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Abstract
Human histidine triad nucleotide binding protein 1 (hHint1) is a member of a ubiquitous and
ancient branch of the histidine triad (HIT) protein superfamily. hHint1 is a homodimeric protein
that catalyzes the hydrolysis of model substrates, phosphoramidate (TpAd) and acyl adenylate
(AIPA), with a high efficiency. Recently, catalytically inactive hHint1 has been identified as the
cause of inherited peripheral neuropathy (1). We have carried out the first detailed kinetic
mechanistic studies of hHint1 and have found that the reaction mechanism is consistent with a
double displacement mechanism, in which the active site nucleophile His112 is first adenylylated
by the substrate, followed by hydrolysis of the AMP-enzyme intermediate. A transient burst phase
followed by a linear phase from the stopped-flow fluorescence assay indicated that enzyme
adenylylation was faster than the subsequent intermediate hydrolysis and product release. Solvent
viscosity experiments suggested that both chemical transformation and diffusion-sensitive events
(product release or protein conformational change) limit the overall turnover. The catalytic
trapping experiments and data simulation indicated that the true koff rate of the final product AMP
is unlikely to control the overall kcat. Therefore, a protein conformational change associated with
product release is likely rate limiting. In addition, the rate of Hint1 adenylylation was found to be
dependent on two residues with pKas of 6.5 and 8, with the former pKa agreeing well with the
NMR titration results for the pKa of the active site nucleophile His112. When compared to the
uncatalyzed rates, hHint1 was shown to enhance acyl-AMP and AMP phosphoramidate hydrolysis
by 106 to 108- fold. Taken together, our analysis indicates that hHint1 catalyzes the hydrolysis of
phosphoramidate and acyl adenylate with high efficiency, through a mechanism that relies on
rapid adenylylation of the active residue, His-112, while being partially rate limited by
intermediate hydrolysis and product release associated with a conformational change. Given the
high sequence homology of Hint proteins across all kingdoms of life, it is likely that their kinetic
and catalytic mechanisms will be similar to those elucidated for hHint1.

Introduction
Histidine triad nucleotide binding proteins (Hints) are members of the histidine triad (HIT)
protein superfamily of nucleotidyl transferases and hydrolases that contain a highly
conserved active site motif of His-X-His-X-His-XX, where X is a hydrophobic amino acid
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(2) (Fig.1a). The Hint branch is the most ancient and is ubiquitously expressed in both
prokaryotes and eukaryotes; however, their biological roles have not been fully
characterized. Although initially Hint1 was reported as a protein kinase C inhibitor (3),
subsequent studies have not supported thisobservation(4-6). Hint1 also was suggested to be
a zinc binding protein due to the presence of four histidines in the active site (3), however, a
rationale for this potentiality has not been forthcoming.

Recently, Hint1 has emerged as a tumor suppressor through multiple molecular mechanisms
involving the regulation of apoptosis (7), gene transcription (8-11), and the cell cycle (12,
13). Hint1 deleted mice have an increased susceptibility to the carcinogenic DMBA (7, 12-
dimethylbenzanthracene) induced ovarian and mammary tumors, as well as the increased
occurrence of spontaneous tumors (14). Hint1 expression appears to correlate with the
down-regulation of p53 and the proapoptotic factor Bax (7). Consistent with this finding and
a potential role in tumorgenesis, Hint1 has been found to be associated with the Bax
promoter and is a component of the Tip60 histone acetyltransferase complex (15). Two
hybrid screening experiments revealed that Hint1 was associated with cyclin-dependent
kinase 7 (Cdk7); however, knock-out mice studies fail to reveal a phenotype consistent with
the regulation of cdk7, indicating that Hint1 is not required for Cdk7 function (16). Evidence
has also accumulated that eukaryotic Hint1 is associated with several gene transcription
factors, such as TFIIH (8), MITF(9, 10), and USF2(11). In addition to their emerging role in
cancer, a link between Hint1 and the regulation of postsynaptic dopamine transmission (17,
18) and the development of hepatic ischemia reperfusion injury has been discovered (19).

While a variety of interactions with Hint1 have been discovered, little is known about the
enzymatic activity and the underlying catalytic mechanism, as well as the possible linkage
between enzymatic activity and intracellular function(s). It has been suggested that Hint
enzymatic activity is inhibited via heterodimerization with Asw (avian sex-specific W-
linked) protein, a potentially sex-determining protein in birds (20, 21). Brenner and
coworkers have reported that rabbit Hint1 and yeast HNT hydrolyze adenosine 5′-
monophophoramidate (AMP-NH2) to AMP and ammonia, and adenosine lysine
phophoramidate to AMP and lysine(22), while Wagner and coworkers demonstrated by 31P-
NMR that human Hint1 and E. coli HinT (ycfF) are efficient purine nucleoside
phosphoramidases (23-25). Substrate specificity studies have revealed a preference by
Hint1s for nucleoside phosphoramidate substrates containing purine ribonucleosides coupled
to unhindered alkyl amine(24). In addition, acyl nucleoside monophosphates were found to
be modestly better substrates for both ecHinT and hHint1with kcat/Km values ranging from
106-108 M−1s−1. Since acyl-AMP generated by lysyl t-RNA synthetase has also been shown
to be a good substrate of both bacterial and human Hint1, Chou and co-workers have
proposed that acyl-AMP prepared by AARS's may be natural substrate of Hints (26).
Intriguingly, Wang and co-workers recently have determined the crystal structures of Hint1
in complex with aminoacyl adenylate analogs, and revealed that Hint1 broadly recognizes
only the common main chain of the aminoacyl moiety, without specific interacting with the
amino acid side chain(27). Although Hints are unable to carry out phosphate hydrolysis,
Krakowiak and co-workers have observed that Hint1 is capable of cleaving the P-S bond of
nucleoside 5′-O-phosphorothiolates, suggesting that the production of H2S during
desulfuration reaction catalyzed by Hint1 may biologically significant (28).

While efficient phosphoramidases and acyl-AMP hydrolases, until recently a direct
connection between Hint1 catalysis and a biological phenotype has proved elusive. Yeast
genetic and growth studies by Breiganowski and co-workers established that the growth of
yeast on galactose is dependent on Hnt activity (29), while Chou and co-workers
demonstrated that Hint activity is necessary for the growth of E. coli under high salt
conditions (23). Bardaweel and co-workers have further demonstrated that the activity of
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E.coli D-alanine dehydrogenase, and therefore growth on alanine, is dependent on E. coli
Hint (ecHinT) catalysis (30). Recently, hHint loss of function has been proposed as a cause
of inherited peripheral neuropathy, a condition that affects 1 in 2500 individuals (1). A
genome wide SNP analysis of 33 families exhibiting inherited peripheral neuropathy founda
strong correlation between the loss of catalytically functional hHint1 and autosomally
recessive axonal neurophathy with neuromyotonia, thus providing evidence for the first
phenotype linked to hHint1 enzymatic activity (1).

