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ABSTRACT

The GlmS ribozyme is believed to exploit a general acid-base catalytic mechanism in the presence of glucosamine-6-phosphate
(GlcN6P) to accelerate self-cleavage by approximately six orders of magnitude. The general acid and general base are not
known, and the role of the GlcN6P cofactor is even less well understood. The amine group of GlcN6P has the ability to either
accept or donate a proton and could therefore potentially act as an acid or a base. In order to decipher the role of GlcN6P in the
self-cleavage of glmS, we have determined the preferred protonation state of the amine group in the wild-type and an inactive
G40A mutant using molecular dynamics simulations and free energy calculations. Here we show that, upon binding of GlcN6P
to wild-type glmS, the pKa of the amine moiety is altered by the active site environment, decreasing by about 2.2 from a solution
pKa of about 8.2. On the other hand, we show that the pKa of the amine group slightly increases to about 8.4 upon binding to the
G40A inactive mutant of glmS. These results suggest that GlcN6P acts as a general acid in the self-cleavage of glmS. Upon
binding to glmS, GlcN6P can easily release a proton to the 59-oxygen of G1 during self-cleavage of the backbone phosphodiester
bond. However, in the G40A inactive mutant of glmS, the results suggest that the ability of GlcN6P to easily release its proton is
diminished, in addition to the possible lack of G40 as an effective base.
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INTRODUCTION

Self-cleaving catalytic RNAs (ribozymes) regulate genes in
many organisms through the cleavage of the backbone
phosphodiester bond. Well-known self-cleaving ribozymes
include the Hammerhead, Hairpin, Hepatitis delta virus
(HDV), Varkud satellite (VS), and glmS ribozymes
(Bevilacqua and Yajima 2006). GlmS ribozyme is located
at the 59 untranslated region of the mRNA carrying the
gene for glucosamine-6-phosphate (GlcN6P) synthase, a
member of the amidotransferase family of enzymes, in
Gram-positive bacteria (Barrick et al. 2004; Winkler et al.
2004). GlcN6P is the precursor of cell walls of Gram-
positive bacteria (Winkler et al. 2004); therefore, glmS
ribozyme offers a good target for antibiotic development.

The GlmS ribozyme from Thermoanaerobacter tengcon-
gensis (Fig. 1A) is z150 nucleotides (nt) long (Klein et al.
2007b) and self-cleaves its backbone phosphodiester bond
between A(-1) and G1 in the presence of GlcN6P. It pos-
sesses a ‘‘switch-like’’ activity that is controlled by the

concentration of GlcN6P. When the concentration of GlcN6P
(Fig. 1B) is high, it activates self-cleavage upon binding to
glmS, repressing the gene (Barrick et al. 2004; Winkler et al.
2004). Therefore, the glmS ribozyme is also a metabolite
sensing riboswitch (Edwards et al. 2007), and the glmS-
GlcN6P complex is stabilized by a bridging Mg2+ that does
not participate in the self-cleavage mechanism (Roth et al.
2006). Many of the gene-regulating riboswitches rely on the
binding of small metabolites that function as allosteric acti-
vators. For example, the expression platform of the SAM-II
riboswitch undergoes conformational changes upon bind-
ing S-adenosylmethionine (SAM), resulting in stabilization
of its pseudoknot structure and termination of translation
(Corbino et al. 2005; Gilbert et al. 2008; Kelley and
Hamelberg 2010). However, the conformations of the
precleavage state, transition state mimic, and post-cleavage
state of the glmS riboswitch/ribozyme are very similar, elim-
inating the possibility that GlcN6P is an allosteric activator
(Klein and Ferre-D’Amare 2006; Lim et al. 2006; Cochrane
et al. 2007, 2009; Klein et al. 2007b). The exact role of
GlcN6P remains unclear. The rate of self-cleavage of glmS is
about 106 times slower in the absence of GlcN6P, increasing
from <10�5 min�1 to >10 min�1 under physiological con-
ditions upon binding of GlcN6P (McCarthy et al. 2005;
Roth et al. 2006; Klein et al. 2007a). On the other hand,
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glucose-6-phosphate (Glc6P), which has a hydroxyl group
instead of an amine group, does not activate self-cleavage of
glmS and acts as an inhibitor (McCarthy et al. 2005).

