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ABSTRACT: Site-directed mutagenesis followed by studies of the pH dependence of the kinetic parameters
of the mutants has been used to probe the role of the active site residues and loops in catalysis by
glycinamide ribonucleotide transformylase (EC 2.1.2.2). The analysis of the mutants of the strictly conserved
active site residues, His108 and Aspl44, revealed that His108 acts in a salt bridge with Aspl44 as a
general acid catalyst with &g value of 9.7. Asp144 also plays a key role in the preparation of the active
site geometry for catalysis. The rate-limiting step in the pH range-afGappears to be the catalytic
steps involving tetrahedral intermediates, supported by the observation of a pL (L being H or D)-independent
solvent deuterium isotope effect of 2. The ionization of the amino group of glycinamide ribonucleotide
both as a free and as a bound form dominates the kinetic behavior at low pH. The analysis of a mutation,
H121Q, within the loop spanning amino acids #1131 suggests the closure of the loop is involved in

the binding of the substrate. The kinetic behavior parallels pH effects revealed by a series of X-ray
crystallographic structures of the apoenzyme and inhibitor-bound enzyme [Su, Y., Yamashita, M. M.,
Greasley, S. E., Mullen, C. A., Shim, J. H., Jennings, P. A., Benkovic, S. J., and Wilson, I. A. (1L998)
Mol. Biol. 281, 485-499], permitting a more exact formulation of the probable catalytic mechanism.

Glycinamide ribonucleotide transformylase (GAR trans- 0 o
formylase! EC 2.1.2.2) catalyzes the first of the two formyl  2op0— N 20.p0 AL NHCHO
transfers in the de novo purine biosynthetic pathway and ? 0

forms the C-8 atom of the purine ring. The formyl group is we oa

transferred fronN10-formyl tetrahydrofolate to the amino on HO OH
group of glycinamide ribonucleotide (GAR) to form formyl- fGAR
glycinamide ribonucleotide (fGAR) (Figure 1). GAR trans-

formylase has been a target for developing novel antifolate cno.mom\ /\ H,folate
drugs to be used in cancer chemotherapy. Because of its

biological and pharmacological importance, the enzyme has N N NH,
been the subject of intensive studies on its structure and mode L{I{

of action. These investigations have focused orEbeheri- 9 h, N X

chia colienzyme which is a small monomer (23 kD4) 2) 20P0— HNJ\/K“ N

rather than a covalent constituent of the large trifunctional H O_\an CO.H
protein found in eukaryotes, yet exhibits a high degree of Wl by I \ICZH\/
sequence homology and mechanistic similarity with respect :

to its eukaryotic counterparB(4). Tetrahedral Intermediate

X-ray structures of inhibitor bound in a binary or ternary Ficure 1: Reaction catalyzed by GAR transformylase with a
complex have revealed three amino acid residues in the activetetrahedral transition state.
site, His108, Asn106, and Asp144, that are strictly conserved _ )
(5, 6). Site-directed mutagenesis studies have demonstratec@xhibited a pH maximum between pH 8.0 and 8.5 with a
the importance of these residues in catalysiy. (The decrease in activity at the pH extremds§)( A study of the
formylation reaction is believed to proceed via a direct solution structure of GAR transformylase proposed that a
transfer mechanism probably involving a tetrahedral inter- PH-dependent dimermonomer transition near physiological
mediate (Figure 1)§, 9). A preliminary pH-rate profile pH might act as a means of regulating the enzyme activity
(11). Recently, however, a mutant enzyme, E70A, that
\ Tt_ThiSI l\NOtf}: QNaS fsgppﬁ[]te(ds ?)é ')’HS Grant GM24129 from the maintains its monomeric structure over a wide pH range was

ational Institutes o ea 1 F H

* To whom correspondence should be addressed. Phone: (814) 865-f0und _to hav_e a pHrate profile similar to th‘_”u of the wild
2882. Fax: (814) 865-2973. type, indicating that the pH-dependent dimemonomer