Although the HIT superfamily is comprised of five and possibly six distinct subfamilies,
investigations of their catalytic and kinetic mechanisms of action have only been carried out
on GalT and Fhit. In both cases, catalysis proceeds by formation of a histidine-NMP
intermediate with inversion of the phosphorous configuration, followed by transfer to either
water (Fhit) or galactose (GalT). For GalT, uridylylation of the nucleophilic histidine by
UDP-glucose and subsequent deuridylylation by galactose1-phosphate were found to be
rapid with rates of 281 s−1, and 166 s−1 at 4°C, respectively (31). Since these two rates were
higher than the kcat value (62 s−1 at 4°C), it has been proposed that either product release or
a conformational change may be rate limiting (31). Most importantly, structural analysis of
the GalT active site revealed that two of the conserved histidines and a proximal cysteine
formed a coordinate complex with an atom of Fe (32). For Fhit, while conversion of Ap3A
to ADP and AMP proceeds through a double displacement mechanism, less is known about
the specific catalytic steps (33). When the putative nucleophilic histidine was replaced by
glycine, free histidine was found to rescue enzymatic activity (34). In addition, AMP-
imidazole and AMP-N-methylimidazole were found to be substrates (35). Results of steady
state kinetic and mutagenesis studies have implied that one member of the catalytic triad,
His-98, is likely responsible for the donation of a proton to the leaving group, as well as
substrate binding (34). This is in marked contrast to GalT, in which the corresponding
histidines are coordinated to Fe. Since there is no evidence of significant Fe or metal
coordination to the active site histidines of either Fhit or Hints, Hint1 appears to be
catalytically similar to Fhit, and not GalT. Nevertheless, a detailed kinetic mechanism for
either enzyme has yet to be elucidated.

The catalytic mechanism of Hint1 has been proposed to proceed through a two-step double
displacement mechanism, analogous to Fhit, in which His-112 is thought to form a covalent
Hint-AMP intermediate followed by hydrolysis and the release of AMP (26, 36) (Fig. 1A).
However, a detailed picture of the catalytic and kinetic mechanism of Hint1 has yet to be
elucidated. Phosphoramidates, such as TpAd and TrAd, and amino acyl mimics such as
AIPA (Fig.1B) can undergo P-N bond and P-O bond cleavage by Hint1, respectively. Due to
the ability of nucleosides to quench the fluorescence of the covalently linked indole moiety
of tryptamine (Fig.1B), we have developed a sensitive continuous fluorescence assay using
these model substrates, TpAd and AIPA(24, 37). With these tools, we have been able to
delineate the kinetic mechanism and features of the catalytic mechanism of Hint1 by site-
directed mutagenesis, pre-steady state and steady state kinetic analyses, solvent viscometric
studies and kinetic model fittings. The results of these studies shed light on the parameters
influencing Hint1 catalysis in particular and the HIT superfamily in general.

Experimental and Methods
Materials

AMP, AMP-agarose, ampicillin, chlorophenicol, HEPES, MgCl2, sucrose, were purchased
from Sigma-Aldrich (St. Louis, MO). TpAd and AIPA were synthesized following the
procedures published in (24) and (37), respectively. Steady state kinetic data were collected
on a Varian Cary Eclipse fluorimeter with the kinetic program equipped with a thermostated
cuvette holder (Palo Alto, CA). Transient kinetic data were obtained on a single-wavelength
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stopped-flow apparatus (model SX.18MV, Applied Photophysics, Leatherhead, UK).
Kinetic data were analyzed with the JMP IN 7 software (SAS Institute, Inc., Cary, NC,
USA)

Site-directed mutagenesis, protein expression, and purification
The active site mutations, H51A, H110A, H112G, and H114A, were generated using human
Hint1-pSGA02 vector with QuickChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA). The oligonucleotide primer used were 5′-CAA GCA CCA ACA GCT TTT CTG GTG
ATA CC-3′, 5′-CAG TCT GTC TAT GCC GTT CAT CTC CAT G-3′, 5′-GTC TAT CAC
GTT GCT CTC CAT GTT CTT GG-3′, and 5′-CAC GTT CAT CTC GCT GTT CTT GGA
GG-3′, respectively. The wild-type and mutated human Hint1-pSGA02 plasmids were
transformed into E. coli hinT disrupt ted strain BB2 as previously described (23). The
expression and purification of the mutants was similar to those for wild-type, which
followed a previously published procedure (23). Briefly, AMP-agarose column was applied
after the cell lysis by lysozyme and sonication. Hint protein was eluted by 25mM AMP
solution. A PD-10 column was employed to desalt the protein samples. Protein
concentrations were determined with the Bradford protein assay (38).

Stopped flow fluorescence analysis of adenylylation of human Hint1
As mentioned above, we have developed a continuous and sensitive fluorescence assay
using two fluorogenic substrates, TpAd and AIPA. Due to the magnitude of fluorescence
quenching (over 20 fold), hydrolysis of TpAd or AIPA by Hint1, respectively, leads to an
increase in indole fluorescence from tryptamine, the product for the first half reaction. This
fluorescence increase can be monitored with time in stopped flow kinetic experiments, and
can be used to measure the reaction rates of the adenylylation of human Hint1 as well, if the
hydrolysis of adenylylated Hint1 is much slower than formation of adenylylated Hint1
intermediate. Therefore, we monitored the reaction rates of the adenylylation of Hint1 at
25°C using a fluorescence stopped flow apparatus (Applied Photophysics, model SX.
18MV). AIPA (5-40μM) or TpAd (5-60μM) in HEPES buffer (20mM; 1mM MgCl2, pH
7.2) was transferred to one stopped flow syringe, and human Hint1 (WT, 69μg/ml, 5μM) in
HEPES buffer (20mM; 1mM MgCl2, pH 7.2) was transferred to the other syringe. Each time
equal volumes (50μL) of the enzyme solution and the substrate were injected and mixed
rapidly. The excitation wavelength was set to 280nm and the fluorescence was monitored
through a cutoff filter of 320nm. The time-course curves were fit by a single exponential
equation with a steady-state term (eq1) using JMP IN 7 software, where A is the amplitude
of the burst, kl is the linear rate of increase of fluorescence, and kb is the burst rate, or the
observed pseudo-first-order rate constant. The results represent the average of six
experiments. The kinetic parameters k2, Kadenylyl, k2/Kadenylyl for AIPA or TpAd reaction
were obtained by non-linear fitting to the data by eq1 and eq 2, and [S] is the substrate
concentration.

Active site titration
In the active site titration experiment, human Hint1 (1, 2, 3, 4, 5μM) in HEPES buffer was
mixed with AIPA (10μM) and the fluorescence intensity was monitored. The time course
data were fit into eq 1. The amplitude, A, represents a measure of the moles of adenylylated
enzyme in the first catalytic cycle, can be plotted linearly against the Hint1 monomer
concentration, and the slope indicates the active site percentage per monomer.