Therefore, the presence of the amine functional group is
very important for catalysis, and many studies have pro-
posed that GlcN6P could act as a coenzyme in the self-
cleavage of glmS through the general acid-base mechanism
(Fig. 2; Hampel and Tinsley 2006; Klein and Ferre-D’Amare
2006; Cochrane et al. 2007, 2009). The general acid-base cat-
alytic mechanism has been extensively studied (Thompson
and Raines 1994; Breslow and Chapman 1996; Sowa et al.
1997; Bevilacqua 2003; Emilsson et al. 2003; Bevilacqua et al.

2004; Lonnberg and Lonnberg 2005; Bevilacqua and Yajima
2006) and is common in both protein (Thompson and
Raines 1994; Breslow and Chapman 1996; Sowa et al. 1997)
and nucleic acid chemistry (Nakano et al. 2000; Han and
Burke 2005; Guo et al. 2009). In glmS, the proposed
cleavage mechanism is similar to that of other self-cleaving
ribozymes, in which cleavage is initiated by the binding
of GlcN6P. The 29-hydrogen of the 29-hydroxyl group of
A(-1) is removed by a general base, and an SN2 nucleophilic
attack to the scissile phosphorus atom of the backbone
phosphate group is carried out by the 29 O of A(-1),
forming a penta-oxygen phosphate transition state (Fig. 2).
The 59-oxygen of G1 accepts a hydrogen from a general
acid, breaking the backbone phosphdiester bond between
59 O of G1 and the scissile P, forming the 59-hydroxyl and
29,39-cyclic phosphate termini (Winkler et al. 2004; Fedor
and Williamson 2005). In the presence of GlcN6P, this cleav-
age reaction happens spontaneously. What is the exact role of
GlcN6P? The amine group of GlcN6P could potentially act as
a general base or a general acid in the self-cleavage mecha-
nism, since it has the ability to accept and donate a proton
under the right condition. However, since the amine group
of GlcN6P is far away (>5 Å) from the 29 OH of A(-1) to
effectively act as a base, the remaining possibility is that
GlcN6P is the general acid, donating a proton to the 59 O of
G1 during the cleavage of the phosphodiester bond.

The pKa of the amine group of GlcN6P in solution is
about 8.2. Therefore, under physiological conditions, the
amine group of GlcN6P cannot easily donate a proton
and is somewhat less effective as a general acid. However,
the active site environment could optimize the microscopic
pKa in order to increase catalytic efficiency, similar to the
well-studied HDV. In HDV, the pKa of N3 of C76 is per-
turbed toward neutrality, and the perturbed C76 has been
shown to act as the general acid in the self-cleavage, based
on experimental and computational studies (Nakano et al.
2000; Shih and Been 2001; Krasovska et al. 2005). Also,
using Raman crystallography, Guo et al. (2009) showed
that the pKa of N1 of A38 in the hairpin ribozyme (HPRZ)

FIGURE 1. X-ray crystal structure of glmS ribozyme (A) from
Thermoanaerobacter tengcongensis complexed with GlcN6P (B), shown
in red. Loop and helix segments are labeled according to Klein et al.
(2007b; Fig. 1C). glmS self-cleaves its backbone phosphodiester bond
between A(-1) and G1, shown in green. G40 is shown in yellow.

FIGURE 2. The active site and the proposed mechanism for the self-cleavage of the glmS ribozyme. A view of the active site (A) of the glmS
ribozyme with A(-1) and G1 shown in green, 29 O of A(-1) shown as red sphere, the scissile P shown as yellow, and 59 O of G1 also shown as red
sphere. The precleavage (B), transition (C), and post-cleavage (D) states of the cleavage site with the general acid, HA, and base, B� are also
shown.
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changes from about 3.7 in solution to about 5.5 in the
folded HPRZ, allowing A38 to effectively act as a general
acid. Therefore, in order to decipher the role of GlcN6P in
the self-cleavage of glmS, we have sought to determine the
effect of the active site environment on the binding and pKa

of the amine group of GlcN6P using all-atom molecular
dynamics simulations and detailed free energy calculations
using thermodynamic integration. We have also investi-
gated the effects of the G40A mutation of glmS on the bind-
ing and the protonation state preference of the amine group
of GlcN6P. The rate (z10�5 min�1) of self-cleavage of the
G40A mutant of glmS in the presence of GlcN6P is similar
to that of wild-type glmS in the absence of GlcN6P, even
though the configuration of the binding site and the binding
orientation of GlcN6P in the wild type and the inactive G40A
mutant of glmS are almost identical (Klein et al. 2007a).

