ; 0.6
allowed to proceed to completion (as determined by constant 2 ]
absorption spectra) after which the rest of the Hcy was added 8 0.5
in 2—6 uL aliquots and a spectrum was obtained after each 3 ]
addition. £ 04
RESULTS 033 b
Obsewation of a Pre-Steady-State Ternary MefE;- 0'3_001' 001 01 1 10 100
H4PteGly-Hcy Complex in Which CHH,PteGly Is Pro- )
tonated A binary complex of MetE and C#H,PteGly was Time (seconds)

mixed with free Hcy, resulting in a rapid decrease in ab- FiGURe3: Traces of absorbance changes at 324 nm during the MetE
sorbance at 324 nm, followed by a rise (Figure 3a). The initial reaction. (a) MetE and Ci#H,PteGly (60 uM each) were

; ; _ reincubated and then mixed with Hcy (M) and monitored in
decrease in absorbance observed in the stopped-flow specg stopped-flow spectrophotometer. (b) MetE and HeyBDeach)

trophotometer under single turnover conditions (equimolar \yere preincubated and then reacted with;GHPteGIt (60 M)
enzyme and substrates or limiting substrate) fit best to two in a stopped-flow spectrophotometer.

phases. The spectra associated with each phase were moni-

tored in a stopped-flow spectrophotometer with a diode array smaller in the diode array than in experiments performed at
detector (Figure 4a). To better distinguish the spectral changesa single wavelength due to a longer dead time (2.99 ms) in
that occur during the reaction, the first spectrum (taken at 3 the diode array setup than the photomultiplier setup used
ms) was subtracted from all subsequent spectra. The differ-for single wavelength measurements (1.5 ms dead time).
ence spectra associated with the first two phases bear a strong When the order of the reaction was switched and the same
resemblance to the difference spectrum of;&PteGly concentration of the MetEcy binary complex was reacted
protonated in a hydrophobic environment (Figure 2a) minus with CHz-H4PteGly, the absorbance changes were very
unprotonated CkHH4PteGly bound in the MetE binary  similar (Figure 3b). Two phases of decreasing absorbance
complex (Figure 2b). Since the MetEH;-H,PteGly binary were followed by an increase in absorbance at 324 nm. The
complex is formed before the reaction begins, its spectrum difference spectra from the first two phases have the same
was used as the initial spectrum to construct this model shape as those obtained from the reaction in which substrates
difference spectrum for protonation (dotted line in Figure were added in the opposite order (Figure 4b). However, the
4), as opposed to the difference spectrum for protonation rate constant for the first phase is faster when the reaction
shown in Figure 2a, in which the spectrum of free unpro- is initiated by adding CktH4PteGlu, so that the apparent
tonated CH-Hjfolate was subtracted from that of protonated absorbance change reaches its minimum faster (120 ms) and
CHs-Hsfolate in 80% acetonitrile. The difference spectra is smaller because more of the decrease is missed in the
obtained in the first 220 ms of the MetE reaction appear to instrument dead time.

be red shifted by~3 nm with respect to the difference spec-  The amplitudes of the absorbance decrease in each of
trum of protonated CkHH4PteGly in 80% acetonitrile atpH  the two fast phases were dependent onzEkPteGly

3. These observations may reflect the difference in dielectric concentration (data not shown), and the sum of these two
constant between 80% acetonitrile and the active site of MetE.amplitudes (total absorption decrease) was shown to have a
The total amplitude of the absorbance change appears to bestoichiometric dependence on all three reaction compo-
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Ficure 4: Difference spectra associated with the first two phases ]
of the MetE reaction. Difference spectra were obtained by subtract- 3 0.1 ] 60 + 1 uM complex C
ing the first spectrum (obtained at 2.99 ms) from each subsequent 8 " Ky=14+0.5uM
spectrum during the reaction. The dashed lines show the difference 5 .
spectrum of CHH,folate (60uM) in aqueous solution at pH 3 8 -0.2
minus the spectrum of the Met€H3z-H,PteGly binary complex. ]
The dotted lines show the difference spectrum of;&Etfolate 8 -0.3-
protonated in 80% acetonitrile minus the spectrum of Méti- S ]
H,PteGly. (a) MetE and ChH4PteGly (60 uM each) were 2 4]
preincubated and then mixed with Hcy (6M) and monitored in N ] \\
a stopped-flow spectrophotometer; the first 220 ms of reaction are < ] \
shown. (b) MetE and Hcy (6@M each) were preincubated and < 05 \
then mixed with CH-H,PteGly (60 xM) and monitored in a < \
stopped-flow spectrophotometer; the first 120 ms of reaction are |2 -0.6 N e——— -
shown. ] \
-0.7 +—+—+—r1r—rr—r1r—rTrT Tt
) 0 50 100 150 200 250
nents: CH-H,PteGlu, MetE, and Hcy (Figure 5). These
observations suggest that the decrease in absorbance at 324 [Heyl (M)
nm requires formation of a MetEHs;-H,PteGly-Hcy ternary Ficure 5: Dependence of the absorbance decrease at 324 nm on
complex. Hcy, MetE, and CH-H4PteGlu. The absorbance decrease observed