Steady state fluorescence assay of human Hint1
The steady state fluorescence assay was performed at 25°C using Varian/Cary Eclipse
Fluorimeter as described previously (24). For the standard assay, the hydrolysis of the
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fluorogenic substrate by human Hint1 was carried out in degassed HEPES buffer (20mM
HEPES, 1mM MgCl2, pH 7.2) in quartz cuvettes. The excitation wavelength was set to
280nm and the emission fluorescence was measured at 360nm. The excitation and emission
slits were set at 5nm. Initial velocity of hydrolysis were measured with hH1 or mutant
(6nM-50nM) and varied concentrations of either phosphoramidate (0-10μM) or acyl
adenylate (0-10μM). The curves were fit to eq 3 to yield the first order rate constant kcat and
apparent Michaelis-Menten constant Km using JMP7 software, where v is the initial velocity,
[E]t is the total enzyme concentration, and [S] is the substrate concentration.

Solvent viscosity effect experiments
The viscosity of the solution was controlled by the addition of appropriate amounts of
microviscosogen, sucrose, or macroviscosogen, PEG8000. The relative viscosities (ŋrel) of
the solution were taken from the reference (39). The steady state first order rate constants
(kcat) and apparent Michaelis-Menten constants (Km) were determined as described above in
HEPES buffer (20mM HEPES, 1mM MgCl2, pH 7.2) containing the appropriate amounts of
sucrose (0, 14, 24, 32%) or PEG8000 (5%). A minimal 4-step mechanism including a
kinetically significant product release is shown in scheme 1, in which the observed kcat is a
combination of two chemistry steps (adenylylation and hydrolysis) and one diffusive step
(eq 6). Data were fit using eq 9-11. The 0kcat or 0(kcat/Km), and kcat or (kcat/Km), represent
the kinetic parameters in the absence and presence of microviscosogen, respectively.

pH dependence of pre-steady state parameters
At pH values ranging from 5.8-9.0, the adenylylation kinetic parameters for the first half
reaction, k2 and k2/Kadenylyl, were determined using stopped-flow apparatus with human
Hint1 (final concentration WT 2.5μM) and TpAd (5-60μM) or AIPA (2.5-20 μM) in
phosphate buffer (100mM). Assays were performed as described for the pre-steady state
kinetic experiments (vide supra). The time course curves were first fit with eq 1 to obtain the
values for kb, and then k2 and k2/Kadenylyl were obtained for each pH from the fitting with eq
2. To fit the k2vs. pH data for WT, eq 12 was used (Scheme 2).

pH dependence of steady state kinetic parameters
The pH-rate profiles of steady state hydrolysis of phosphoramidate by hint1 and mutants
were determined with saturated concentration of substrate (50μM) and appropriate enzyme
concentration (0.0625μM-0.25μM) in phosphate buffer (100mM, pH 5.8-9). The kcat vs. pH
data were fit with eq 13.

Dissociation constant (Kd) determination by tryptaphan fluorescence titration
Titration with AMP was performed using hHint1 (6μM) in 1.5ml HEPES buffer (pH 7.2,
20mM HEPES, MgCl2). The AMP stock was added and the mixture was stirred for 30s,
then the emission fluorescence intensity ranging from 300-450nm was measured for 30s at a
scan speed of 300nm/min (excitation 280nm). The peak fluorescence intensity at about
351nm was obtained from the average intensities 349-353nm. Appropriate corrections were
made for dilution effects (never exceeding 10%). Data were fit into eq 14, where F is the
fluorescence intensity, Fe is the fluorescence intensity of the protein without ligand binding,
Fel is fluorescence intensity of the protein with ligand binding, Et is total concentration of
the protein, Lt is total concentration of the ligand, and Kd is the dissociation constant.

Catalytic trapping experiments
The WT human Hint1 (5μM) was pre-incubated with AMP (0-5000μM) in one stopped flow
syringe for 10min, then mixed with TpAd (40μM) in the other syringe. The time course of
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the reaction was monitored as previously described. To minimize the inner filter effect, the
concentration of AMP was controlled not to exceed 5% of the absorbance.

NMR spectroscopy to analyze histidine pKa change in human Hint1
Wild type hHint1 and H112A were purified by an AMP-agarose column from echinT
deletion stain (BB2) as described previously (23). Purified protein was exchanged to
phosphate buffer in H2O at different pHs (0.1M sodium phosphate, pH 6.00-9.00) and
concentrated to 8mg/ml. 300μL of protein sample was transferred to a new tube, frozen, and
lyophilized. After lyophilization, the samples were reconstituted in 300μL of 99.8% D2O.
Further proton exchange was carried out by storing the samples at 4 °C for 40hr. Before
NMR analysis, the samples were centrifuged at 13,000 g for 10 min, and the supernatant
was transferred to a Shigemi 5 mm NMR microtube assembly (matched with D2O, bottom
length 15 mm, type BMS-3 from Shigemi Inc., Allison Park, USA). The 1D proton NMR
and TOCSY spectra were acquired on 600MHz Varian Inova 6001 spectrometers equipped
with a Bioselect probe at 25 °C. Histidine C-2 proton resonances were well resolved and
assigned by comparison of spectra under the continuous closely spaced values of pHs. The
pKa values were obtained by non-linear fitting of the titration data to the modified
Henderson-Hasselbalch equation (eq 15) (40), where δobs, δ H+, and δH are the chemical
shifts for the observed, protonated, and neutral imidazoles, respectively.

Determination of uncatalyzed rate of Tpad and AIPA hydrolysis
The uncatalyzed rates of hydrolysis of TpAd and AIPA were determined by monitoring the
reaction in a quartz sealed tube as previously described with minor modifications.(41)
Reaction mixtures containing the anhydride AIPA (0.05 M) in aqueous potassium phosphate
buffer (0.1 M, pH 6.8) were incubated at temperatures from 10 to 47 °C for various time
intervals. Reactions were then stopped by freezing, and the product mixtures analyzed by
proton NMR (500 MHz) after 10-fold dilution with D2O solutions containing added
pyrazine (0.01 M, δ 8.60 ppm) as an integration standard. Hydrolysis of the anhydride
linkage of AIPA was accompanied by the disappearance of a doublet at 5.88 ppm and the
appearance of a doublet associated with the product AMP at 6.08 ppm (confirmed by
addition of the authentic molecule), and also by the disappearance of a doublet at 7.35 ppm
and the appearance of a doublet at 7.45 ppm associated with the product indolepropionic
acid (confirmed by addition of the authentic molecule). Reaction mixtures containing TpAd
(0.05 M) in aqueous potassium phosphate buffer (0.1 M, pH 6.8) were incubated at
temperatures from 59 to 121 °C for various time intervals. Reactions were then stopped by
cooling, and the product mixtures analyzed by proton NMR (500 MHz) after 10-fold
dilution with D2O solutions containing added pyrazine (0.01 M, δ 8.60 ppm) as an
integration standard. Hydrolysis of the phosphoramide linkage of TpAd was accompanied
by the disappearance of a doublet at 5.90 ppm and the appearance of a doublet associated
with the product AMP at 6.08 ppm (confirmed by addition of the authentic molecule).