! Abbreviations: GARgp-glycinamide ribonucleotide; fGAR, formyl-  equilibrium is not coupled to enzymic activit§?). Instead,
B-glycinamide ribonucleotide; GAR transformylase, glycinamide ri-  tya analysis of the X-ray structure of E70A has revealed a
bonucleotide transformylase; fDDF, 10-formyl-5,8-dideazafolate; IPTG, . . .
isopropylB-p-thiogalactoside; LB, Luria broth; PCR, polymerase chain marked difference in the tertiary structure between pH 3.5
reaction; BW1476U89, Burroughs-Wellcome multisubstrate inhibitor. and 7.5, leading to a proposal that a pH-dependent confor-
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mational change might be responsible for the observed pH Kinetic MeasurementsAll kinetic measurements were
dependence of enzyme activityd). Despite these efforts, performed at 25C in a buffer that contained 50 mM 2
little kinetic evidence exists that would explain the chemical morpholino)ethanesulfonic acid, 25 mM ethanolamine, 25
role of the active site residues in the transformylation mM Tris, and 100 mM sodium chloride (MTEN). The ionic
reaction. In this paper, we have investigated the pH- strength of this buffer remains constant over the pH range
dependent kinetic behavior of the wild type and mutant that was used. Instead of the unstable natural cofactor, stable
enzymes, which, together with structural information, clari- 10-formyl-5,8-dideazafolate (fDDF) which behaves kineti-
fies their function in the activity of GAR transformylase.  cally as the natural cofactor was used in all kinetic measure-
ments @). Enzyme assays were carried autil mLcuvette
MATERIALS AND METHODS thermostated on a Gilford 252 spectrophotometer by moni-
Materials. Synthetic oligonucleotides were prepared by an toring the production of DDF at 295 nm\¢ = 18.9 mM™?
Expidite 8909 DNA Synthesizer (Perceptive Biosystems, cm ). The value ofAe remained unchanged over the pH
Framingham, MA). PCR primers were passed through a range that was used. Initial velocity data were obtained at
Sephadex G-25 column before being used. Restriction different pH values by varying one substrate with the other
enzymes were obtained from Promega and New Englandsubstrate at saturating concentrations. To ensure that the fixed
Biolabs. T4 DNA ligase was purchased from Boehringer substrate was saturating at each pH, individual reactions were
Mannheim. Taq polymerase and nucleotides were purchasedepeated with higher concentrations of the fixed substrate,
from Promega. Agarose for gel electrophoresis was from and no change in the rates was observed. The pH of the assay
Kodak; low-melting temperature agarose was from Bioprod- mixture was determined before and after the reaction. For
ucts, and Ultrafree-MC filter units were from Millipore. QIA-  deuterium oxide buffers, pD was measured by adding 0.4 to
tip plasmid purification columns were from QIAGEN, and the pH meter reading.
a Wizard PCR Preps DNA Purification System was from  Stopped-flow experiments were performed on an Applied
Promega. Deuterium oxide (99.9 at. %) was purchased fromPhotophysics Kinetic Spectrometer (Cambridge, England)
Aldrich. GAR was prepared as described previoudl$)( that has a thermostated sample cell. Absorbance measure-
The cofactor 10-formyl-5,8-dideazafolate (fDDF) was pur- ments were conducted at 295 nm i 1 mmslit width.
chased from J. Hynes (Medical University of South Carolina, Enzyme (14uM final concentration) was preincubated with
Charleston, SC). All other chemicals that were used were a saturating amount of GAR at each pH and reacted with a
obtained from Fisher, VWR, Sigma, or Aldrich. limiting amount of fDDF (2.4uM final concentration). In
Bacterial Strains and Plasmid3he E. coli strains used  most experiments, five to eight traces were recorded and
for expression were TX680 and MW12 [TX680(DE3)] which averaged for data analysis. Data were collected over a given
are auxotropic cells fopurN and purT genes 7). DH5a time interval by an Archimedes computer. All data were
was used for preparation of plasmids. In general, the plasmidanalyzed by a nonlinear least-squares computer program
pJS167 2) was used as a mutagenesis vector and the plasmidprovided by Applied Photophysics.
pMSW?2 (7) was used as an expression vector in MW12 cells. Data Processing.Data were fitted to the appropriate
For the expression of the HL08A mutant, however, pJS167 equations using a nonlinear least-squares fitting program in
was used in TX680 cells. KaleidaGraph (version 3.0). Data from saturation kinetics
Site-Directed MutagenesiSite-directed mutagenesis was were fitted to the MichaelisMenten equation to determine
performed using the PCR overlap extension method ask.: and K, values. The data from thie..—pH profile for
described previously by using the plasmid pJS167 as athe wild type enzyme were fitted to eq 1, and those for the
template 7). PCR products were purified by using a low- H108A and D144A mutants were fitted to eq 2. For kag
melting temperature agarose gel and Wizard PCR Preps DNAK(fDDF) and k.o/Kn(GAR) profiles, eq 3 was used to fit
Purification System. Digestion, ligation, and transformation the data. The fDDF titration curve was fitted to eq 4. In eqs
were performed as described previousty. Plasmid DNA 1-4,y is the value of the kinetic parameteZ,is the pH-
was purified from transformants using QIA-tip 100 columns independent value of, H is the hydrogen ion concentration,
and sequenced. The correct mutant genes were cloned int@nd K,; and Ky, are the acid dissociation constants.
a pMSW?2 vector for expression.