: in the stopped-flow spectrophotometer was fit to two exponentials,
The total absorption decrease at 324 nm reaches 4and the amplitudes of each phase were added together. (a) MetE

maximum of 0.617- 0.008 (Figure 5c). To take into account  ang Hey (60uM each) were reacted with GHH.PteGly (10—

the 3 nm shift of the absorbance minimum between the model200 xM), (b) MetE (10-1204M) and Hcy (60uM) were reacted
difference spectrum for protonation (dotted lines in Figure with CHs-HsPteGly (60 uM), and (c) MetE and ChiH4PteGly

4) and that observed in the stopped flow (solid lines in Figure (60 #M each) were reacted with Hey (3:@00 uM).

4), 324 nm was compared to 321 nm from the model

difference spectrum for protonation, with the assumption that spectra. The absorbance decrease for transferringh60
the spectra shift but the extinction coefficients do not change. CHs-H,PteGly from the MetE binary complex into 80%

It should be noted that these wavelengths are near, but notacetonitrile, pH 3 at 321 nm, is 0.7. Therefore, the changes
at, the minima in their respective difference absorbance in stopped-flow absorbance are consistent with formation of
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a ternary complex in which C#H,PteGly is almost
completely protonated.

The total absorbance decrease was consistently lower when

MetE was preincubated with Hcy (Figure 5a,b) instead of
CHs-H4PteGly (Figure 5c¢) under the same conditions,
probably because the ternary complex is not fully saturated

at 60uM Hcy, and thus the greatest absorbance decrease

that can be expected at this Hcy concentration is about 0.52,
consistent with the 6@M data point in Figure 5c. Addition-
ally, a slightly lower initial concentration of the-Hcy binary
complex is suggested by the saturation point in Figure 5a
and would produce a smaller absorbance decrease.

Spectra of reaction intermediates were determined by
fitting the spectra collected during the reaction to a set of
three consecutive exponentials (A B — C — D; fits to
parallel exponentials yielded extinction coefficients that were
either negative or too high to be believable). When the MetE
Hcy binary complex was reacted with GH,PteGly, the
starting spectrum from this fit did not agree with the sum of
the spectra of the reactants, Mdtiey and CH-H,PteGly