Results
Transient State Kinetics

We have observed that the hydrolysis of TpAd or AIPA results in a significant increase in
fluorescence intensity, due to release of tryptamine, allowing us to monitor
spectrophotometrically the steady-state and transient state kinetics of the reaction (42, 43).
Stopped flow fluorescence of human Hint1 using the phosphoramidate substrate, TpAd, or
acyl adenylate substrate, AIPA, both displayed an initial “burst” phase followed by a linear
steady state phase (Fig. S1A). The “burst” phase suggested rapid formation of an
intermediate within the first catalytic cycle, while the linear steady state phase (kl) suggested
a slow rate-limiting step following intermediate formation. Data fitting analysis revealed kl
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values of 2.0 ± 0.4 s−1 and 2.7 ± 0.8 s−1 for TpAd and AIPA, respectively (Table 1). These
values agreed well with the observed steady state kcatvalues 2.1 ± 0.1 s−1 and 1.98 ± 0.02
s−1 for TpAd and AIPA (Table 2), respectively, thus suggesting that intermediate hydrolysis
and/or product release are likely rate limiting.

Due to a single tryptophan (Tryp-123) in the C-terminus, hHint1 exhibits fluorescence (ex
280, em 340). To rule out the possibility that the observed fluorescence “burst” might
originates from a change inhHint1 fluorescence, we prepared the Tryp-123 to Ala mutant,
demonstrated that the protein fluorescence had been abolished, then examined the hydrolysis
of AIPA by W123A with stopped flow kinetics. When compared to wild-type hHint1, the
W123A mutant exhibited a similar burst rate and slightly increased Kadenylyl (k2=301s−1,
Kadenylyl=8μM), compared to wild-type hHint1 (k2=443s−1, Kadenylyl =5μM). The reduced
rate for the burst also agrees with the previous notion that W123 affects Hint enzymatic
activity. Furthermore, fluorescence quenching, presumably from the enzyme, was observed
when the catalytically inactive mutant, H112A, was mixed with substrate, which is
consistent with the observed fluorescence increase during the reaction arising from substrate
hydrolysis.

Next, we characterized the “burst” kinetics for TpAd and AIPA. As can be seen in Figure
S1B and S1C, the burst rate was found to be hyperbolic and substrate concentration
dependent for both TpAd and AIPA. The upper limits of the burst rate (kb) suggest that the
adenylylation rates (k2) of Hint1 for AIPA and TpAd are 443 s−1 and 203 s−1, respectively
(Table 1). Notably, the second order rate constants, k2/Kadenylyl, for AIPA and TpAd are 8.8
± 2.8 × 107 M−1s−1 and 1.6 ± 0.4) × 107 M−1s−1, respectively, which approach the diffusion
limit (108-1010M−1s−1). Thus, the efficiency of the enzyme during the first step
(adenylylation) is quite high and the substrate is likely to be “sticky” (k−1<<k2), limiting
dissociation of the substrate from enzyme prior to intermediate formation. With sticky
substrates the slopes of the linear portion at low substrate concentrations approached the
association rate constants (k1)(44) for AIPA and TpAd of 6 × 107 M−1s−1 and 1 × 107

M−1s−1, respectively. The correspondence of these values for k1 with the steady-state kcat/
Km values (Eq.8) supports this assertion.

To assess the degree of cooperativity between the two active sites of hHint1, we examined
the burst amplitude, since it is indicative of the number of product molecules turned over in
the first catalytic cycle and thus the active enzyme concentration. As can be seen in Figure
2B, the burst amplitude was found to be dependent on enzyme concentration.

Plotting the amplitude verses hHint1 monomer concentration yielded a linear correlation
with a slope of 0.77 (Fig. 2B, R2=0.955), indicating employment of 77% of the active sites
in the first catalytic cycle. Thus, the amplitude of the “burst” is stoichiometric with the
calculated Hint monomer concentration, indicating little cooperativity between the two
active sites.

Inspection of the active site of hHint1 has revealed that in addition to the active site
nucleophile, His-112, His-51, His-110 and His-114 are also strictly conserved (Fig.1A).
Although not close enough to hydrogen bond to His-112, His-114 has been shown to be in
close proximity to the phosphate oxygens of bound AMP. His-51 appears to form a close
hydrogen bond to His-114, while the backbone carbonyl of His-110 forms a hydrogen bond
to His-112. We addressed the role of each of these residues on the burst phase of the
reaction with AIPA and TpAd by site-directed mutagenesis. Regardless of the mutant or the
substrate, a rapid burst phase was observed. For AIPA, the value of the burst phase
increased approximately 2- fold, from 443 s−1 for wild-type, to 851 s−1 and 965 s−1 for the
mutants His-114-Ala and His-110-Ala, respectively. In contrast, each of the mutants reduced
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the burst phase rate when TpAd was the substrate from203 s−1 to 23-34 s−1. This
discrepancy suggests that somewhat different catalytic mechanisms may be employed for
TpAd and AIPA hydrolysis by these mutants. As a potential proton donor, H114 could
possibly transfer a proton to the phosphoryl oxygen, which is 2.87Å away, which could be
transferred to the amine of the amino group facilitating TpAd P-N bond cleavage. In
contrast, dissociation of the acyl product generated by the AIPA reaction may be accelerated
in the absence of H114 and proton transfer, assuming charge repulsion is a sufficient driving
force. Since stabilization of H114 by H51 may promote the proton transfer, it is possible that
in the absence of H51, hydrolysis of TpAd is more affected than AIPA hydrolysis. Since
crystal structure analysis demonstrates that the backbone carbonyl of His110 hydrogen
bonds to the imidazole of H112, but not H114, His110 is likely to stabilize deprotonated
H112, which would be required for both TpAd and AIPA hydrolysis. The similar impact of
the H110A mutant on the rate of adenylation by both substrates supports this assertion.

The observed linear steady state phase (kl) observed for each of the mutants when AIPA is
the substrate was reduced from 6.4 to 13- fold, while for TpAd the rate was reduced from
7.3 to 14-fold (Table 2). Similar to wild-type, the values of the linear rate are in agreement
with the observed kcat values for the mutants and each of the substrates (Table 2).

Examination of the k2/Kadenylyl values for AIPA revealed that while the k2 value either
increased for both the His-110-Ala and His-114-Ala mutants or slightly decreased for the
His-51-Ala mutant, the overall efficiencies of the mutants declined relative to wild-type
because of the increase in Kadenylyl. With the exception of the His-110-Ala mutant, the
Kadenylyl values for the mutant hHints increased with the substrate TpAd. Consequently,
comparable lower values for k2 resulted in significantly lower k2/Kadenylyl values for each of
the active site mutants with TpAd.

Steady state kinetic parameters
The Michaelis-Menten parameters for hHint1 with the substrates AIPA and TpAd were
found to be nearly identical resulting in similar kcat/Km values (Table 2), suggesting that the
enzyme proceeds through similar rate limiting steps for each substrate. Since the
concentration of the second substrate (water) for a double displacement mechanism (Ping
Pong mechanism) can be regarded as fixed and saturated, the steady state kcat/Km
approximates the pre-steady state k2/Kadenylyl. Indeed, the measured values of kcat/Km and
k2/Kadenylyl are within a similar range. Each of the active site histidine mutations were found
to lower the kcat by 2 to 2.9- fold for AIPA and similarly 2.8 to 8.8- fold for TpAd. With the
exception of the H51A mutant Km for TpAd, which was 13.8- fold greater than the wild-type
Km, the Kms for the mutants were either identical or within 3- fold of the value for wild-type
hHint1.