Protein PreparationsExcept for HL108A, the GAR trans- logy = log[C/(1 + H/K_, + K_/H)] 1)
formylase proteins were prepared by using a pMSW?2 vector
and IPTG induction of the T7 promoter in MW12 cells. logy = log[C/(1 + H/Kyy)] (2)
These cells were grown in LB medium with 10@/mL _
ampicillin and 25:g/mL kanamycin at 37C up to an Olgyo logy = log{ C/[(1 + H/Kqy)(1 + KoH)I} (3)
of 0.5. Protein production was induced by adding IPTG (1 logy = log[C/(1 + K_/H)] (4)

mM final concentration), and cells were grown for an

additional 3.5 h at 37C. For the HL08A mutant enzyme, RESULTS

the pJS167 vector was expressed using temperature induction

of theAp. promoter in TX680 cells. These cells were grown Preparation of Mutant Enzyme$he mutant D144A and

in LB medium with 100ug/mL ampicillin and 25ug/mL H121Q plasmids were constructed by the procedure of

kanamycin at 32C up to an Ol 0f 0.5. Protein production ~ Warren et al. 7). Sequencing of the entire structural gene

was induced at 42C for 10 h. for all mutants confirmed that no other mutation, other than
Protein purification conditions were as previously de- the desired one, is present. The mutant enzymes, H108A,

scribed except that a Q-Sepharose column (2.5«ch% cm) D144A, and H121Q, were expressed in auxotrdpiccoli

was used instead of a MonoQ columf).( cells which are free of wild type GAR transformylase
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the multisubstrate adduct BW1476U89 and the active site residues
-1.6 of GAR transformylase®).
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Table 1: Summary of Kinetic Parameters for GAR Transformylase
3 2 at the pH Maximum (8.0)
2 22 Keat () Km(GAR) M)  Kn(fDDF) (M)
T o4 wild type 133+ 3 95+ 6 21.14+2.3
H108A 0.021+ 0.002 115+ 2 215+ 25
-2.6 D144A  0.0048+ 0.0001 122+ 3 28.4+1.6
28 H121Q 80+ 7 414+ 29 99+ 12
The study of the kinetic mechanism of GAR transformylase
at pH 7.5 revealed that thk. value is predominantly
22r determined by the rate of interconversion of the ternary
23r complexes with random binding of substrate and cofactor
5 24T (13). To determine whether this finding extended to other
;‘: 251 pH values, we carried out single-turnover reactions in the
g 26p pH range of 6-10 to measure directly the rate of intercon-
27 F version of the ternary complexes. The resultiag; values
28 exhibited a pH-rate profile that is nearly identical to the
28 | 1 . . kea—pH profile, demonstrating thét.: values represent the
-3 5 — 5 ! 5 : 10 ' catalytic step over this pH range. These observations
y established that the twokp values in thekea—pH profile
p

must arise from the ionization of the groups within the
FiGURE 2: pH dependence ¢ for the wild type (A), the HI08A  ternary complex.
;Ht”;g%(gé’ f”;ndD%f]'g; %”Lag‘rfe(lg)ég:% Sgllfrél?i?tég f:g'a' é 'S The crystal structures of binary or ternary complexes with
the enzyme and a multisubstrate adduct inhibitor or a folate
analogue and GAR have revealed that the active site contains
two ionizable amino acid residues, His108 and Aspl44, in
such positions that they may assist the reactB); Figure
3 shows the hydrogen-bonding interactions of these residues
pH Dependence otk The pH dependence &fafor GAR ity the multisubstrate adduct inhibitor BW1476U88).(
transformylase is shown in Figure 2A. The data show a bell- g 51 nitrogen of His108 forms two hydrogen bonds, one
shaped curve with limiting slopes of 1 on either side of the (5 the carbonyl oxygen of the inhibitor which is equivalent
pH maximum. A nonlinear least-squares fit of the data t0 4 the formyl oxygen in the folate cofactor and the other to
eq 1 yields two K values, 6.8+ 0.1 and 9.7+ 0.1. The e carboxylate of Aspl44. It is very likely that His108 or
pH value for maximum activity is around 8. Aspl44 may participate in the catalytic mechanism and may
The first question was whether the decline in velocity at be responsible for the observedvalues in thekea—pH
either side of the pH maximum is due to an irreversible profile. To test this possibility, we determined the ptate
inactivation of the enzyme. To answer this issue, the enzymeprofiles for the mutant enzymes.
was preincubated at various pH values in the range-df® The kea—pH profile for the HI08A mutant enzyme is
for about 15 min and the activity was rapidly measured after shown in Figure 2B and is no longer a bell-shaped curve.
dilution into pH 8.0 buffer. All the Samples that were tested Curve f|tt|ng with eq 2 gave a}fb value of 7.0+ 0.1 which
regained full activity at pH 8.0, indicating that the decline gyerlaps with the acid sideKa value in thekea—pH profile
in aCtiVity must result from improper ionic forms in the for the wild type As expected from the previous Stuay(
enzyme or substrates, not from the irreversible inactivation thjs mutation caused a significant dropkin; by 4 orders of
of the enzyme. Mutant enzymes used in this research weremagnitude (Table 1). Interestingly, the D144A mutant
tested in the same manner and were found to be stable agxhibited ak..—pH profile very similar to that of H108A,
pH 6-10. with a pK, of 6.5 + 0.1 (Figure 2C). The activity of this
The second question was whether one or both of e p mutant is also reduced significantly by 5 orders of magnitude.
values corresponded to a change in the rate-determining stepThis result establishes that both active site residues, His108

