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Hydroxymethylbilane synthase (HMBS), the third enzyme in the
heme biosynthetic pathway, catalyzes the head-to-tail condensa-
tion of four molecules of porphobilinogen (PBG) to form the linear
tetrapyrrole 1-hydroxymethylbilane (HMB). Mutations in human
HMBS (hHMBS) cause acute intermittent porphyria (AIP), an
autosomal-dominant disorder characterized by life-threatening
neurovisceral attacks. Although the 3D structure of hHMBS has
been reported, the mechanism of the stepwise polymerization of
four PBG molecules to form HMB remains unknown. Moreover,
the specific roles of each of the critical active-site residues in the
stepwise enzymatic mechanism and the dynamic behavior of
hHMBS during catalysis have not been investigated. Here, we
report atomistic studies of HMB stepwise synthesis by using
molecular dynamics (MD) simulations, mutagenesis, and in vitro
expression analyses. These studies revealed that the hHMBS
active-site loop movement and cofactor turn created space for
the elongating pyrrole chain. Twenty-seven residues around the
active site and water molecules interacted to stabilize the large,
negatively charged, elongating polypyrrole. Mutagenesis of these
active-site residues altered the binding site, hindered cofactor
binding, decreased catalysis, impaired ligand exit, and/or destabi-
lized the enzyme. Based on intermediate stages of chain elonga-
tion, R26 and R167 were the strongest candidates for proton
transfer to deaminate the incoming PBG molecules. Unbiased ran-
dom acceleration MD simulations identified R167 as a gatekeeper
and facilitator of HMB egress through the space between the en-
zyme’s domains and the active-site loop. These studies identified
the specific active-site residues involved in each step of pyrrole
elongation, thereby providing the molecular bases of the active-
site mutations causing AIP.
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Tetrapyrrole biosynthesis is essential for virtually all forms of
life on Earth. Tetrapyrroles serve as precursors for heme,

phycobilins, chlorophyll, and cyanocobalamin (i.e., vitamin B12)
and are involved in various biological processes (1). Hydroxy-
methylbilane synthase (HMBS), also known as porphobilinogen
(PBG) deaminase (PBGD; EC 2.5.1.61), the third enzyme in the
heme biosynthetic pathway (2), catalyzes the stepwise polymerization
of four molecules into the linear tetrapyrrole 1-hydroxymethylbilane
(HMB) (3, 4) (Fig. 1). In humans, mutations in HMBS (hHMBS)
cause acute intermittent porphyria (AIP), an autosomal-dominant
inborn disorder characterized by life-threatening acute neuro-
visceral attacks (2, 5).
Previous studies of the purified Escherichia coli and human

enzymes demonstrated the critical importance of a covalently
bound dipyrromethane (DPM) cofactor and the occurrence of
stable enzyme substrate complexes in the formation of HMB (4,
6–8). To date, the X-ray crystal structures of E. coli (9), Arabi-
dopsis thaliana (10), Bacillus megaterium (11, 12), and human
(13, 14) HMBS (hHMBS) with their DPM cofactors have been
reported. The crystal structures of the hHMBS housekeeping

isoform are available in the Protein Data Bank (PDB) under ID
codes 3EQ1 (13) and 3ECR (14). The hHMBS has three distinct
domains: domain 1 (residues 1 to 114, 219 to 236), domain 2
(residues 120 to 212), and domain 3 (residues 241 to 361),
connected by interdomain hinge regions (Fig. 2). The active-site
region (i.e., catalytic cleft) of hHMBS lies between domains
1 and 2, where PBG binding and polypyrrole elongation reac-
tions occur (9, 13–15). The DPM cofactor, which acts as a primer
for HMB formation, is linked by a thioether bond to the con-
served C261 residue. Structural studies speculated that domain
movements around the hinge region are essential to accommo-
date the four PBG molecules in polypyrrole elongation (9, 14).
There are several differences between the structure of