Viscosity effect studies
Previous kinetic studies of Hints with phosphoramidate substrates have proposed that
hydrolysis of the active site histidine-adenylate is the likely rate-determining step (24).
Nevertheless, it is quite possible that product release may also be at least partially rate
limiting. Since the molecular diffusion rates vary inversely with the viscosity of the solvent,
a diffusion-controlled rate limiting step can be probed by a viscosity variation assay. By
increasing the viscosity of the solution with a microviscosogen such as sucrose, the rate of
diffusion is lowered whereas the unimolecular reaction rate remains unperturbed. Thus, the
diffusion-controlled steps in enzymatic pathways can be isolated and the extent to which the
diffusion-controlled steps limit the reaction rate can be estimated.
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The steady state hydrolysis rate of TpAd by wild-type Hint1 was measured in the presence
and absence of microviscosogen, sucrose, in HEPES buffer at pH 7.2. From the kinetic
mechanism proposed in Scheme 1, increasing solvent microviscosity would be predicted to
affect k1, k−1, k4 and k−4, but not k2 and k3, with the overall kcat being dependent on a
combination of k2, k3, and k−4 (eq. 6).

According to eq. 9, the linear plot of the ratio of the second-order rate constant without
viscosogen over the second-order rate constant in the presence of viscosogen, (kcat/Km)0/
(kcat/Km), vs. relative viscosity, ŋrel, yields the partition ratio for the ES complex, k−1/k2, as
the reciprocal of the slope k2/(k−1+k2) subtracting unity. For a slope close to 1 (slope=0.9)
(Fig. 3A), then k−1<k2 (k−1/k2 = 0.1), indicating that the first irreversible step along the
reaction pathway is considerably faster than substrate dissociation. Thus, in agreement with
the transient state kinetics, the k2/Kadenylyl1 value for TpAd with hHint1 is near the
diffusion-controlled limit (vide supra). In contrast, the relative first order rate constant, 0kcat/
kcat, was only 60% dependent on the solvent viscosity (Fig. 3B, slope =0.61). Thus
employing the expression for 0kcat/kcat (eq. 10) the overall reaction rate was found to be
nearly equally limited by an internal presumably chemistry (k3) step and a diffusion-
dependent (k−4) step.

When a plot of (1/kcat) vs. relative viscosity, ŋrel, was examined, a slope of 0.31 and an
intercept of 0.30 were observed (Fig. 3C). Employing eq 11 and a k2 value of 203s−1

determined from pre-steady state studies (vide supra), a value of 3.33 s−1 could be
calculated for k−4 and a value of 3.48 s−1 for k3, thus indicating that the steady state rate of
hHint1 is partially rate limited by an internal presumably chemical step and an external
product release step.

To ensure that the observed decrease in kcat/Km and kcat values are due to the increased
solvent microviscosity and not interactions with the protein, control experiments were
conducted in the presence of macroviscosogen, PEG 8000, which increases the
macroviscosity but not the microviscosity of the solvent (45). The addition of a
macroviscosogen will not perturb rates of small molecule diffusion. The kcat and kcat/Km
values for TpAd in the presence of 5% PEG-8000 (ŋrel =3) were found to be unaffected
(kcat=1.97 ± 0.10 s−1, kcat/Km = (1.6 ± 0.4) × 107 M−1s−1) relative to the values for wild-type
hHint1 determined without the macroviscogen.

In addition, to rule out possible artifactual effects of viscosogen on the enzyme reaction due
to interactions between the viscosogen and enzyme/substrate, the effect of viscosity on the
hydrolysis of a poor substrate, TrAd (Fig 1, kcat= 0.27 s−1, Km = 4.1 μM, kcat/Km = 7.0 × 104

M−1s−1), was determined (24). Given that a burst phase was not detected by pre-steady state
kinetic analysis for TrAd, a chemical transformation rate, rather than the diffusional rate,
can be reasonably assumed to govern the overall reaction rate. As can be seen in Figure 3B,
the slope of the plot of 0kcat/kcat vs. relative viscosity was found to be 0.08 or close to zero,
indicating little or no effect of the viscosogen on the chemical steps of the reaction.

Catalytic Trapping Experiment And Simulation
The pre-steady-state kinetic data suggest that the acylation step for hHint1 is fast and does
not limit maximum turnover (Fig.2). To establish whether the deacylation step or possibly a
product release step (AMP dissociation) could limit turnover, we performed a catalytic
trapping experiment. In this experiment, the enzyme is preequilbrated with the product,
AMP, in one syringe of the stopped-flow machine before the reaction is started with the
substrate TpAd in the second syringe (Fig. 5A). In the absence of AMP, a burst phase
followed by a slower linear phase is observed (Fig.5B). These data are best simulated using
the two-step kinetic scheme in Fig. 5a where k1′ and k2′ are set at 7.2 × 106 M−1s−1 and 0.5
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s−1. The former corresponds to the rate constant for intermediate formation and is close in
value to steady state kcat/Km for TpAd (Table 2). The latter corresponds to the net rate
constant for deacylation and includes not only the breakdown of the intermediate but also
the release of the product AMP and any potential conformational steps. When the enzyme is
preequilibrated with 2500 μM AMP, the kinetic transient begins to deviate from the simple
biphasic transient observed in the absence of AMP (Fig.5C). A rapid “burst” in fluorescence
is followed by a slow exponential phase and a linear phase that corresponds to steady-state
product formation. The initial rapid “burst” has a similar rate to the control, albeit with a
lower amplitude, suggestive of a small amount of free enzyme in the cuvette prior to
reaction start with TpAd. We measured a Kd of 200 μM for AMP to Hint1 in fluorescence
titration experiments (Fig.S2) indicating that some of the enzyme is likely to exist in an
uncomplexed form in the syringe prior to mixing. The slow exponential phase is consistent
with rapid exchange of AMP at the active sites, although the dissociation of AMP could be
fast. To analyze this kinetic transient, we, therefore, simulated the trapping data with a small
amount of free enzyme (0.7 μM) along with a larger amount of the E•A complex (1.8 μM).
Using fixed values of k1 and k2 from the control simulation lacking product equilibration, a
best fit to the kinetic trapping data were obtained using a koff of 2.7 s−1 (Fig.5C). Expected
kinetic transients assuming that koff is either equal to or 100-fold larger than k2′ are shown
for comparison in Fig.5C demonstrating the capability of sensitively monitoring changes in
AMP release rate. Overall, the catalytic trapping data illustrate that AMP release is not a
significant factor controlling the deacylation step and is thus likely to only play a partial role
in defining kcat.

pH dependence of hHint1 adenylylation
To address the ionization state of residues which are critical for hHint1 adenylylation, the
pH effect on the pre-steady state kinetics was determined over the pH range of 5.8-9.0 using
either AIPA (2.5-20μM) or TpAd (5-30μM) as substrates. For both substrates, the data were
best fit with equation 12, according to a mechanism involving three protonic forms, only
two (EH and E) of which are active (Scheme 2). The adenylylation rate constants for EH
and E were represented as (k2)lim and r ×(k2)lim, where r represents the ratio relative to rate
for EH(0 <r<1). The pH vs.k2 profile indicated a dependence of two ionizable groups with
pKas around 6.6 and 8.0 (for AIPA, 6.68±0.09 and 8.03±0.16, and for TpAd, 6.56 ±0.13and
7.90±0.24). Similar values of (k2)lim were fit for AIPA (673 ± 50s−1) and TpAd (634 ±
86s−1) (Fig. 6A). A ratio (r) of k2 values at two ionization states (E vs. EH) of 0.72 ±
0.11was fit for AIPA, indicating the deprotonated form(E) is 72% active compared to the
EH form. In contrast, an r value of 0.16 ± 0.07 (E vs. EH) was fit for TpAd, suggesting the
E form is only 16% active compared to the EH form. This accounts for the rapid decrease in
k2 at the basic limb of the pH profile for TpAd.