RESULTS AND DISCUSSION

The active site environment of glmS alters the pKa

of the amine group of GlcN6P

The pKa of the amine group of GlcN6P in water was ex-
perimentally measured to be about 8.2 (McCarthy et al.
2005). Based on our free energy simulation results as sum-
marized in Table 1, the pKa of the amine group of GlcN6P
decreases by more than 2 and becomes more acidic upon
entering the active site of glmS. At around the physiological
pH, the amount of protons released upon GlcN6P entering
the binding site of glmS can be estimated by the Henderson-
Hasselbalch relationship in Equation 1:

GlcN6P½ �
GlcN6P � H +½ � = 10 pH�pKa : ð1Þ

The ratio of [GlcN6P]/[GlcN6P-H+] increases by more
than 150 times upon GlcN6P moving from solution to the
active site. The results suggest that the significant shift in
the protonation state of GlcN6P upon entering the binding
site of glmS would provide the proton required for GlcN6P
to effectively act as a general acid in the cleavage of the
backbone phosphodiester bond, as depicted in Figure 2.
Interestingly, glmS is almost completely inactive in the
absence of GlcN6P, which suggests that the transition state

has a much lower energy in the presence of GlcN6P.
Therefore, another possible and important role of GlcN6P
in glmS cleavage could be stabilization of the penta-oxygen
transition state by the protonated form of GlcN6P upon
entering the binding site. Hence, the lack of an effective
general acid and the destabilization of the transition state
could be reasons why glmS does not self-cleave in the ab-
sence of GlcN6P.

On the other hand, the pKa of the amine group of GlcN6P
slightly increases by about 0.24 upon binding to the active
site of the G40A inactive mutant of glmS. This result suggests
that the binding site environment of the G40A inactive mu-
tant makes it harder for GlcN6P to release a proton upon
binding and prevents GlcN6P from effectively acting as a
general acid in addition to other possible effects due to the
mutation, thus maintaining the cleavage rate of the free glmS.
For example, the general base that removes the hydrogen
from 29-OH of A(-1) is not known and has been proposed
to be G40. Therefore, since the unperturbed pKa of imine
group of G is about 9.2 (Saenger 1984; Bevilacqua et al.
2004) and that of A is about 3.5 (Saenger 1984; Bevilacqua
et al. 2004), G would be expected to act more effectively as
a general base than A at the physiological pH due to the fact
that the unperturbed pKa of the 29-OH group of A(-1) is
expected to be greater than 14. Why would the G40A
mutant then be completely inactive in the presence of
GlcN6P? If G40 is the base and everything remains equal,
then the G40A mutant should maintain at least some
activity in the presence of GlcN6P (Ferre-D’Amare 2010).
However, the G40A mutation alters the active site envi-
ronment of glmS, which alters the pKa of the amine group
of GlcN6P, such that GlcN6P cannot effectively act as a
general acid. Furthermore, the active site of the G40A mu-
tant is slightly more electronegative than that of the wild
type (as shown below), thus destabilizing the negatively
charged penta-oxygen phosphate transition state. Hence,
the lack of an effective base and an effective acid and an
increase of the energy of the transition state are possibly re-
sponsible for the sixth order of magnitude decrease in the
cleavage rate of the G40A mutant in the presence of GlcN6P.
Therefore, our results suggest that the general acid (the
amine group of GlcN6P) has a pKa of about 6 and the
general base (if G is the base) has a pKa of about 9.2, similar
to the possibility in the hairpin ribozyme, with pKas of 5.4
(A38; the acid) and 9.5 (Guo et al. 2009; Ferre-D’Amare
2010), respectively.