hHMBS and its homologs from E. coli (EcHMBS), A. thaliana
(AtHMBS), and B. megaterium. The major difference is the
presence of a 29-residue insert (residues 296 to 324) in domain
3 at the interface between domains 1 and 3 (13, 14) in hHMBS,
the role of which is unknown. Also, the active-site loop in the
crystal structures of hHMBS (residues 56 to 76) and EcHMBS
are disordered and their coordinates are missing, even though
this flexible loop has been modeled in the crystal structure of
AtHMBS, in which it covers the active-site region (10). Further,
the coordinates of N-terminal (residues 1 to 17) and C-terminal
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(residues 358 to 361) residues are not recorded in the hHMBS
crystal structures (13, 14). In addition, the presence of water
molecules has been reported in the high-resolution crystal
structures of AtHMBS (10), EcHMBS (7), and hHMBS (14).
These water molecules were trapped within the active-site cleft
and probably stabilized the negatively charged cofactor (7).
However, the role of these water molecules in hHMBS enzyme
catalysis is largely uncharacterized.
Previous studies of EcHMBS characterized the importance of

12 conserved arginine residues in different steps of pyrrole as-
sembly (15–17) and identified a few key residues that may take
part in the HMBS catalytic mechanism. However, in the absence
of any structural data for hHMBS with the hexapyrrole and for
each intermediate stage of pyrrole polymerization, the exact
roles of the residues in hHMBS involved in polypyrrole chain
elongation remain largely unknown.
Recently, a stepwise mechanism for EcHMBS was reported

with the use of molecular dynamics (MD) simulations (ref. 15;
see ref. 18 for an overview of MD simulation for nonstructural
biologists). These studies revealed that domain motions and
active-site loop movements play a crucial role in accommodating
the polypyrrole in the active site. Moreover, these studies
revealed that chain elongation takes place through repetition of
sequence of steps, including protonation of the PBG substrate,
deamination of PBG, nucleophilic attack on the deaminated
substrate by the α-carbon atom of the terminal pyrrole ring of the
enzyme-bound cofactor, and deprotonation at the same carbon
position (9, 15) (Fig. 1).

As the hHMBS crystal structure did not provide information on
all of the residues involved in the stepwise pyrrole elongation (13,
14), MD simulations of hHMBS at each stage of polymerization
were performed to provide details of this monomeric enzyme’s
unique catalytic mechanism. These studies revealed the structural
changes in the enzyme required for polypyrrole assembly, the ef-
fect of the 29-residue insert on the structural dynamics of the
enzyme, how the active-site residues accommodate the large,
highly negatively charged polypyrrole chain, and which residues
are critical for the catalysis at each step of substrate addition. In
addition, these studies identified the role of water molecules in the
reaction mechanism and the key residues involved in the egress of
HMB from hHMBS. Finally, the active-site missense mutations
were shown to alter enzyme catalysis and cause AIP.

Results
Structural Fluctuations in hHMBS During Polypyrrole Assembly. MD
simulations of hHMBS with the DPM cofactor (DPM stage) and
the four subsequent stages of chain elongation were each per-
formed for 50 ns. The intermediate stages of chain elongation
were designated as P3M (tripyrrole), P4M (tetrapyrrole), P5M
(pentapyrrole), and P6M (hexapyrrole; Fig. 1) (15). These stages
have also been referred to as ES, ES2, ES3, and ES4, re-
spectively, in previous reports (4, 7). To study the cumulative
structural changes that were responsible for the accommodation
of the polypyrrole in hHMBS, a 50-ns MD trajectory of each stage
was concatenated to obtain a 250-ns trajectory. The correlated
motions of protein dynamics were studied by principal compo-
nents analysis (PCA) and dynamic cross-correlation matrix
(DCCM) (19) analysis using the concatenated trajectory of 250 ns.
The principal components showed major movements of the active-
site loop region (Fig. S1A and Movies S1 and S2). Minor fluctu-
ations were also noticed in domains 1 and 2, where the polypyrrole
assembly occurs. Also, the DCCM results were in accordance with
the principal component fluctuations (Fig. S1B).
The backbone rmsd for each stage of chain elongation was

calculated from the previously described concatenated trajectory
to determine the stage-specific protein dynamics. After the initial
reorganization of the protein during the DPM stage, the rmsd
values gradually increased to a magnitude of 1 Å in the P5M
stage. In the P6M stage alone, a sharp increase of ∼0.9 Å in the
rmsd was observed (Fig. 3A). Domain 1, which included the active-
site loop, contributed significantly to the rmsd of the protein com-
pared with domains 2 and 3.