(Figure 6a). Instead, the spectrum of the first species observed

after the instrument dead time (intermediate A) closely
resembled the spectrum of the Me@H;-H,PteGly binary
complex (shown as a difference spectrum in Figure 6b),
suggesting that CHH4PteGly binds in the instrument dead
time forming a ternary complex with absorbance properties
similar to those observed when Hcy is not present. In
contrast, when the MetEH;-H,PteGly binary complex was
reacted with Hcy, the starting spectrum calculated from the
fit (intermediate A) and the actual initial spectrum were
essentially the same (data not shown). Subtraction of the
initial MetE-CHs-H4PteGly binary complex spectrum from
the spectra of the next two intermediates yielded difference
spectra that were very similar to those expected for proto-
nation of CH-H4PteGly in a hydrophobic environment
(Figure 7). While the shapes of the intermediate spectra are
alike, the amplitude of intermediate B is smaller, and it is
not until the formation of intermediate C that the “full”
magnitude of the absorbance decrease is observed.
Obsevwation of a Phase Corresponding to Methyl Transfer.
After formation of the ternary complex and the initial
decrease in absorbance, a phase of increasing absorban
was observed in the stopped flow (Figure 3). This phase is
likely to represent the chemical step, since conversion of
CHs-H4PteGly to HiPteGly is expected to lead to an
absorbance increase at 324 nm (Figure 2c). The rate consta
for this phase is substrate-independent and corresponds wit
the KehemOf 0.25+ 0.09 s that was determined directly by
monitoring the irreversible transfer of the radiolabel from
[methy#4C]CH3-HPteGly to form [methyt*“C]Met [Figure
2 in the accompanying papeB5)]. These data together
demonstrate that protonation of gH4PteGly occurs in a
kinetically competent fashion. However, the final difference
spectrum observed in the diode array, intermediate D, did
not match that expected for fregPteGly (Figure 2c). To
confirm that this calculated final spectrum was actually the
spectrum of the reaction product, equimolar MetE and-CH
H,PteGluy were reacted with Hcy in a spectrophotometer;
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FiIcurRe 6: Formation of the ternary complex when &H,PteGly
is mixed with MetEHcy. (a) MetE and Hcy (10@M each) were
reacted with C3-H4PteGly (100u4M) in a stopped-flow spectro-
photometer equipped with a diode array detector. The solid line
shows the initial spectrum, calculated as the sum of the Mt
and free CH-H4PteGly spectra. The dashed line shows the first
ectrum observed in the stopped-flow spectrophotometer after the
ms dead time (intermediate A). (b) The dashed line is the
difference of the initial spectrum subtracted from the spectrum of
intermediate A. The dotted line is the experimentally obtained
difference spectrum of free MetE and free £H,PteGly spectra
ubtracted from the MetEH;-H,PteGly binary complex spectrum
), normalized to 10Q«M.

respect to that of fPteGly in aqueous solution, reminiscent
of the red shift observed with increasing hydrophobicity of
the CH:-H4PteGly environment both in solution and upon
binding to MetE ¢, 16). It is therefore likely that the I
PteGly product remains bound on the enzyme after a single
turnover, though perhaps only at the high concentrations of
MetE and HPteGly employed in this experiment.
Obsewation of a Ternary MetBEH,PteGluy-Hecy Complex
When the MetECH;-H4PteGly binary complex is mixed
with more than 2 equiv of Hcy, another level of complexity

the observed spectrum did indeed agree with the actual ands observed in the stopped-flow traces. At least one extra
calculated spectra of the product seen in the stopped-flowphase is observed after the initial absorbance decreases
spectrophotometer when Hcy was the limiting substrate (Figure 9), with a rate constant slightly greater thapm
(Figure 8). This difference spectrum is very red shifted with Additionally, the amplitude of the phase corresponding to
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Ficure 7: Difference spectra of reaction intermediates B and C. € 0.8
Difference spectra of intermediates B (dashed line) and C (solid c
line) were obtained by subtracting the starting spectrum of MetE Sy o7
CHs-H4PteGly (60 uM) from the spectrum of each subsequent (52
reaction intermediate. The difference spectrum for protonation of 8 06
CHs-H4PteGly in a hydrophobic environment (dotted line) was S
obtained by subtracting the MetEH;-H4PteGly binary complex £ .5l
spectrum from the solution spectrum of gH,PteGly taken at 3
pH 3 in 80% acetonitrile. < o
0.4+ /
] 0.3 : : . T
0.3 0.001 0.01 0.1 1 10 100

Time (seconds)

Ficure 9: Variation of the final absorbance at 324 nm with the
concentration of Hcy. (a) MetE (60M) was preincubated with
CHs-H,PteGly (60 uM) before mixing with Hey (6QuM—1 mM)
and monitoring the absorbance change in the stopped-flow spec-
trophotometer at 324 nm. (b) Absorbance changes at 324 nm
associated with reaction of MetE and €H,PteGly (60 uM each)
with 300 M Hcy. The data were fit to four parallel exponentials,

1 as indicated by the colored circlegps; = 126 st (red circle),
-0.2+ Kobs2 = 26 s (orange circle)kops3 = 4.8 s* (green circle), and
] kobsa = 0.23 s1 (blue circle).