Configuration and the local
environment of the binding
site of glmS

In order to further understand the
implications of the structure of the glmS
ribozyme and the effect of the G40A
mutation on the environment of the

TABLE 1. Relative binding free energies and changes in pKa of GlcN6P

glmS DG1 DG3 DG1 – DG3 DpKa

Wild type 35.92 6 0.61 38.87 6 0.31 �2.95 �2.15
G40A mutant 39.20 6 0.56 38.87 6 0.31 0.33 0.24

Free energies are all in kcal/mol.
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active site, we carried out two 50 nsec of unrestrained
molecular dynamics simulations of the wild-type and G40A
mutant complexes. It is obvious from the proposed mech-
anism of self-cleavage of glmS shown in Figure 2 that
several atomic distances and orientations of several func-
tional groups are important for activity. The atoms in-
volved and the respective distances and angle are shown in
Figure 3.

The distance between the amine nitrogen of GlcN6P and
the 59-oxygen of G1 is z2.8 Å for both the wild type and the
G40A mutant (Fig. 3A), with a very narrow distribution. This
distance is short enough to allow the amine group of GlcN6P
to protonate the leaving group, thus positioning itself to act
as a general acid upon entering the active site of glmS. The
oxygen of the 29-OH of A(-1) acts as a nucleophile after its
proton has been removed by a general base and attacks the
scissile phosphorus atom of the phosphate backbone between
A(-1) and G1. The distance between the oxygen of the 29-OH
group of A(-1) and P also has a very narrow distribution and
is z3.1 Å for both the wild type and the G40A mutant (Fig.
3B). The attacking nucleophile, 29 O, the scissile phosphorus
atom, P, and the leaving 59 O atom are all in an almost

straight line, as can be seen from the distribution of the angle
formed by 29 O, P, and 59 O (Fig. 3C).

It has been suggested that the general base is G40
(Cochrane et al. 2007, 2009; Klein et al. 2007a), since the
imine NH functional group with a pKa of about 9.2 is near
the 29-OH group of A(-1) (Klein and Ferre-D’Amare 2006;
Cochrane et al. 2007). Therefore, we have also measured
the distances between the oxygen of the 29-OH group of
A(-1) and N1 of G40 in the wild type and A40 in G40A
inactive mutant of glmS, in order to investigate if there is
a major difference between the wild type and the mutant,
since adenine could also act as a general base, under the
right conditions (Ditzler et al. 2009). Both distances show
a broad distribution with similar range of values between
z3 and 5 Å. However, the shapes of the distributions are
slightly different, as shown in Figure 3D. Obviously, N1 of
G40 of the wild type and of A40 in the G40A mutant are
both within a reasonable distance from 29-OH of A(-1) for
proton transfer. The above results therefore suggest that the
configuration of the active site in the wild type and G40A
mutant of glmS are reasonably similar, as was observed
from the X-ray crystal structures and concluded from a

recent molecular dynamics simulation
study (Banas et al. 2010). The active site
is already preorganized for self-cleavage
in the presence of GlcN6P. Since the
G40A mutation does not alter the con-
figuration of the binding site, the lack of
self-cleavage could be due to the absence
of the proposed general base G40 and
due to changes in environment of the
binding site that renders GlcN6P ineffec-
tive as a general acid.

Likewise, the hydration densities in the
active sites of the wild type and G40A
inactive mutant of glmS are very similar,
as can be seen in Figure 4. Figure 4 shows
the hydration occupancy of the active
sites of the wild type and the G40A
mutant, calculated using the PTRAJ mod-
ule in AMBER 9 as previously described
(Hamelberg et al. 2006), with the di-
mension of each grid set to (0.5 Å)3. Two
water molecules, labeled as WAT1 and
WAT2 in Figure 4, located in the active
site of glmS are conserved in the G40A
mutant and are highly localized during
the molecular dynamics simulations.
These water molecules have also been
suggested to possibly take part in the self-
cleavage by participating in the proton
relay (Klein and Ferre-D’Amare 2006).