Fig. 1. Schematic representation of mechanism of tetrapyrrole chain
elongation catalyzed by hHMBS. The figure shows (a) protonation of PBG,
(b) deamination of PBG to formMePy, and (c) nucleophilic attack by ring B of
DPM on MePy, forming an intermediate that (d) undergoes deprotonation
to form a tripyrrole moiety (P3M). Subsequent additions of PBG elongate the
chain to form tetrapyrrole (P4M), pentapyrrole (P5M), and hexapyrrole
(P6M) moieties. At the end of the last step, the tetrapyrrole product HMB is
hydrolyzed, leaving the DPM cofactor attached to protein. The rings of the
elongating pyrrole chain are labeled as A, B, C, D, E, and F starting from the
pyrrole ring covalently attached to C261. The acetate and propionate side
groups of the pyrroles are denoted by “-Ac” and “-Pr,” respectively.

Fig. 2. Structure of hHMBS (PDB ID code 3ECR) with modeled missing resi-
dues showing the domains (1, 2, and 3 in blue, red, and green, respectively)
with hinge regions (115–119, 213–218, and 237–240 in pink), the additional 29-
residue insert (296–324 in orange), and the active-site loop (56–76 in cyan).
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The root mean square fluctuations (RMSF) of individual amino
acids were analyzed. The active-site loop (residues 56 to 76) showed
a significant increase in the RMSF value from the P4M stage on-
ward (Fig. 3B). This was mainly because of the active-site loop
moving away from the active-site region in response to the elon-
gating polypyrrole. Fluctuations of the 29-residue insert (residues
296 to 324) in domain 3 were also seen, along with the
N- and C-terminal regions (Fig. 3B). The distance between domains
1 and 2 increased from the P3M stage as a result of the addition of
pyrrole ring C (Fig. S1C). During the DPM and P3M stages, the
active-site loop stayed close to the active-site and moved gradually
away during the subsequent stages of chain elongation (Fig. 3C).

Cofactor Turn Movement Assists in Polypyrrole Accommodation
Within the Catalytic Site. The structures obtained from the tra-
jectory of P3M, P4M, P5M, and P6M stages of chain elongation
were aligned to the reference structure, and the average fluctu-
ations of the Cα atom of C261 (linked to the cofactor) were
monitored. The average displacements of the Cα atom were 1.8,
2.5, 2.0, and 1.6 Å away from the direction of the active-site loop
during P3M, P4M, P5M, and P6M stages of chain elongation,
respectively. The effect was greatest in the P4M stage, with an
average value of 2.5 Å, and the maximum shift during this stage
was 3.5 Å (Fig. 3D). These observations, along with the com-
puted rmsd values of the domains, clearly indicated that the
cofactor turn reoriented in the P3M, P4M, and P5M stages,
along with marginal domain movements to accommodate the
elongating polypyrrole.

Active-Site Loop Opens to Accommodate the Polypyrrole. The
active-site loop conformations were clustered based on the dis-
tance from the active-site residues (R26, Q34, D99, R149,
R150), and the rmsd of the active-site loop. Fig. 3E shows a
probability of cooccurrence plot for different conformations of
the active-site loop (computed along the concatenated trajec-
tory). Each bin represented a cluster of active-site loop confor-
mations (Fig. 3E). Bin 1 represented the active-site loop
conformation in a “closed” state, in which the loop remained
close to the active site (Fig. 3F). The structures clustered in bin
1 were from DPM and P3M stages. Two active-site loop residues,
T58 and D61, formed hydrogen bonds and salt bridges with
R26 in the DPM and the P3M stages. These interactions, along
with a cation-π interaction between F77 (part of the active-site
loop) and R26, kept the active-site loop in a closed conformation
(Fig. S2A). Bin 2 represented a “semi-open” state of the active-
site loop in which the loop had moved away by at least 1 Å (Fig.
3E). The conformations clustered in bin 2 were mostly from the
P4M and the initial part of the P5M stages, in which the inter-
actions between T58, D61, and R26 were lost as a result of an
additional pyrrole ring in the vicinity (Fig. S2B). Bin 3 repre-
sented the active-site loop conformation in an “open” state, in
which the loop moved further away from the active site by ∼3 Å
(Fig. 3E), providing enough space to accommodate the penta-
pyrrole and hexapyrrole. The conformations clustered in bin
3 were from P5M and P6M stages of chain elongation. Thus, the
combined dynamics of the domains, active-site loop, and cofactor