expressed from the genomic DNA. These mutant and wild
type enzymes were purified to homogeneity as described in
Materials and Methods.
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Scheme 1: Mechanisms Involving Substrate loniz&tion

with GAR saturating with fDDF saturating
3 k
E-GARNHg* = E-fDDF-GARNH;" GARNHg" | . E-fDDF-GARNH*
1
fDDF + “ Kesi o “Ksmsz ke E-fDDF + { HK51 :_1 u Kesis2
cal
HKsz E-GARNH, E-fDDF-GARNH, —— HKesz GARNH, 2 E-fDDF-GARNH, Kot

fDDF 2 K; ko '

ES1S2 E"-fDDF ﬂ Kesis2

E'-fDDF-GARNH, E'-fDDF-GARNH,

(oK) ~ (Keat/ Kim)ioDF (heatl Ko _ (Kcat/Km)GAR

el BmIODF = (1 4 HiKes1) (1 + KeolM) ATMEAR T (1 4 HiKsy) (1 + KesoH)

Keat
(1 + H/Kgs1s2 + KEsts2/H)

(keat)' =

a Rate equations were derived using the assumption that the ionizations are at equilibrium and the addition and dissociation of substrates are at
steady state conditions. The dissociation constdfis, and Ks;, correspond tKa; in eq 3, andKs; and Kes, correspond tKx. in eq 3. The
dissociation constant&esis,and Kig,g,correspond tda: andKaz in eq 1, respectively.

and Aspl44, are essential for catalysis. Higvalues of 08
GAR and fDDF for both mutant enzymes are very similar o 08
to those of the wild type, suggesting that these mutations o 04
caused no significant changes either in the structure or in =
the binding of the substrates and intermediates. Like the wild x 02
type enzyme, both mutants exhibited no irreversible inactiva- 2 0
tion upon changing pH values. Therefore, thg—pH g 02
profiles for these mutants must result from the changes in ’
the active site environment caused by the mutations. -0.4
It appears that both His108 and Aspl44 are responsible
for the (K, of 9.7. The pH dependence kf; requires that pH
the side chain group responsible for th&,pof 9.7 be
protonated to be more active. As shown in Figure 3, His108
is the only ionizable group that forms a hydrogen bond §<? 0
directly to the formyl oxygen. We conclude that thi€,mf S
9.7 represents His108 that acts as a general acid catalyst. ¥E 0.5
The unusually high I§, value for the imidazole of HL08 must 3
arise from hydrogen bonding to Aspl44. This hydrogen- 2 -1

bonding interaction implies that these two residues would
be interdependent in the catalytic mechanism. Although -1.5
His108 is still present in the D144A mutant, the absence of
the aspartic acid may cause a misalignment of the imidazole.

A mutation of either residue should impair the catalytic role

of His108, which would lead to the loss of thiof 9.7 in Ficure 4: pH dependence dta(Kn(fDDF) (A) andkeafKm(GAR)

the kear—pH profile for the wild type (B) for the wild type enzyme. The curves are fitted to eq 3.
al .

Another important requirement in the formation of the a pK, value to substrate ionization in the ternary complex
tetrahedral intermediate is the ionization of the amino group may accompany its appearance in tgKn—pH profiles
of GAR whose [K, is known to be 8.1514). In a (Scheme 1) 15, 16).
low-dielectric environment such as the active site of an  pH Dependence ofl¢/K(fDDF). The ke Km(fDDF)—pH
enzyme, the K, value of the amino group may be lowered profile also describes a bell-shaped curve with the limiting
relative to that measured in water. Therefore, the most likely slope of 1 on either side of the curve (Figure 4A). The
candidate for the group with &pof 6.8 should be the amino  calculated K, values obtained from curve fitting to eq 3
group of GAR in the ternary complex. Several lines of were 7.0+ 0.1 and 9.4+ 0.1. Similar K, values were
evidence support this assignment. In khg—pH profile, the obtained in the pH profiles for the mutant enzymes (Table
moiety with a K, value of 6.8 must be unprotonated to be 2). These two K, values should represent the ionization of
more active, as should the amino group of GAR to act as a groups found in the free enzyme (in this case, thaGAR
nucleophile. All the mutants that were studied exhibit very complex) or the free substrate (fDDF). The acid sid& p
similar pK, values in the acid leg of thke.,—pH profiles, value for each mutant or the wild type enzyme overlaps with
indicating that this K, value represents the same moiety the correspondingh, value in itskea—pH profile. This K,
for both the wild type and mutant enzymes and is attributed must represent the ionization of the amino group of GAR in
to the amino group of GAR. Additional evidence is derived the E-GAR complex responsible for catalysis, consistent
from keofKm profiles (vide infra) because the assignment of with an active site environment similar to that of the ternary