Obviously, the electrostatic environ-
ment of an ionizable group is the domi-
nant factor that would affect its pKa (Jones

FIGURE 3. Normalized probability distribution, p(r), of important atomic distances and
angle in the binding site of both the wild-type (blue lines) and G40A inactive mutant (red
lines) of the glmS ribozyme. (A) Distance from GlcN6P:N to G1:O59. (B) Distance from
A(-1):O29 to scissile P (P*). (C) Angle between A(-1):O29, P*, and G1:O59. (D) Distance from
G40:N1 to A(-1):O29 (A40:N1 to A[-1]:O29 in the G40A inactive mutant). The insets in A to
D are the atomic view of these distances and angles. The cleavage site A(-1) and G1, the
metabolite GlcN6P, and residue 40 are shown and colored by element. The rest of the active
site is shown as white surface. The functional essential atoms are labeled (green) within the
figure.
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and Wilson 1981; Potter et al. 1994; Misra and Honig 1995;
Lee et al. 2002; Allison and Xin 2006; Tang et al. 2007). A more
electropositive environment will most likely stabilize the
unprotonated form of the ionizable group, while the more
electronegative environment will tend to stabilize the pro-
tonated form. Therefore, we have calculated the electro-
static potential of the free wild type and free G40A mutant
of glmS by solving the nonlinear Poisson Boltzmann
equation using APBS (Baker et al. 2001), in order to study
the electrostatic environment of the binding site, as shown
in Figure 5. As evident in Figure 5, the active site of the
G40A mutant of glmS is slightly more electronegative than
the wild type. The amine group of GlcN6P is bound in a
pocket formed exclusively by bases from the P2.1 and P2.2
domains (Fig. 1). This pocket has a higher potential in the
wild type than that of the G40A mutant. This result suggests
that changes in the functional groups as a result of the G40A
mutation slightly decrease the electrostatic potential in the
active site, thus stabilizing the protonated form of the amine
group of GlcN6P and destabilizing the penta-oxygen transi-
tion state. The proposed transition state of the self-cleavage of
glmS is highly negatively charged; therefore, a more electro-
negative active site environment will destabilize the transition
state and considerably slow down the reaction. One of the
major changes due to the G40A mutation is that the central
imine (NH) group of G40 with a partial positive charge on
the hydrogen becomes an unprotonated nitrogen in the
G40A mutant with a partial negative charge. The change in
electrostatic environment of the active site of the G40A
mutant could explain the slight increase in the pKa of the
amine group of GlcN6P. Additionally, we have examined
the distance between the nitrogen of the amine group of
GlcN6P and N1 of G40 in the wild type and A40 of the
G40A inactive mutant of glmS, also shown in Figure 5. This
average distance is z6.9 Å and is slightly larger for the
wild-type glmS than that of the G40A mutant. Clearly, G40
is close enough to the binding site, such that mutating this
residue would alter the electrostatic potential around the
amine group of GlcN6P.

Implications of the pKa shift of
the amine group of GlcN6P
upon binding to glmS

The results suggest that GlcN6P is act-
ing as a general acid in the self-cleavage
of glmS, and they are consistent with
available experiments. Binding of GlcN6P
to glmS is a key step for self-cleavage
and is accompanied by decrease in the
pKa of the amine group from approxi-
mately 8.2 to approximately 6. The free
energy differences used to estimate the
change in pKa also provide the relative
binding affinity between the protonated
and deprotonated forms of GlcN6P and

glmS. The deprotonated form of GlcN6P has a lower
binding free energy than the protonated form (DG4 <
DG2) for wild-type glmS by >2 kcal/mol. These results are
consistent with the observation by Klein et al. (2007b) that
glmS prefers to bind GlcN6P with the amine group in the
deprotonated state. These results are also consistent with
the fact that GlcN6P binds very poorly to glmS at low pH of
about 5.5 (Klein et al. 2007b; Cochrane et al. 2009) and
Glc6P, which lacks the amine group, does not show any
pH-dependent binding with glmS (Klein et al. 2007b). Also,
it was shown that the cleavage rate of glmS increases with

FIGURE 4. Hydration density of the binding site of the wild type (A) and G40A inactive
mutant (B) of the glmS ribozyme. GlcN6P is shown using ball and stick and colored by
element. WAT1 and WAT2 are the two highly localized and conserved water molecules in the
binding site. Red-colored mesh represents 10 times that of bulk water. Green-colored mesh shows
six times that of bulk water. Shown using a green sphere is a Mg2+ ion in the binding site that
helps to stabilize the complex.