Fig. 3. Structural fluctuations during polypyrrole accommodation. (A) rmsd of the protein along with domainwise rmsd, with reference to the DPM stage
structure, during stages of chain elongation. (B) RMSF of Cα atoms of hHMBS protein at each stage of chain elongation, from DPM to P6M. The encircled
regions show high fluctuations in the active-site loop and 29-residue insert regions. (C) The distance between the centers of mass of the active-site loop and
the active-site residues (R26, Q34, D99, R149, and R150) as a function of time along the stages of chain elongation emphasizes the role of the loop in
polypyrrole accommodation. The SE is shown as error bars along y-coordinates. (D) The cofactor turn shifts in the P4M stage (green) compared with the DPM
stage (cyan) to accommodate the growing pyrrole chain during the stages of chain elongation. (E) Characterization of the active-site loop conformation as a
function of (i) distance between the centers of mass of the active-site residues (R26, Q34, D99, R149, and R150) and the active-site loop on the x-axis and (ii)
the rmsd of the active-site loop on the y-axis along the concatenated trajectory and (F) the conformation of the active-site loop at bins 1, 2, and 3 shown in
red, blue, and green, respectively. DPM is shown in yellow and P6M is shown in green sticks.
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turn provided enough space to accommodate the four additional
PBG molecules.

Charged and Hydrophilic Active-Site Residues Stabilize the Growing
Pyrrole Chain. It is important for the incoming PBG to assume a
correct conformation so that subsequent chemical reactions can
take place. Each of the pyrrole rings added during the catalysis
contain two carboxylate groups (an acetate and a propionate).
Consequently, the net charge on the polypyrrole increased
from −4 (DPM stage) to −12 (P6M stage) during chain elon-
gation. From the crystal structure data of the DPM stage (14)
and biochemical studies (9, 13, 14, 16), it was observed that the
conserved polar and charged residues in the active site stabilized
the DPM cofactor. Atomistic details about the stabilization of
the growing pyrrole chain during the various catalytic stages are
given in the following sections.
DPM stage. D99, which is part of domain 1, interacted with the
nitrogen atoms of each pyrrole ring at all stages of pyrrole
elongation (Fig. 4A). Side chains of positively charged residues
K98, R149, R150, and R173 neutralized the carboxylate groups
of the DPM cofactor. Polar residues S146 and S147 also formed
hydrogen bonds with the polypyrrole chain (Fig. 4A). All of these
residues are highly conserved across different species (13).
D99 and K98 are part of domain 1, whereas all of the other
interacting residues are in domain 2. The hydrogen-bonded
stabilizations were also noted in the hHMBS crystal structures
(13, 14).
P3M stage. On addition of pyrrole ring C to the DPM cofactor,
changes in the active-site dynamics were observed. The distance
between domains 1 and 2 marginally increased ∼0.5 Å to ac-
commodate ring C. The carboxylate side chains of ring C were
oriented toward domain 1 residues R26, S28, and S96. As a re-
sult of the cofactor turn movement, T145 formed a hydrogen
bond with the propionate side chain of ring A that persisted
through the subsequent stages of chain elongation. Side chains of
S28 and S96 interacted with the acetate and propionate side
chains of ring C (Fig. 4B). R26 also interacted with the pro-
pionate side chain of ring C.