10028 Biochemistry, Vol. 38, No. 31, 1999

Table 2: Summary of I§, Values for GAR Transformylase

Keat kealKim(GAR) Keal Kim(fDDF)
wild type 6.8+£0.1,9.7+0.1 7.8+£0.2,8.6+£0.2 7.0+ 0.1,9.4+0.1

H108A 6.9+0.1 8.0+ 0.2,8.8+0.3 6.7£0.1,9.4+ 0.1
D144A 6.5+ 0.1 7.6+0.1,8.8+£0.1 6.3+0.1,9.4+0.1
H121Q 6.6+0.1,9.7+0.2 7.9-8.0,7.9-8.0 a

a |nsufficient data to determinekp.

log (Rel. Fluorescence)

Ficure 5: pH titration of fDDF monitored by fluorescence change
at 400 nm with excitation at 340 nm. The curve is fitted to eq 4.

complex. This K, is expected to appear in the/Kn—pH

Shim and Benkovic

pH Dependence oftiKn(GAR).Figure 4B shows the pH
profile of keaf Kiy, for GAR. Plotting of the logarithms d{../

Km values against pH gave a slope of close to 1 on either
acidic or basic limb, and curve fitting with eq 3 yielded two
pKa values, 7.8+ 0.2 and 8.6+ 0.2. Because the twoKp
values are very similar (within 1 pH unit), they were also
estimated by the procedure of Alberty and MassE) &nd
gave similar values. The H108A and D144A mutant enzymes
exhibited very similar pH profiles and{g values (Table 2).
These K, values may represent the ionization of groups in
the free enzyme (in this case, the-tbDF complex) or the
free substrate (GAR). The group with &pof 7.8 must be
unprotonated, and the second group withkg of 8.6 must

be protonated either for catalysis or for the binding of GAR.
The most likely candidate for thekp of 7.8 is the amino
group of GAR that has to be unprotonated for activity as its
appearance in thike../Kn—pH profile may be accompanied
by the K, value for the substrate ionization in tkg—pH
profile for the ternary complex (Scheme 1).

The observed Ig, value, however, is about 0.4 pH unit
lower than the reported literature value for free GAR, 8.15
(14). The difference could be due to the fact that the literature
value was measured at an unspecified temperature and ionic

profile when the substrate ionization has been assigned instrength, which may be different from ours. The reported

the ke.a—pH profile for the ternary complex (Scheme 1).
The second ¥, of 9.4 is also very close to the corre-

sponding K, value in thek.a—pH profile for the wild type.

Initially, we considered the possibility that this value might

pKa values for the amino group of other glycinamides include
a K, value of 7.63 which is assigned to the amino group of
1,2-bisglycylamidoethane, 8.13 to that of a Gly-Gly dipep-
tide, and 7.91 to that of a Gly-Gly-Gly tripeptid&9). Thus,

represent the ionization of His108-Asp144 responsible for the K, value of the amino group of glycinamides lies in

catalysis as assigned in the,—pH profile. However, a
similar pK, value was observed in the./Kn(fDDF)—pH
profiles for HL08A and D144A that lack one member of the

the range of 7.68.2. Another possibility is that the observed
pK, reflects the fact that the binding of GAR to#DDF is
not at equilibrium. An estimate of the displacement from

catalytic pair. The absence of a second ionization, i.e., a slopethe true X, can be calculated from the ratio of the net rate

of —2, in the descending leg of the,/Kn(fDDF)—pH profile
for wild type further indicates that thikfa value may not at

constant for the reaction of the ternary complex to yield
product to the net rate constant for dissociation of substrate

all be associated with the catalytic group, His108-Asp144, [expressed as l0g(* kiowardKreversd] (20) and may drop the

in the binary enzyme (the EGAR complex). Indeed,

pKa by 0.23 unit (3).

examination of the X-ray structures of the apoenzyme and The second group with & of 8.6, which is exhibited in
liganded enzyme revealed that the hydrogen-bonding interac-both the wild type and mutant enzymes, should be within
tion between these two side chain residues required thethe E-fDDF complex, since GAR does not have any other

presence of a folate analogue. Since tHg palue is only
present in thé../Km(fDDF)—pH profile, it may represent a
group for binding of cofactor.