On the other hand, the acid limbs of pH vs.k2/Kadenylyl for AIPA and TpAd showed
relatively flat curves, indicating the substrates are sticky and the apparent pKas are displaced
to lower pH (Fig. 6B). Since both curves exhibited a change of only a half log unit in the
value of k2/Kadenylyl over a single pH unit, the apparent pKas are unlikely to represent the
titration of a single ionizable group in the adenylylation reaction.

pH dependence of steady state kinetic parameters
The dependence of the steady-state substrate hydrolysis on pH was determined with
saturating concentrations of AIPA or TpAd (Fig.7). Since the observed steady state rates for
AIPA and TpAd are similar at each pH, the pH vs. kcat profile for the hHint1 catalyzed
reaction was found to be best fit by a minimal two-pKa model with three active forms
(Scheme 3), yielding a pKa1 of 7.52 ± 0.18 and a pKa2 of 8.15 ± 0.10, and kcat values for the
three states, EH2, EH, and E of 1.44±0.08 s−1, 6.28±0.56 s−1 and 0.85±0.05 s−1,
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respectively. Since the hydrolysis of adenylylated Hint1 and product release are partially
rate limiting in steady state, the pH profile presumably reflect the overall pH effects on both
steps(46).

Determination of the uncatalyzed rate of TpAd and AIPA hydrolysis
The hydrolysis of AIPA, and TpAd, as monitored by the disappearance of the peak at 5.88
ppm, proceeded to completion with first order kinetics. The results yielded a linear
Arrhenius plots with k25 = 1.1 × 10−6 s−1 at 25 °C and ΔH‡ = 20.1 kcal/mol at pH 6.8 for
AIPA and k25 = 2.0 × 10−8 s−1 at 25 °C and ΔH‡ = 16.9 kcal/mol at pH 6.8 for TpAd (Fig.
8). For AIPA, the rate of hydrolysis increased monotonically with increasing pH, by a factor
of ∼3 in the region between pH 4.8 (0.1 M potassium acetate) and 8.4 (0.1 M potassium
borate), while for TpAd the rate decreased by a factor of 3 over the same pH range.

pH dependence of the chemical shifts of active site hHint1 histidines
To assist in understanding the pH dependence of hHint1 pre-steady-state and steady-state
kinetics, the effect on the chemical shifts of the active site histidines was determined.
Representative 1D proton TOCSY spectra for hHint1 in D2O are shown in Fig. S4. Of the
six well resolved histidine C-2 proton resonances in region of 7.5-9 ppm, one titratable
signal was identified. By comparison with the spectra of the mutant His-112-Gly and
His-112-Ala at pH 7.5, this side-chain resonance could be assigned to His-112. Fitting with
the modified Henderson-Hasselbalch equation (eq 15) of the pH vs. C-2 chemical shift (δ)
plot yielded a pKa value for His-112 of 6.50 ± 0.06.

Discussions
There has been an emerging interest in Hint proteins since it has been discovered that they
are involved in a variety of biological processes across all kingdoms of life (47). Hints have
been shown to be highly efficient nucleoside phosphoramidases and acy-AMP hydrolases
(37). Nevertheless, the biological relevance of the catalytic activity of Hints has remained
obscure. In three cases, the Hint catalysis has been clearly shown to be essential. Brenner
and co-workers have demonstrated that yeast deficient in catalyically active Hint1 homolog,
HNT1, are unable to grow on galactose at elevated temperatures (48). In addition, they
found that HNT1 was a regulator of the TFIIH kinase subcomplex of the transcription
complex, TFIIH, and the Cdk7 ortholog, Kin28 (48). Our laboratory has demonstrated that
E. coli also encode only one Hint protein, ecHinT. We have also shown that catalytically
active ecHinT is necessary for the growth of E. coli under high salt conditions (23). In
addition, the ability of E. coli to grow on alanine was shown to depend on the catalytic
regulation of D-amino acid dehydrogenase activity by ecHinT(30). In addition, recently, the
first example association of hHint1 with a human phenotype has been discovered by the
demonstration that inherited peripheral neuropathy is caused by the loss of hHint1 function
due to at least 8 different mutations(1). Mutations at two of these residues are known to
either affect catalytic activity (His-51) or result in the loss of catalytic activity (His-112)(1,
49).

Detailed catalytic and kinetic mechanistic studies have been carried out with only the DcpS
subfamily of the HIT superfamily, while catalytic studies have been pursued with GalT, Fhit
and Hint1. Preliminary studies of the catalytic mechanism of Hints has revealed that 1) of
the four conserved active site histidines, one is essential for catalytic activity (26), 2) the
reaction proceeds through an active site His-AMP intermediate (26), and 3) the pre-steady
state kinetics are characterized by a burst phase followed by a linear rate (50). To begin to
elucidate the kinetic mechanism of Hint1s, we chose to characterize the kinetic mechanism
of hHint1.
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The transient burst followed by a linear phase observed during earlier stopped flow
experiments for ecHinT was also observed for hHint1(50). This observation is consistent
with our hypothesis that hHint1 proceeds by rapid formation of the AMP-Hint intermediate,
followed by at least partial rate limiting hydrolysis of the intermediate. The rate of the burst
phase was found to be substrate dependent (k2= 443s−1 and 203s−1 for AIPA and TpAd,
respectively), whereas nearly identical values for the overall turnover numbers were
observed for both substrates. Moreover, the different burst rates for TpAd and AIPA and the
inability to observe at least one additional exponential phase suggests that if a
conformational change does occur upon substrate binding, it is quite rapid and therefore not
kinetically significant. In addition, the transient burst was found to correspond to 77% of the
hHint1 monomer concentration. Although the substrate specificity of hHint1 has been
shown to be dependent on interactions contributed by the C-terminus of each monomer to
the active site of the adjacent monomer (51), the observation of a burst corresponding to
nearly 80% of the hHint1 monomer concentration indicates that the two active sites of
hHint1 independently catalyze substrate hydrolysis. The hyperbolic, rather than a sigmoidal
relationship, of the steady state rate vs. substrate concentration plot further confirmed that
kinetically significant cooperative interactions do not exist between the two active sites of
hHint. In contrast, the active sites of homodimeric DcpS exhibited negative cooperativity
(52).