P4M stage. When ring D was added, domains 1 and 2 moved
another ∼0.5 Å apart and the cofactor turn moved toward do-
main 2 (Fig. 3D) to create space for the new PBG moiety. The
active-site loop moved away from the active site at this stage,
which allowed T58 to interact with the propionate side chain of
ring D. R167 also interacted with the propionate side chain of
ring D (Fig. 4C). Additionally, R195 interacted with the pro-
pionate side chain of ring C.
P5M stage. Ring E of the polypyrrole was accommodated toward
the active-site loop, causing the active-site loop to move away
from the active site. S69, an active-site loop residue, interacted
with the acetate side chain of ring E for the first 27 ns but later
shifted the interaction to the propionate side chain of ring D as a
result of the loop movement (Fig. 4D). S262 and Q356 interacted
with the acetate and propionate side chains of ring E, re-
spectively (Fig. 4D). Neither S69 or S262 are conserved in
HMBS across different species, but play an important role in
stabilizing ring E of the polypyrrole in hHMBS.
P6M stage. Because of the addition of ring F (last PBG), the
active-site loop moved further away from the active site. Most of
the hydrogen bonds that stabilized the polypyrrole up to the P5M
stage were retained in the P6M stage (Fig. 4E). The pyrrole ni-
trogen of ring F interacted with the D99 residue through
bridging water molecules (Fig. 4E and Table S1). R173, pre-
viously interacting with the A and B rings of the cofactor, now
retained its interaction with the side chains of only ring A (Fig.
4E). S262 interacted with both rings E and F, whereas
S165 interacted with the propionate side chain of ring F (Fig.
4E). Additionally, Q356 interacted with ring F. The side chain of
R167 interacted with the acetate side chain of rings E and F
instead of only ring D. As a result, no protein residues stabilize
the acetate group of ring D (Fig. 4E). However, several water
molecules that can stabilize the acetate group in the absence of
polar amino acid side chains were seen in proximity.

Water-Mediated Interactions Stabilize the Polypyrrole. The elon-
gating polypyrrole has a number of negatively charged acetate
and propionate side chains. Based on the simulations of different
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stages of chain elongation, it was observed that the polar and
charged amino acid residues in the HMBS active site might not
be sufficient to stabilize the negatively charged polypyrrole. For
example, the acetate side chain of ring D in the P6M stage had
no direct interaction with any polar or positively charged amino
acid of the enzyme. To investigate possible water-mediated in-
teractions, water molecules that could form hydrogen bonds with
the carboxylate groups of the polypyrrole were identified. The
number of hydrogen-bonded water molecules during subsequent
stages of pyrrole chain elongation increased with the increasing
number of carboxylate groups (Fig. 5). For P5M and P6M
elongation, the number of water molecules increased signifi-
cantly as a result of the opening of the active-site loop. These
water molecules interacted with the negatively charged acetate
and propionate side chains (Fig. 5). Table S1 summarizes the
water-mediated stabilization for all charged groups of the poly-
pyrrole. Any loss of charge stabilization from the residues
around the active site could be compensated by water-mediated
interactions (Water-Mediated Interactions Stabilize the Negative
Charges of the Polypyrrole provides additional details).

R26 and R167 Are Critical Residues for Enzymatic Catalysis. As the
catalytic mechanism is carried out in four successive steps (Fig.
1), the residues involved in the protonation of each incoming
PBG molecule were investigated. The PBG moieties were
docked in the active site at each stage of chain elongation. Based
on the distance between the polar side chains of residues lining
the active site near the terminal ring of the cofactor and the site
of docked PBG, R26 was the most probable proton donor for the
formation of P3M and P4M moieties (Fig. 6 A and B). However,
the residues R26, Q34, and R195 cannot act as the proton donor
for the formation of P5M and P6M stages because they are far
from the docked position of the respective PBG moieties (Fig.
S4). Therefore, R167, which is at a favorable position near the
terminal rings of the docked PBG moieties (Fig. 6 C and D), is
an ideal proton donor for the formation of the P5M and
P6M moieties.