Difference Absorbance
o
o

was binding to the enzyme after methyl transfer, to form a
"320 340 360 380 400 MetE-H,PteGly-Hcy ternary complex. To explore this
possibility, HiPteGly was formed by adding aliquots of Hcy

_ Wavelength (nm) _ _ _ to a cuvette containing equimolar MetE and £H,PteGly
Ficure 8: Difference spectra for product formation during a single  (Figure 8). Further titration of this MetE/product solution

turnover of MetE and for formation of intermediate D. MetE and ; . : :
CHs-H4PteGlu (60 uM each) were titrated with 2 equiv of Hey with Hcy caused a change in absorbance, which mirrored

(the dashed line shows the difference spectrum obtained afterthat observed in stopped-flow experiments performed at high
addition of 1 equiv; the dotted line is after addition of 2 equiv) at HcCy concentrations (Figure 10a). The initial MetHs-Hs-
which point the absorbance at 345 nm reached a maximum. ThePteGly spectrum was subtracted from the subsequent spectra

spectrum of the initial MetECHs;-H4PteGly binary complex was — gptajined with increasing concentrations of Hey. The differ-
subtracted from the subsequent spectra to obtain difference spectra.

The difference spectrum for formation of intermediate D (solid line) ence 'Spectr'a associ.ated with the Hcy titration and with
was obtained by subtracting the initial spectrum of the MEtH;- formation of intermediate E most resemble difference spectra

H4PteGly binary complex. for conversion of MetE-bound GiH4PteGly to HsPteGly
protonated in a hydrophobic environment (Figure 10b). The

the chemical step decreases progressively as the concentratioprotonation of HPteGlu in the presence of MetE and Hcy

of Hey is raised. However, essentially complete transfer of implies that a “mixed” MetEH,PteGli-Hey ternary complex

a radiolabeled methyl group was observed at similarly high can be formed that has absorbance properties similar to those

concentrations of Hey in the course of determinkagm[see of the substrate ternary complex. The absorbance at 324 nm

accompanying papeB9)]. was plotted against the concentration of Hcy, and the data
The spectrum of an additional species, intermediate E, waswere fit to eq 2, resulting in &4 of 34 + 5 uM for Hcy

determined assuming a four-step consecutive mechanism (Abinding to the EH,PteGly complex (Figure 10c). Since

— B — C— D — E) and resembled protonated tetrahydro- formation of the mixed ternary complex occurs with slightly

folate (Figure 10a,b). Since this complexity was dependent faster kinetics than methyl transfer, the appearance of this

on the presence of excess Hcy, we hypothesized that Hcycomplex largely masks the absorbance change accompanying
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methyl transfer. Scheme 1 shows the complete set of steps
in the MetE reaction, starting with the Meticy or MetE
CHs-H4PteGly binary complex and including the formation

of the mixed ternary EHcy-H,PteGly complex.

It is not yet clear whether high concentrations of Hcy cause
inhibition of turnover under physiological conditions due to
the formation of a mixed ternary complex. No inhibition by
Hcy has been observed under steady-state conditions, perhaps
because the concentration of MetE is very low260 nM),
and initial rates are measured, such that very litBtdGly
is formed during the course of our measurements. However,
as discussed in the accompanying paf&5),(the ke, for
] MetE is about 2-fold lower than fdk.hem Suggesting that
oy LU MR R R A S LR LN ST L release of products from the MetiE,PteGly-Met ternary

320 340 360 380 400 complex may be partially rate limiting.

Wavelength (nm) Since the [, values for N5 of Hfolate and CH-H,folate
2.0 are very close, 4.82 and 5.1, respectivel$, (16), it is not
] unreasonable that theiKpvalues would be affected similarly
by a particular environment. The mixed ternary complex
appears to be relatively stable and presents a unique
opportunity to further investigate a MetE ternary complex
by methods that cannot be used with the catalytically
competent ternary complex. Not only can the protonation
state of HPteGly be probed, but more information about
the structural differences between the binary and ternary
complexes may be gained.

DISCUSSION

Model Studies of Methyl Transfer Reactioiise methyl
transfer reaction catalyzed by MetE is chemically challeng-
250 300 350 400 ing. Model studies of nucleophilic methyl transfer reactions
Wavelength (nm) have demonstrated that the reaction rate is influenced by the
reactivity of both the nucleophile and the leaving gro2p)(

In these studies, which employed (2-aminocyclopentyl)ethyl
1.o-f ¢ onium salts with g-nitrophenyl leaving group, the reactivity

] of an ammonium salt was shown to & 00-fold lower than
I that of the analogous sulfonium compound. This lower
reactivity correlated with greater dependence on nucleophi-
] licity, reflected in a Brgnstefl of >0.49, compared to 0.34
0.7 for the sulfonium salts. More recent studies have extended
] the comparison to include the reactivity of protonated tertiary
D‘G': Vs quaternary amine2®). These studies employed methy-
lammonium and methylsulfonium salts. Measurements of the
] disproportionation of dimethylamine to mono- and trimethy-
0.4 lamine in water under conditions where half of the dimethy-