FIGURE 5. Electrostatic potential map of the binding site of the wild-
type (A) and G40A inactive mutant (B) of the glmS ribozyme. The
normalized probability distribution, p(r), of the distance between
GlcN6P:N and G40:N1 of the wild-type glmS (blue line) and the
distance between GlcN6P:N and A40:N1 of the G40A inactive mutant
(red line). (C) The electrostatic maps are colored by potential with
a range from �10 kT/e to +10 kT/e. Red color denotes negative
potential and blue color denotes positive potential.
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pH, reaching the maximum rate around pH 8 (Winkler et al.
2004; McCarthy et al. 2005; Klein et al. 2007b; Cochrane
et al. 2009). Our results suggest that, as the pH is increased
from 5, the proton release by the amine group of GlcN6P
will progressively become easier, resulting in enhanced
binding and increased cleavage rate.

The dependence of the kinetics and catalytic activity of
self-cleavage of glmS from Bacillus anthracis on pH has also
been investigated by Cochrane et al. (2009). Their plots of
1/Km and kcat/Km suggest the presence of ionizable groups
of apparent pKas of 6.3 6 0.2 and 7.5 6 0.2, respectively,
where Km is the concentration of GlcN6P needed to reach
half-maximal cleavage rate and kcat is the maximum cleav-
age rate. They attributed the pKa of 6.3 6 0.2 to the phos-
phate moiety of GlcN6P, since the pKa of the phosphate
group in solution is approximately 6.1, and there are no
other functional groups in glmS with pKa near 6. The sec-
ond pKa of 7.5 6 0.2 was assumed to be that of the amine
group of GlcN6P because the pKa of that group in solution
is approximately 8.2. However, an alternative explanation
could be provided in light of our simulation results and
since the above interpretation of the experimental results
did not take into account the fact that the pKa of the amine
and phosphate groups of GlcN6P could be perturbed by the
active site environment of glmS. Our results suggest that the
pKa of 6.3 6 0.2 is due to the amine group of GlcN6P, since
the pKa in the active site of glmS is calculated to be around
6, and the pKa of 7.5 6 0.2 could be the total effect of the
amine group and the general base (maybe G40 with
unperturbed pKa of z9.2), since kobs = f * k1, where f is
the fraction of the functional form of general acid and base,
and k1 is the rate of bond breaking (Bevilacqua 2003; Smith
et al. 2008). Also, the kinetics of self-cleavage of glmS
cannot be described with a single pKa, since the plot of pH
versus kcat fits very well with a slope of 0.7, instead of 1
(Cochrane et al. 2009).

Titration of the phosphate group was also suggested to
be the reason for the pH-dependent binding of GlcN6P to
glmS (Cochrane et al. 2009) in the pH range of 5–9, since the
pKa of the phosphate group in solution is about 6. However,
metal ions, such as Mg2+, near phosphate groups are expected
to alter the pKa (Anderson and Record 1995; Misra and
Draper 2000). Therefore, it would be difficult to protonate the
phosphate group of GlcN6P, which interacts with a bridging
Mg2+ in the binding site of glmS that is mainly responsible for
the binding of GlcN6P and stability of the complex. Hence,
the activity of glmS in the presence of GlcN6P decreases with
decreasing concentration of Mg2+ (Winkler et al. 2004), and
GlcN, which lacks the phosphate group on position six, is
a poorer activator of glmS than GlcN6P due to the fact that it
forms a less stable complex with glmS (Winkler et al. 2004;
McCarthy et al. 2005; Blount et al. 2006; Jansen et al. 2006;
Link et al. 2006; Mayer and Famulok 2006).

Furthermore, the fact that the substrate analog, Glc6P,
which has an hydroxyl functional group instead of the

amine group, binds to glmS in a pH-independent fashion
(Klein et al. 2007b), suggests that the amine group and not
the phosphate group is responsible for the pH-dependent
effect of GlcN6P binding.