R167 Dynamics Is Important for HMB Exit. To investigate the exit
mechanism of HMB from the catalytic cleft, the hexapyrrole was
cleaved to form HMB, leaving the DPM cofactor attached to the
protein (“HMB stage”). The HMB stage was simulated for 50 ns

to study the exit mechanism of HMB from the enzyme. During
this simulation, the HMB moiety was relaxed and moved mar-
ginally away from the D99 residue (Fig. S5). As it would require
a longer simulation time for the product to exit from hHMBS by
natural diffusion, an enhanced sampling method, random ac-
celeration MD (RAMD), was performed (16). RAMD simula-
tion can predict the ligand exit path in an unbiased manner
provided the force applied on the ligand is optimal. As noted
earlier, a large number of hydrophilic and charged residues
stabilized the acetate and propionate side chains of HMB. The
external force required to break such hydrogen bonds/salt
bridges would be large. From all 72 trajectories (Methods), it was
seen that the applied force was a critical factor determining the
successful exit of HMB. None of the trajectories with 10 kcal/mol/Å
of force or less were successful. However, 50% of trajectories
with a force magnitude of 20 or 25 kcal/mol·Å were successful.
The simulation time for protein exit also depended on the applied

Fig. 5. Water-mediated interactions stabilize the negative charge on pol-
ypyrrole. Graph showing the total number of water molecules interacting
with the polypyrrole during the stages of chain elongation (black); total
number of water-mediated interactions between the growing polypyrrole
and protein (red).

Fig. 6. R26, in DPM and P3M stages, and R167, in P4M and P5M stages,
mediate the catalytic mechanism during substrate addition. Stereograms of
PBG docked in the active site of hHMBS at (A) DPM, (B) P3M, (C) P4M, and (D)
P5M stages showcase the role of R26 and R167 in proton donation to the
incoming PBG. All measurements are in angstroms. The PBG, polypyrrole,
arginine (R26 and R167), and aspartate (D99) residues are shown in cyan,
green, orange, and violet colors, respectively.
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force. With an external force of 90 kcal/mol·Å, the ligand exit time
was as low as 33 ps, whereas, with a force of 25 kcal/mol·Å, it took
1,068 ps. Analysis of all of the trajectories showed that there were
minor modifications in each path studied as a result of randomly
chosen force vector direction. However, all successful paths were
clustered into three paths, labeled as A, B, and C (Fig. 7A).
Among all of the successful trajectories, HMB exited through path
A in 46% of cases, whereas the exits through paths B and C were
33% and 25%, respectively.
R167 acted as a gatekeeper during the exit of HMB in all of

the three exit paths (Movie S3). Although a major conforma-
tional change was observed for R167 in all three paths, a few
other charged residues also showed conformational changes,
depending on the exit path studied. Until HMB was formed
(P6M stage), the R167 side chain was oriented toward the active
site. In all three exit paths, R167 interacted with the acetate and
propionate side chains of HMB with large conformational fluc-
tuations. This facilitated the exit of HMB from the enzyme (Fig.
7A). During the P6M stage, the active-site loop moved further
away from the active site (Fig. 3B), thereby creating a channel for
the exit of HMB from the enzyme. In path A, HMB used this
channel for the exit (Fig. 7B). Apart from R167, R173 also
interacted with HMB until it exited from the protein through
path A. Path B was through the region between domains 1/2 and
the active-site loop. The exit of HMB through path B required
further active-site loop dynamics (Fig. 7C). In path B, K62 also
interacted with HMB during its exit. HMB exit via path C was
through the region between domain 2 and the active-site loop
(Fig. 7A). The salt bridge between R167 and the acidic side
chains of HMB caused a major distortion in domain 2 (rmsd
change of 4 Å observed). This major structural distortion made
path C less likely than paths A and B.