1 e lamine is protonated showed that the reaction rate is
et 6 400 200 300 400 so0 Boo 700 £0D approximately 5-fold slower than the rate of reaction of the

[Hey] (UM) same concentration pf tetram.ethyl_ammon_mm with dmethy—
lamine. The rate of disproportionation of dimethylamine was
Ficure 10: Formation of a MetBH,PteGluy-Hcy ternary complex. also depend_ent on the protonation state of the dono.r and
(a) The products from a single turnover of MetE (6M1) were acceptor amines and was fastest when the pH was equivalent
titrated with Hey (final concentratiors 713 uM). The spectrum  to the [K, of dimethylamine 22) These studies also
of the initial MetE CHs-H4PteGly binary complex was subtracted  compared the reactivity of methylsulfonium and methylam-
from the subsequent spectra to obtain difference spectra (solid graymgnium salts, and for these compounds the reactivity of the

lines). The difference spectrum associated with formation of :
intermediate E (dashed black line) was obtained by subtracting outSulfonlum was about 10000-fold greater than that of methy-

the initial spectrum of the Met#EHs-H4PteGluy binary complex. lammonium. Thus, compared to the reactivity of a sulfonium,
(b) The spectrum of the MetEHs-Hfolate binary complex (60  like AdoMet, as a methyl donor, these studies would predict
uM) at pH 7.2 (solid black line) was subtracted from the spectrum that a protonated tertiary amine would be between 500- and
of Hafolate (60uM) at pH 3 in 80% acetonitrile (dashed black  50000-fold less reactive. De novo biosynthesis of methyl

line) to obtain the difference spectrum (dotted gray line) associated . . .
with protonation of Hfolate in a hydrophobic environment. (c) The groups requires a tertiary amine precursor, and the model

decreasing absorbance at 324 nm due to Hey binding was fit to eqChemistry indicates that formation of protonated JGth-
2, from which aKy of 34 + 5 uM was obtained. folate improves the substrate reactivity.

Difference Absorbance

Absorbance

1.1+

0.8

0.5

Absorbance (324 nm)
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Scheme 1: Schematic Representation of the Steps in the MetE Reaction

CHj-H folate

Hey

Met

Factors Leading to the Stabilization of Protonated £H  oriented in a nonproductive binding mode, with the N5-
H4PteGly in the Ternary Complexhe experiments reported  methyl group pointing away from the homocysteine binding
in this contribution have established that absorbance changesite and one face of the folate exposed to solvent. As
consistent with protonation of GFH,PteGly occur only discussed in the introduction, the folate must reorient in the
when a ternary MetfEEHz-H,PteGly-Hey complex forms. ternary complex to allow methyl transfer. This reorientation
These changes occur substantially faster than the subsemay account for one of the two phases associated with
quent transfer of the methyl group from gH4PteGly to formation of the fully protonated ternary complex, although
Hcy, allowing the accumulation of the activated ternary We do not yet know which phase this might be.
complex. The maximum observed absorbance decrease An additional factor that could potentially contribute to
associated with formation of the MetEH;-H PteGluy- stabilization of CH-H4PteGly in the ternary complex is a
Hcy ternary complex (Figure 5c) is approximately 90% of cation— interaction £7). A conserved tryptophan is seen
that observed for transfer of GM CHa-Hjfolate from the  to stack against CHH4PteGly in the binary complex9).
MetE:CHs-H4PteGluy binary complex to 80% acetonitrile at I this tryptophan is still close to N5 of the folate substrate
pH 3. Assuming that the extinction coefficients are the same in the ternary complex, it may also help to raise the;CH
for protonated forms of enzyme-bound and free sCH HaPteGlu pK, via a cation- interaction.