Conclusion

GlmS ribozyme undergoes self-cleavage of the backbone
phosphodiester bond between A(-1) and G1 in bacteria and
has riboswitch action mediated by the metabolite GlcN6P.
The pKa of the amine of GlcN6P is shown to decrease from
approximately 8.2 to approximately 6 upon binding to
the wild-type glmS, based on free energy calculations and
molecular dynamics simulations. The results suggest that
GlcN6P can easily release its proton as soon as it enters the
binding site of glmS; therefore, GlcN6P is proposed to act
as the general acid in the self-cleavage of glmS ribozyme.
Unlikely, the wild-type glmS, the pKa of the amine group of
GlcN6P is slightly increased upon binding to the G40A
inactive mutant of glmS. This slight increase in the pKa of
the amine group of GlcN6P renders GlcN6P ineffective as
a general acid, since GlcN6P will hold on to its proton.
Without a general acid and possibly a general base near the
cleavage site, and with a less stable transition state due to
the electrostatic environment of the active site, the cleavage
rate would remain close to basal level, as experimentally
observed. The results also suggest that the amine group of
GlcN6P, not the phosphate group, is responsible for the
pH-dependent binding to glmS. The deprotonated form of
GlcN6P has a higher binding affinity with wild-type glmS
than the protonated form, also consistent with experi-
ments. The results of this work therefore reveal a possible
interplay of the active site environment of glmS and GlcN6P,
of which G40 is an active participant.

Here, we have studied the role of GlcN6P in the self-
cleavage of the glmS ribozyme. We conclude that GlcN6P is
acting as a general acid in the cleavage of the backbone
phosphodiester bond between A(-1) and G1. The general
base necessary to initiate self-cleavage by abstracting the
proton from the 29-OH group of A(-1) has been proposed
to be G40. However, there are several other possibilities,
including a water molecule and one of the nonbridging
backbone phosphate oxygen. Several of these possibilities
were recently investigated using molecular dynamics sim-
ulations, and it was proposed that the phosphate backbone
oxygen is the general base (Banas et al. 2010). Additionally,
we believe that similar pKa calculations carried out in the
present work could be used to shed light on the functional
group that is playing the role as the base in the self-cleavage
of the glmS ribozyme/riboswitch.

MATERIALS AND METHODS

pKa, the negative log of the dissociation constant of a proton from
an acid (Ka), is a measure of the ability of a molecule to act as an
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acid (HA) at a particular pH. It is related to the free energy change
of deprotonation, DGHA=A� , by

DGHA=A� =�kBT ln Ka; ð2Þ

therefore,

pKa =
1

2:303kBT
DGHA=A�; ð3Þ

where kB is the Boltzmann constant and T is the temperature.
When HA moves from one electrostatic environment to another,
the pKa could change. A thermodynamic cycle (as shown in Fig. 6)
enables one to evaluate the change in free energy, and hence the
pKa, in different electrostatic environments. Figure 6 is a schematic
representation of the thermodynamic cycle of binding of the
protonated and deprotonated forms of GlcN6P to the binding site
of glmS ribozyme.

From the thermodynamic cycle, one can write

DDG = DG1 � DG3 = DG4 � DG2; ð4Þ

where DDG is the relative free energy of binding. The absolute
binding free energies, DG2 and DG4, are difficult to calculate from
simulations. However, the difference between the free energies of
deprotonation, DG1 and DG3, can be estimated with some amount
of accuracy from free energy calculations by molecular dynamics
simulations, assuming that certain contributions, such as bond
breaking energies, would cancel out in the difference, DG1 � DG3.
The change in the microscopic pKa, DpKa, of the amine group of
GlcN6P as it moves from water to the binding site of glmS can
therefore be estimated by Equation 5,

DpKaðH2O! RNAÞ=
1

2:303kBT
ðDG1 � DG3Þ: ð5Þ

Since the microscopic pKa of the amine group of GlcN6P is
known, the pKa in the binding site of glmS could therefore be
estimated. DG1 and DG3 in Equation 5 are the free energies of
perturbing the partial charges from one protonation state to the
other in glmS and solution, respectively, and are calculated using
thermodynamics integration (Warshel et al. 1986; Gao et al.
1989; Potter et al. 1994; Misra and Honig 1995; Simonson et al.
2004; Ghosh and Cui 2008) with molecular dynamics simulations.