When compared to TpAd, burst kinetics was not observed for the less efficient substrate,
TrAd, and the linear rate corresponded to the steady-state kcat value. In addition, the kcat for
TrAd (kcat = 0.27 s−1) was found to be 7.7- fold lower than the kcat for TpAd(24). Thus, the
kcat for the poor substrate, TrAd, is likely due to rate limiting active site adenylylation, since
the rate of enzyme-AMP intermediate hydrolysis and subsequent AMP dissociation would
be independent of the alkyl amine leaving group. The rate of hHint1 adenylylation by TpAd
is thus shown to be 17,000- foldgreater than the rate observed for TrAd. Consequently, rate
of the first step of the kinetic mechanism is profoundly affected by the alkyl amine of the
nucleoside phosphoramidate substrate.

Because enzyme adenylylation by TpAd is rapid and not rate-limiting, then either
intermediate hydrolysis, product release, or a combination of these two steps should govern
the overall substrate turnover for hHint1. Since the rates of kinetically significant steps can
be dependent on the nature of the solvent, the effect of solvent viscosity on enzyme catalysis
has been extensively evaluated. For example, Townsend and co-workers have elegantly
applied a series of solvent viscosity studies to elucidate the rate-limiting steps of
carbapenam synthetase and β-lactam synthetase (53). Consequently, we chose to
characterize the rate-limiting steps of hHint1 with a series of solvent effect studies. Steady-
state kinetic studies conducted with increasing concentrations of the microviscogen, sucrose,
revealed that the second-order rate constant (kcat/Km) was significantly affected, while the
overall reaction rate (kcat) was only modestly affected. By plotting the relative kcat/Km
values vs. relative viscosity, the dependence of all the reaction processes on diffusional
control preceding and including the first irreversible step can be determined (39, 54). The
significant sensitivity of the kcat/Km for TpAd to viscosity (slope of 0.9) suggests that the
steps preceding the first irreversible step, hHint1 adenylylation, are under diffusional
control. Likewise, the viscosity dependence of kcat, provides an estimate of the extent to
which the turnover number is limited by product diffusional release. The observed kcat for
TpAd was found to be moderately sensitive to solvent viscosity (a slope of about 0.6),
implying that product release accounts for approximately half of the overall rate (kcat).
Based on these results, we propose that hHint1 catalysis proceeds minimally through a four
step kinetic mechanism (Scheme 1).

Zhou et al. Page 12

Biochemistry. Author manuscript; available in PMC 2014 May 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To further characterize the release of AMP by hHint1, catalytic trapping experiments and
fluorescence titration experiments were carried out. The burst amplitude was indeed shown
to be dependent on the AMP concentration, which is consistent with AMP release being at
least partially rate-limiting. Simulation of catalytic trapping data showed the true
dissociation rate of AMP (koff) may not be significant in determining the overall kcat.
Examination of viscosity effects on kcat using Kramer's model (eq. 16) indicated that the
association of a conformational change and product release contributed to the viscosity
effect. Nevertheless, hHint1 has very low affinity for AMP. Since both the Ki determined by
the catalytic trapping studies (Fig. S3) and the Kd determined by fluorescence titration
experiments for AMP (Fig. S2) were found to be approximately 200 μM, the association rate
constant for AMP is quite low.

Given the results of the steady-state and pre-steady-state kinetics and the viscosity
experiments, the rate constants for the proposed minimal kinetic mechanism for hHint1 can
be assembled based on Scheme 1. First, based on the slopes of the plot of (kcat/Km)0/(kcat/
Km) verses relative viscosity for AIPA and TpAd (Fig. 3a) and the burst rates for each
substrate (k2), equation 9 can be employed to calculate values of 111 s−1 and 22.6 s−1 for the
rate of substrate dissociation of (k−1) for AIPA and TpAd, respectively (Scheme 4).
Knowing the values of k2 and k−1, the values for k1 can then be calculated from the equation
4 for KAdenylyl, yielding second order rate constants of 111μM−1s−1 and 17.4 μM−1s−1 for
AIPA and TpAd, respectively. Next, employing equations 11 and the slope and intercept of
the plot of 1/kcat vs. the relative viscosity for TpAd (Fig. 3c), the values 3.23 s−1 and 3.38
s−1 could be determined for k3 and k−4, respectively. Lastly, given a Kd for AMP of 200 μM,
and the value of k−4, a value of 0.0162 μM-1s−1 could be calculated for the association rate
constant for AMP.

With the derived rate constants in hand, kcat values of 1.63 ± 0.01s−1 and 1.65 ± 0.03s−1 for
TpAd and AIPA, respectively, and Km values of 0.131 ± 0.004 μM and 0.039 ± 0.005 μM
for TpAd and AIPA, respectively, were derived. The simulated kcat and Km values
correspond closely to the experimental values (Table 2) for kcat of 1.98 ± 0.02 s−1 and 2.0 ±
0.1 s−1 for TpAd and AIPA, respectively, and Km values of 0.13 ± 0.02 μM and 0.040 ±
0.002 μM for TpAd and AIPA, respectively, thus providing support for the proposed kinetic
mechanism. In addition, although the dissociation of AMP from the enzyme was found by
kinetic viscosity studies to be coupled to hHint1 conformational changes, the rates of these
steps are not observable and therefore appear not to be kinetically significant.

We hypothesize that the AMP binding to hHint1, as well as AMP release, are potentially
coupled to conformational changes induced by the flexible C-terminus. Deletion of the C-
terminus of hHint1 results in a 200-400- fold decrease in the rate of hHint1 adenylylation
and a 100-200- fold decrease in the overall rate. Future studies, delineating the role ofthe
dynamics of the C-terminus on hHint1on product release should help address this
hypothesis.

The kinetic mechanism for hHint1 outlined has been established for pH 7.0. The active site
of hHint1, however, is composed of four histidines, including a nucleophilic histidine
(His-112), which is adenylylated by both AIPA and TpAd. As expected, pH vs. rate studies
for enzyme adenylylation exhibited strong pH dependence with observable pKa's of 6.68
and 8.03 for AIPA and 6.51 and 7.90 for TpAd. In both cases, the first pKa was found to
correspond to the pKa of 6.5 determined by NMR titration of His-112. We noticed that the
pH vs. k2 profile for TpAd differs from that for AIPA at the basic limb, indicating that the
deprotonated form (E) is less able to catalyze TpAd reaction (r =0.16) than AIPA hydrolysis
(r =0.72) (scheme 2 and Fig 6A). This discrepancy can be explained by the dependence of
the rate of adenylylation on an ionizable group with a pKa of approximately 8.
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Deprotonation of this group at pH values greater than 8 would result in a decrease in the rate
of adenylylation for TpAd, with little effect on the adenylation rate for AIPA. We propose
that H114 could be this ionizable group and act as a proton donor in Hint1 adenylylation
(Fig. 1A) by facilitating protonation of either the tryptamine or indole proprionic acid
leaving groups during hydrolysis of TpAd and AIPA, respectively.