Mutagenesis and in Vitro Expression of Active-Site Residues Predicted
by MD Simulations. To further support the results of the MD
simulations, identified active-site residues were mutagenized and
expressed in vitro to determine the effects of the amino acid
substitutions of these residues on hHMBS enzymatic activity
(Table 1). The five amino acids, T145, S146, S147, R149, and
R173, are highly conserved in evolution and interacted with ring

A (Fig. 4A). Amino acid substitutions T145I, T145N, S147P,
R149L, R149Q, R173W, and R173Q essentially abolished
hHMBS enzymatic activity (0.1–2.3% of expressed WT activity;
Table 1). For S146, mutagenesis to cysteine (S146C) or glycine
(S146G) only slightly impaired the enzyme activity (70% and 81%
of expressed WT, respectively). However, mutagenesis of S146 to
isoleucine (S146I) dramatically decreased the enzyme activity to
∼2.3% of expressed WT activity (Table 1). For the three highly
conserved amino acids, K98, R150, R195, which directly inter-
acted with ring B, amino acid substitutions significantly impaired
hHMBS enzymatic activity (0.8–3% of expressed WT).
For the five amino acids, R26, S28, A31, Q34, and S96, that

interacted with ring C (Fig. 4B), mutagenesis and in vitro ex-
pression of each resulted in severe impairment of hHMBS ac-
tivity (0.2–1.2% of expressed WT; Table 1). For L170, which
interacted with the polypyrrole through the amino acid back-
bone, mutagenesis of leucine to valine (L170V) caused a mini-
mal reduction of expressed enzymatic activity (72.6%), whereas
substitution of leucine to arginine (L170R) drastically reduced

A B

C

Fig. 7. Exit of HMB from the catalytic cleft of hHMBS. (A) Three possible exit
paths for HMB are depicted using gray spheres. The position of the HMB is
shown in sticks (yellow); the arrows are indicative of the probable exit paths A,
B, and C. Exit path A is shown in B and exit path B is shown in C. Domains 1, 2,
and 3 are represented in blue, red, and green, respectively, and the active-site
loop is shown in cyan. R167 and HMB, in green and yellow, respectively, are
shown in the stage at which HMB is beginning to exit from the protein. R167′
and HMB′, in orange and pink, respectively, represent the stage at which HMB
is almost outside the protein. R167 acts as a gatekeeper for the HMB exit.

Table 1. Mutagenesis and in vitro expression of hHMBS
mutants with residues interacting with the polypyrrole during
chain elongation

Polypyrrole ring Amino acid* Mutation
Expressed enzymatic

activity†

Ring A R149 R149L‡ 0.1 ± 0.1
R149Q‡ 0.5 ± 0.9

S147 S147P‡ 0.2 ± 0.0
T145 T145I 0.4 ± 0.1

T145N 0.8 ± 0.6
S146 S146C 69.9 ± 1.7

S146G 81 ± 9
S146I 2.3 ± 1.1

R173 R173Q‡ 0.4 ± 0.1
R173W‡ 0.7 ± 0.2

Ring B K98 K98R‡ 0.70 ± 1.1
R150 R150I 0.02 ± 0.03

R150Q 0.8 ± 1.2
R195 R195C‡ 3 ± 1
G218 G218R‡ 0.1 ± 0.1

Ring C L170 L170V 72.6 ± 5.1
L170R 0.6 ± 0.6

S28 S28N‡ 0.8 ± 0.4
S28C 1.2 ± 0.2

A31 A31T‡ 0.50 ± 0.4
A31P‡ 0.6 ± 0.5

R26 R26C‡ 0.3 ± 0.3
R26H‡ 0.3 ± 0.3

S96 S96F‡ 1.0 ± 1.7
Q34 Q34R‡ 0.7 ± 0.3

Q34K‡ 0.2 ± 0.3
Ring D N169 N169I 6.2 ± 0.5

T58 T58I 0.70 ± 0.1
Ring E R167 R167Q‡ 1.0 ± 1.0

R167W‡ 2.3 ± 1.0
Ring F S262 S262C 46.3 ± 8.6

Q356 Q356E 95.7 ± 11.2
S165 S165C 69.9 ± 1.7

Ring A-B-C-D-E-F D99 D99G‡ 3.2 ± 5.4
D99H‡ 3.3 ± 5.4

Mutation of the residues that were interacting with the polypyrrole dur-
ing stages of chain elongation shows a significant reduction in enzymatic
activity in the in vitro expression studies.
*A missense mutation of this amino acid is likely to cause AIP.
†Mean ± SD percentage of expressed WT activity.
‡HGMD reported mutations that cause AIP.
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the enzymatic activity (0.6%; Table 1). This was unexpected, but
it was possible that the positively charged arginine residue
destabilized the local hydrophobic environment more drastically
than the hydrophobic valine.
Of the six amino acids (T58, S165, R167, N169, S262, Q356)