The Amber 9 suite of programs (Case et al. 2005) was used to
carry out all of the molecular dynamics simulations and free

energies calculations. The free energy of deprotonating GlcN6P in
solution, DG3, was calculated by perturbing the partial charges of
the protonated GlcN6P to the deprotonated form using thermo-
dynamics integration in explicit TIP3P water (Jorgensen et al.
1983). The potential energy function, V(l), defining the trans-
formation from the protonated state to the deprotonated state of
GlcN6P is controlled by l, where l = 0 for the protonated state
and l = 1 for the deprotonated state. The integral over <@V(l)/
@l>l, from l = 0–1 gives the free energy change. The integral was
calculated using a seven-point Gaussian quadrature at seven
discrete l values: 0.02544, 0.12923, 0.29707, 0.50000, 0.70292,
0.87076, and 0.97455. The partial atomic charges for the pro-
tonated and deprotonated form of GlcN6P were derived using the
standard two-step RESP method (Bayly et al. 1993) from the elec-
trostatic potential calculated using Gaussian03 (Frisch et al. 2004)
at the HF/6-31G* level of theory. The force field parameters used
for both forms of GlcN6P were obtained from the generalized
AMBER force field (GAFF) (Wang et al. 2004) parameter set.

The free energy, DG1, of deprotonating GlcN6P in the binding
site of glmS was also calculated. The three-dimensional structure
of the complex was taken from the 1.7 Å X-ray crystal structure of
the T. tengcongensis glmS ribozyme with Protein Data Bank (PDB)
identification no. 2Z75(Klein et al. 2007b). The modified Cornell
et al. (1995) force field parameters by Perez et al. (2007) were used
to carry out the simulations. The glmS–GlcN6P complex was
solvated in an octahedron of TIP3P water, up to 10 Å away from
the complex. Ten Mg2+ ions were added to the system, in addition
to the nine present in the X-ray crystal structure, in order to get
z0.03 M of Mg2+. One hundred five Na+ were then added to
neutralize the system. During the free energy simulations, the
phosphorus atoms of the backbone of glmS were constraint with
a very weak force constant of 1 kcal/mol/Å2, so that the three-
dimensional structure does not move far away from the crystal
structure.

The system was equilibrated by carrying out several rounds of
minimization while holding the ribozyme and ligand with a har-
monic constraint of force constant of 500, 200, 100, 50, and 25
kcal/mol/Å2 during each run. For each run, a total of 2000 steps of
minimization were carried out. After the five rounds of minimi-
zation, the system was warmed up from 100K to 300K in 0.5 nsec
during a molecular dynamics simulation with a harmonic con-
straint of force constant of 25 kcal/mol/Å2 applied to the complex
using a time step of 1 fsec. At 300K, the system was further equil-
ibrated for 1 nsec with a harmonic constraint of force constant
5 kcal/mol/Å2 applied only to the phosphorus atoms of the
phosphate backbone of the ribozyme using a time step of 2 fsec.
This equilibrated structure was used both for the free energy
calculation described above and the 50-nsec unconstraint molec-
ular dynamics simulation.

All simulations were carried out at a constant temperature of
300K and constant pressure of 1 bar. The temperature was con-
trolled using the Langevin thermostat with a collision frequency of
1 psec�1. A time step of 2 fsec was used to numerically solve
Newton’s equation of motion. The electrostatic interactions were
calculated using particle mesh Ewald (PME) method (Essmann
et al. 1995), and all bonds involving H-atoms were constrained
using the SHAKE algorithm (Ryckaert et al. 1977). The cutoff
for all long-range nonbonded interaction was set to 9 Å. For each
l value during the thermodynamic integration, 1,000,000 steps
(2 nsec) of molecular dynamics simulations were performed, and

FIGURE 6. Thermodynamic cycle connecting the deprotonation of
GlcN6P in water and in the binding site of the glmS ribozyme.
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data from the second half were used. The first half was considered
to be an equilibration phase. Each simulation was repeated three
times with a different initial random seed.
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