Two pKa's of 7.52 and 8.15 were observed for the pH vs. kcat profile. Since both hydrolysis
of the adenylylated enzyme and product release are partially rate limiting, neither pKa
should correspond to free His-112. The pKa of adenylylated imidazole has been shown to be
5.4, significantly reducing the efficiency of P-N bond cleavage at physiological Ph (55). It is
more likely that the second pKa corresponds to the protonated imidazole for adenylylated
His-112, while the first pKa corresponds to an active site acid, possibly His-114.

While the natural substrate(s) for hHint1 are presently unknown, the enzyme efficiently
hydrolyzes both acyl-AMP and nucleoside phosphoramidates with kcat/Km values at or near
diffusion control for AIPA and TpAd. The work of Wolfenden and co-workers has
demonstrated that enzymes can accelerate the rate of a reaction by factors ranging from
105-1017 –fold (56, 57). To assess the rate enhancements produced by hHint1 for substrate
hydrolysis, we determined the rate constants for the uncatalyzed hydrolysis of the anhydride
AIPA (k25= 1.1 × 10−6 s−1) and the phosphoric amide TpAd (k25= 2.0 × 10−8 s−1). These
values are considerably smaller than the rate constants that have been reported for the
uncatalyzed hydrolysis of unsubstituted acetyl phosphate (k39 = 1.9 × 10−3 s−1) and
phosphoric acid amide (k37 = 1.2 × 10−4 s−1)(58, 59) presumably reflecting the accessibility
of ionic species of these unsubstituted molecules that are more reactive than AIPA or TpAd.
Considering that AIPA and TpAd are unnatural substrates, it is of interest that hHint1
accelerates AIPA hydrolysis by a factor of 106 and TpAd hydrolysis by a factor of 108, with
enzyme efficiencies (kcat/Km) rivaling those of well-known enzymes, such as cytidine
deaminase and carboxypeptidase B(60). Thus, although AIPA and TpAd are unnatural
substrates, hHint1 seems highly evolved to cleave both substrates. While the recent
discovery that Hints and in particular Hint1's are able to hydrolyze AARS generated amino
acyl-AMPs may ultimately explain their preference for AIPA, the rationale for their
phosphoramidase activity remains to be discovered.
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Equation 1-18
For “Burst” kinetics,

Eq. 1
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Eq. 2

Eq. 3

For Hint1 adenylylation,

Eq. 4

Eq. 5

For the hydrolysis of AMP-Hint1 intermediate,

Eq. 6

Eq. 7

Eq. 8

For viscosity experiments,

Eq. 9

Eq. 10

Eq. 11

Fluorescence titration of ligand binding:

Eq. 14
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For NMR titration,

Eq. 15

For Kramer's model,

Eq. 16
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hHint1 human histidine nucleotide-binding protein 1

AIPA adenosine 5′-indole-3-propionic adenylate

GalT Galactose-1-phosphate uridyl transferase

HIT histidine triad

TpAd tryptamine adenosine phophoramidate monoester

TrAd (2(R)-[Adenosyl- 5′-(phophorylamino)-3-(3-indolyl)-propionic acid methyl
ester])

Fhit fragile histidine triad

wt wild type
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Figure 1.
(A) The active site of hHint1 with AMP binding (PDB: 1KPF). (B) Structure of substrates.
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Figure 2.
Active site titration. (A) The WT human Hint1 (1, 2, 3, 4, 5μM) was mixed with AIPA (10
μM) in stopped flow cell and the time course of IPA production was monitored at 360nm.
(B) The amplitude of “burst” vs. human Hint1 monomer concentration was plotted. A slope
of 0.77 with R2 =0.955 indicated that 77% of the active site catalyzes the reaction in the first
catalytic cycle.
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Figure 3.
Solvent viscosity effects on the steady state hydrolysis of TpAd (▲) and TrAd (◊) in HEPES
buffer at pH 7.2. (A) plot of the relative second-order rate constant as a function of relative
viscosity (ŋrel); (B) plot of the relative kcat vs. relative viscosity (ŋrel); (C) plot of 1/kcat vs.
relative viscosity (ŋrel).
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Figure 4.
(A) Data from viscosity experiment were fit to Kramer's model (eq 16), ln(kcat) is linearly
dependent on ln (ηrel) with a slope of -0.76 (R2 =0.93), indicating a strong coupling of
product release with the active site conformational change. (B) The C-termini of hH1
homodimer that is proposed to undergo conformational change coupled with AMP release.
The active sites are shown in pink and the C-termini are shown in red.
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Figure 5.
Catalytic Trapping of AMP.(A) Kinetic mechanism. Data in the absence and presence of
AMP are simulated using the program DynaFit and a two-step acylation/deacylation
mechanism. (B) Kinetic transient in the absence of AMP. Hint1 (5 μM) is mixed with TpAd
(20μM) in the stopped flow instrument and the fluorescence changes are simulated using the
kinetic scheme in panel A where k1′ and k2′ are 7.2 μM−1s−1 and 0.5 s−1 and the output for
Q is 0.26 volts/mM. (C) Kinetic transient in the presence of 2500 mM AMP. Conditions are
the same as in panel B except 2500 mM AMP is preequilbrated with the enzyme prior to
mixing. The fluorescence changes are simulated using fixed values for k1 ′ and k2′ from
panel B, 0.7 and 1.8 mM E and E•A, an output for Q of 0.1 volts/mM and a koff of 2.7 s−1

(black line). The data were also simulated using koff values of 50 (green line) and 0.5 s−1

(red line).
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Figure 6.
pH dependence of pre-steady state kinetic parameters of the enzyme adenylylation by TpAd
(▲) and AIPA(●). (A) Plots of adenylylation rate (k2) vs. pH. The data fitting (Scheme 2, eq
12) for AIPA reaction (red line) yields following values of the characterizing parameters:
pK1= 6.68 ± 0.09, pK2= 8.03 ± 0.16, r= 0.72 ± 0.11, (k2)lim= 673±50 s−1; for TpAd reaction
(blue line), pK1= 6.56 ± 0.13, pK2= 7.90 ± 0.24, r= 0.16 ± 0.08, (k2)lim= 634 ± 86 s−1. (B)
Plots of k2/Kadenylyl vs. pH. The pH profiles for AIPA reaction (red line) and for TpAd (blue
line) were relatively flat, indicating substrates are sticky.
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Figure 7.
Comparison of pH (▲, TpAd; ●, AIPA) dependence of steady state kinetic parameters
(kcat). The pH profile data were fit by eq 13 (Scheme 3), yielding pK1= 7.52 ± 0.18, pK2=
8.15 ± 0.10, r= 7.3 ± 2.0, q= 1.68 ± 0.16, and (kcat)lim for the three active forms (AMP-EH2,
AMP-EH, and AMP-E) are 1.44±0.08 s−1, 6.28±0.56 s−1, and 0.85±0.05 s−1, respectively.
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Figure 8.
Arrhenius plots for hydrolysis of AIPA (A) and TpAd (B) at 25°C at pH 6.8.
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Scheme 1.
Proposed minimal 4-step mechanism of hHint1.
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Scheme 2.
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Scheme 3.
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Scheme 4.
Proposed hHint1 kinetic mechanism with the substrates AIPA and TpAd.
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