Hifolate, these observations suggest that tkg @f CHs- Relevance to Other Enzymes That Use Tertiary Amines
H4PteGly in the ternary complex must lie well above pH 7. as Methyl DonorsActivation of CH-H.folate is proposed
The factors responsible for the stabilization of the proto- t© Proceed via protonation in both cobalamin-dependent and

nated form of CH-H4PteGly in the ternary complex remain cobalamin—ipdepender!t. methionine synthase as WPT" as in
to be established. The 3 nm red shift associated with theOth.er proteins that utilize CiHafolate or other tertiary
difference spectrum seen on protonation of;&HPteGly amines as a methyl dond¥, (16, 28). These enzymes include

when bound to MetE as compared to that observed in aCidiCthe methyltetrahydrofol_ate:corrln0|d FelS protein methyl-
. . . . transferase (Acsk), which catalyzes the methylation of the
acetonitrile suggests that the active site of MetE is more

. 0 . . . cob(l)amide in the corrinoid Fe/S protein by gHfolate
t]ydrophob|c than 80% acet(_)mtrlle (dlelectnceﬂ_? at 20 _(29), and the MtmB, MtbB1, and MttB enzymes involved
C) (23). Indeed, many studies suggest that typical protein

active sites are characterized by low dielectric constantsin generation of methylcorrinoids from monomethylamine,
. . ) ) dimethylamine, and trimethylamine, respectivelyMetha-
(dielectric of ~4) (24, 25). Such a low dielectric constant y y b yM

. . nosarcina barker{30—32). The K, values for methylamines
would be expected to disfavor protonation of £H,PteGly ( ) Ka y

. . . " suggest that these substrates may bind in the protonated form
in the binary complex, provided that the positive charge on at neutral pH, although, to our knowledge, this has not been
N5 remains uncompensated by a negative charge providedyomonstrated for any of these enzymes.

by the protein. Indeed, the structure of the binary MetE . :
. o It has been proposed that GHjfolate is protonated in
CHs-H4PteGly does not reveal any mechanism for stabilizing the AcsE binary complex, in the absence of the corrinoid

a positive pharge on N59J. Hovyever, the '!’“efac“or.‘ Fel/S protein 28). NMR spectroscopy indicated that the
between pa|r¢d pos_mye and negative charges in an .enV|ron—Sing|e, sharp peak of B§S)-[methy}3C]CHs-H,folate split
ment of'low dlelgctrlc is extremely favorabl2q). Brlnglng _into two broader peaks upon titration with AcsE. The
the partial negative charge on the sulfur of homocysteine in ¢pomicay shift for the higher field signal was assigned to
proximity to N5 of CH-HiPteGly would be expected 10 6 5isomer and was determined to shift from 42.20 ppm
favor protonation of ChtH.PteGly when the termary  feq in solution to 42.58 ppm when bound on AcsE. The
complex forms. authors attributed this 0.38 ppm chemical shift to protonation
The structural characterization of MetE indicates that the of CHz-Hsfolate. However, pH titrations of free 69-
initial binary MetECHs-H,PteGly complex has the folate  [methy#3C]CHs-Hfolate have indicated that protonation of
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N5 is accompanied by a much larger chemical shift;2.1
2.4 ppm, of the’*C signal (L6, 28).
Seravalli et al. also showed that binding of £H,folate

to Acsk was accompanied by proton uptake, suggesting that

a proton is involved in the binding. However, thg was

essentially independent of pH between 4.85 and 8.5, a result

that is difficult to reconcile with the proton uptake data.

Therefore, the available data neither conclusively refute nor

demonstrate that GiHsfolate is protonated in the AcskE
binary complex.

The catalytic strategies of cobalamin-dependent methionine
synthase (MetH) and MetE are remarkably similar, despite
the lack of sequence similarity in these two enzymes and
the marked differences in the mode of folate binding. In both

cases, binary enzym@Hs-Hfolate complexes are unproto-

nated, and protonation occurs only in the presence of the

methyl acceptor. Red shifts of the GHfolate spectrum
on binding to a fragment of MetH containing only the

substrate binding sites indicate that this folate binding site
is also relatively hydrophobic and would thus disfavor

protonation 16). Formation of a complex in which the cob-

(Dalamin cofactor is positioned to receive the methyl group
from CHs-H,folate would introduce a partial negative charge
into this hydrophobic environment and thus might favor

protonation of CH-Hfolate. Proton transfer is avoided in

MetH because the cob(l)alamin nucleophile that is the

proximate methyl acceptor has a very lolor protonation
of the electrons in the #orbital (33, 34). Although cob(l)-

alamin is fully activated at neutral pH, the next step in the
reaction catalyzed by MetH is nucleophilic attack of Hcy
on methylcobalamin. Hey is activated in MetH, as in MetE,
by coordination to a zinc at the active site of the enzyme.
Therefore, MetH, the “improbable” enzyme, and MetE, the

“impossible” enzyme, appear to employ highly similar
strategies to effect catalysis of methyl transfer.
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