This pKa most likely is derived from fDDF since the

groups with this K, value. Because the His108-Asp144 pair
does not exist in the mutant enzymes, H108A and D144A,
this pK, cannot be assigned to this pair. The/Kn(GAR)—
pH profile for the wild type has a limiting slope 6f1 on

interactions between the bound cofactor and enzyme consisits basic limb, indicating that the profile may not exhibit a
primarily of hydrogen bonding with backbone amide residues pK, value for the catalytic group, His108-Aspl44, in the
that should not exhibit any pH dependence. Figure 5 displaysE—fDDF complex. We surmise that the absence of GAR

the pH titration curve of fDDF in the pH range of 6:0

may obviate the function of the His108-Asp144 pair or shift

10.0, monitored by fluorescence change at 400 nm with its pK, outside of the observable range. Thigmay reflect
excitation at 340 nm. The pH-dependent change in the a group responsible for binding common to all enzyme

fluorescence signal was fit with &gvalue of 9.80+ 0.02.
This is attributed to the ionization of the amide moiety in

species.
A likely candidate for this group was sought by examina-

the pterin ring of fDDF, since similar values have been tion of the recently determined X-ray structures of apo-GAR

assigned to this function in other folate compounii¥).(

transformylase (E70A) at pH 3.5 and 7.%2(. A loop

Crystallographic data revealed that the 4-oxo and N3 of the spanning residues 1+1131 was found to undergo a pH-
pterin ring of folate make hydrogen bonds to the backbone dependent conformational change upon comparison of the
nitrogen of Aspl44 and the backbone oxygen of Thr140, two structures. This loop is disordered and unresolved at pH
respectively, indicating that the ionization of the amide 3.5 but transforms to an ordered loolpelix structure at pH

moiety should affect the binding of folatB)( Asp144 seems
to be brought into the active site after a flexible loop of
residues 141145 folds over the folate binding site upon
binding of folate.

7.5. The structure of the ternary complex also has a well-
defined loop conformation of residues 131 (). These

crystallographic studies suggest that the loop ordering is pH-
dependent and may be important in catalysis and the binding



Mechanism of GAR Transformylase Biochemistry, Vol. 38, No. 31, 19990029

3.5
3l H,0
25 4

o L
15 F D0

1+ £
0.5 -

0 | L 1 ' 1 1 1 . |

6 7 8 9 10 11
pL

FIGURE 8: pL—rate profiles (L being H or D) for initial velocities
(Vi) determined at saturating levels of GAR and fDDF isCHO)
and D,O (@) buffers. The profiles are plotted &vs pH to clearly

show the shift of the i§, values and the solvent isotope effect of
2, measured bYM)max,ro/(Vi)max,0,0-

His121

ation and its involvement in the binding of GAR. The
unchanged acid sideKp must represent the amino group
of GAR. The highK,, for GAR precluded accurate meas-

S ) N _ urements needed for establishing kay/Kn(fDDF)—pH
Ficure 6: Fully ordered structure of the loop spanning residues

. ; ; profile.
111-131 and the hydrogen bonding between His121 and His132 . .
in the crystal structure of the apo-GAR transformylase (E70A) at ~ Sobent Deuterium Isotope Effedtigure 8 shows the pt
pH 7.5 (12). rate profile (L being H or D) for initial velocities measured

at saturating levels for both GAR and fDDF as a function
of hydrogen and deuterium concentration. As expected, the
pH—rate profile and the resultingqa values are exactly the
same as those from the pH dependencéc.qf In the pD
profile, however, both i, values were shifted to higher
values by about 0-60.8 pH unit, giving X, values of 7.4

+ 0.1 and 10.5k 0.1. The overall amplitude is approximately
half that for the pH profile. The observedpshift, 0.6, is
consistent with the assignments dfqgroups to the amino
group of GAR and the imidazolium group of His108 since
ammonium groups are expected to haveKa ghift of 0.6

pH unit 21). The pL-independent f solvent isotope effect
FIGURE 7: pH dependence ¢¢./Kn(GAR) for the H121Q mutant. ~ was 2.0+ 0.1, which indicates that a proton transfer is
The curve is fitted to eq 2. involved in the interconversion of the substrate and product

of substrates. The loop is structured through hydrogen bonds,ternary complexes.

mostly involving main chain carbonyls and amide nitrogens pscuyssioN
and a few involving amino acid side chains. Of these side
chains, His121 or His132 which hydrogen bond to each other Role of Actie Site ResiduesThe active site residues,
appear to be the only residues that may hakg yalues His108, Aspl44, and Asnl106, are strictly conserved among
within our pH range (Figure 6). Although we aware that any the prokaryote and eukaryote GAR transformylases. Al-
pKa associated with a conformational change may result from though the structure of the active site has been well
a combination of the ionization of several groups, we decided characterized and the importance of these residues has been
to prepare the H121Q mutant enzyme, which is expected todemonstrated by site-directed mutagenesis, the exact role of
retain a loop-stabilizing hydrogen bond, although differing the active site residues in transformylation has been largely
in its stability toward pH changes. speculative. Our current study clearly shows that His108 acts
The activity of H121Q is comparable to that of the wild as a general acid catalyst in the formation of the tetrahedral
type enzyme as itieo values are within 60% of those of the intermediate with the I8, value of 9.7. This unusually high
wild type (Table 1). The pH profile dfais very similar to pKa value for His108 is due to the salt bridge with the
that of the wild type, as are theKp values (Table 2). carboxylate of Aspl44 and consequently provides the
However K, values for GAR and fDDF exhibit about 4-fold  enzyme with maximum catalytic efficiency at physiological
increase (Table 1). The pH profile d€a/Kn(GAR) for pH. Therefore, Aspl144 is absolutely required for the catalytic
H121Q is bell-shaped but much narrower than that of the mechanism as it maintains the correct protonation state of
wild type, giving two similar X, values in the range of the general acid catalyst, His108.
7.9-8.0 (Figure 7). It appears that th&pvalue on the Aspl44 may also position His108 in a correct conforma-
basic side is shifted to 7-8.0 from 8.6-8.8 in the pH tion which seems to be induced by cofactor binding to
profiles for the wild type, H108A, or D144A, but the acid interact with the formyl group of the cofactor. In the crystal
side K, is essentially unchanged. This implicates th@ p  structures of the apoenzyme, a flexible loop of residues-141
of 8.6 as being important in stabilizing the loop conform- 145 is positioned away from the active sitg 6, 12). This

log kcat/Km (GAR)
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loop becomes stabilized in the folate-bound complexes and Asp144

folds over the folate binding site as a result of the interaction

H

N\ Q
H Asp144 (7 070 o

of the amide moiety of the pterin ring with the backbone \N:w oy o istog, W -HNT asn106
atoms of the loop §, 6). One consequence of this loop _ N N S asmios o
movement is the positioning of Asp144 in the active site in e Ty —— PR
forming a hydrogen bond to His108, positioning the imida- CHO-HAIolat:1>N)L|-T\ ,h'l\GAR Ry “\H\o,'?

Ry H

zole to hydrogen bond with the formyl oxygen of folate. This
interplay of active site residues with the formyl group upon
binding of the cofactor must be a critical determinant of the J
catalytic function of the enzyme.

The D144A mutant would forfeit the interaction with the

[¢]
1 ~J
H"'O/I\AspMA

H Asp144

imidazole of His108, and in turn disrupt the hydrogen bond H Asp144 \Nm o o
between His108 and the formyl group of the cofactor. (7970 9 tod M N entos
Binding of cofactor to this mutant may not be disturbed as wstod M HZNJ\AW% —(\b”ﬁ‘

the cofactor interacts only with the backbone atoms of the o, R‘\@/J'—?'—GAR
loop. In this mutant, the imidazole of His108 might favor  noae™™w @ s gan Ry W f

an alternative conformation such as the one found in the Rd Q j\
crystal structure of the BW1476U89 multisubstrate adduct Ho- 0™ > Aspisd
GAR transformylase complex which involves hydrogen FiGURE 9: Proposed mechanism for GAR transformylase. As the
bonding between the imidazole nitrogens and the back- cofactor binds to the active site, Asp144 forms a salt bridge to the

. . imidazolium of H108 and the formyl group is positioned to form
bone carbonyl of Asp144 and the side chain of SerB}5 ( hydrogen bonds to Asn106 and the protonated imidazolium group

Such changes in the active site geometry of D144A could of H108. The free base form of the amino group of GAR then
result in a comparable reduction of catalytic activity relative attacks the activated formyl group to form a tetrahedral intermediate.
to that of the HLO8A mutant. The D144A mutant, however, A proton transfer from GAR to the N10 of folate is mediated by a
has an even lowekey value by 1 order of magnitude than catalytic water molecule, followed by breakdown of the tetrahedral

intermediate to form products. The positioning of this water
H108A. We note that the carboxylate of Asp144 hydrogen mgjecyle may be assisted by a hydrogen bond to the carboxylate

bonds with a water molecule in the crystal structure of the of Asp144. (For clarity, we show Asp144 twice; it actually spans
BW1476U89 multisubstrate addueBAR transformylase  from the N1 of His108 to the bound-B® molecule.)

complex @). It has been proposed that the water molecule
functions as a catalyst for a proton transfer from the amino observed pH-dependent behavior of enzyme activity. How-
group of GAR to the N10 of folate6]. The loss of this ever, under saturating conditions the low activity at the lower
pathway in the D144A mutant could result in its lowex pH values is due to the unfavorable ionization of the
value. nucleophile of the substrate and at higher pH values to the
The single-turnover experiments and the deuterium solventdissociation of the H108-D144 salt bridge. This suggests that
isotope effect measurements established that the interconthe loop conformation of residues 11131 is not a
version of substrate and product ternary complexes is rate-determinant of enzyme activity under saturating conditions.
limiting in the kinetic sequence and is the step evaluated by In fact, the loop mutant H121Q, although it exhibited higher
kearOver the pH range that is studied. The assignment of the K values for both GAR and fDDF than the wild type,

pKa of 9.7 in thek.o—pH profile to His108 does not require
a complete proton transfer from the protonated imidazolium
to the oxyanion of the tetrahedral intermediate that could
lead to the accumulation of an unproductive specigsihe
pKa of 6.8 in thek.,—pH profile reflects the ionization of

yieldedk.q: and K, values in theke,—pH profile similar to
those of the wild type.

The loop conformation of residues 13131, however,
may act in the binding of substrates and impagtKn,. We
infer that the K, for structured loop formation should lie

the amino group of GAR, another determinant in the around pH 7, since all the crystal structures determined below
formation of the tetrahedral intermediate. The appearancepH 6.75 have a disordered loop whereas those determined
of the K, value of the amino group of GAR in the./Kn— above pH 7.5 have an ordered loop. KagKn(GAR) profile

pH profiles confirms this interpretation. Consequently, the did not reflect a i, value around pH 7, but implicatedp
enzyme should bind both the protonated and free base formvalues of 7.6 and 8.8 that were assigned to the amino group
of GAR (Scheme 1). The crystal structure of the ternary of free GAR and the loop, respectively. The shift of the latter
complex implicates the phosphoryl and the ribosyl hydroxyl pKato 8.3 in the H121Q mutant supports this assignment.

groups in the binding of GARS). Thus, the ionization state
of the amino group in GAR may not be a binding determi-
nant.

Loop Conformations of Residues H131 and 141145.
Recent crystallographic studies have shown that a loop
spanning residues 131131 in the apoenzyme undergoes a
pH-dependent conformational change from a completely
disordered state at pH 3.5 to a fully ordered ledlix
structure at pH 7.51(2). Because the ternary complex of
enzyme with GAR and a folate analogue also exhibits a fully
ordered loop of residues 13131 (), it has been proposed
that the ordering of this loop might be responsible for the

This indicates that the loop conformation in the-fDDF
complex at high pH may not favor GAR binding and may
differ in its behavior from that observed with the apoenzyme.

We conclude that the loop conformation of residues-111

131 affects the binding of the substrate and thus the pH
dependence of the enzymic activity.

Likewise, the loop conformation of residues 4145 is
a determinant of catalytic activity. Its positioning requires
the presence of folate, which is manifested in KagKn-
(fDDF) profile that reflects, in the wild type and mutant
enzymes, the ionization of the N3 proton of the folate
cofactor. Loss of this proton apparently leads to disrupting
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an interaction with the amide backbone of this loop and loss
of activity owing to misalignment of the active site residues,
His108 and Aspl44.

Chemical MechanismOur proposed mechanism is de-
picted in Figure 9. Folate binding induces active site
rearrangements involving Asp144 and H108, which place
the protonated imidazolium partnered in a salt bridge to the
carboxylate in a position to activate the formyl group of the
cofactor by donating a proton to the formyl oxygen. Asn106
also interacts with the folate, and may fine-tune the location
of the formyl group. A low-dielectric active site environment
favors the free base form of the amino group of GAR, poised
to attack the activated formyl group to form presumably a
tetrahedral intermediate in the transfer process. A proton is
switched from GAR to the N10 of folate mediated by a
catalytic HO molecule, followed by breakdown of the
tetrahedral intermediate and product release. The positioning
of the catalytic HO molecule may also be assisted by
Aspla4,

The key feature in this mechanism is the general acid
catalysis by His108. It has been well established that-acid
base catalysis is important in an acyl transfer mechanism.
We speculate that the formyl group is activated for transfer

not only by proton donation from His108 but also perhaps 15.

by twisting the formyl group out of the delocalized planar
structure to relieve the resonance stabilization. Studies are

underway to find physical evidence for such preactivation g’

of the formyl group in the enzyme’s active site.
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