that were directly involved in the addition of rings D, E, and F,
mutagenesis and in vitro expression of T58I, R167Q, R167W,
and N169I significantly reduced hHMBS activity (0.7%, 1%,
2.3%, and 6.2% of expressed WT activity, respectively), in-
dicating their importance in pyrrole elongation. In contrast,
substitution of S165C, S262C, or Q356E resulted in somewhat
reduced activity (70%, 46%, and 95%, respectively), suggesting
that these residues were not critical for elongation (Table 1).
For residue D99, which was involved in all elongation steps,

mutagenesis and in vitro expression confirmed that known mu-
tations causing AIP (D99G and D99H) (20) markedly reduced
hHMBS enzymatic activity (∼3.2% and ∼3.35% of expressed
WT activity, respectively; Table 1).

MD Simulations of hHMBS Mutations That Impaired Chain Elongation.
To further investigate the structural effect of D99G, R26C, and
R167W active-site mutations, we carried out 50-ns simulations
for each of the three catalytically important active-site residue
mutations at DPM, P3M, and P5M stages of chain elongation,
respectively (Validation of Polypyrrole Conformation and MD
Simulation of Three Catalytically Important Active-Site Residue
Mutations). The D99G mutation caused the cofactor to be dis-
placed by 3.5 Å and the pyrrole nitrogens moved closer to each
other, presumably as a result of loss of hydrogen bonds between
pyrrole nitrogens and the D99 side chain (Fig. S6 and MD
Simulation of Three Catalytically Important Active-Site Residue
Mutations). In the P3M stage, in the presence of the R26C
mutation, the polypyrrole was accommodated in a different
conformation compared with that in WT hHMBS. The R26C-
induced orientation of ring C disrupted further substrate addi-
tion (Fig. S7). Even though the R167W mutation did not show
any major structural changes, its effect in causing AIP can be
attributed to the low proton-donating propensity of tryptophan
at physiologic pH.
Active-site mutations A31T, A31P, A31V, and S96F that have

been reported to cause AIP (20) were deleterious based on the
structural analysis of the growing pyrrole. The mutations were
predicted to hinder the polypyrrole chain elongation as a result
of severe steric clash with the terminal pyrrole ring at the P3M
stage. Although G260 was not an active-site residue, G260D,
which causes AIP (20), hindered the polypyrrole elongation in
the P5M stage and was therefore deleterious. Similarly, Q217 did
not interact with the polypyrrole ring at any stage, but was close
to the active-site residues K98 and R150. Hence, mutations
encoding Q217R and Q217H, which cause AIP (20), affected the
side chain orientation of active-site residues K98 and R150,
thereby disrupting hHMBS function.

Discussion
The specific residues and mechanisms by which hHMBS per-
formed each of the stepwise additions of four molecules of PBG to
the DPM cofactor were unknown as a result of the lack of
structural data for the intermediate elongation stages. From the
crystal structures of hHMBS, it was evident that the active site was
not large enough to accommodate four PBG molecules (13, 14).
MD simulations revealed that the cofactor turn movement

along with minor domain motions provided space for the addi-
tion of first two PBG moieties to the DPM cofactor in hHMBS.
The movement of the active-site loop away from the active-site
region was the necessary next step to facilitate the accommo-
dation of the next two PBG moieties. Our previous MD study of
EcHMBS (15) indicated the importance of the domain move-
ments and the active-site loop dynamics in the formation of

HMB. In EcHMBS, domains 1 and 2 moved toward domain 3 to
create space for pyrrole elongation (Fig. 8 A and C) along with
loop movement. However, hHMBS differed from EcHMBS by
the presence of an additional 29-residue insert in domain 3. The
29-residue insert was wedged between domains 1 and 3, pressing
domain 3 against domain 2, precluding the large movements of
domains 1 and 2 observed for EcHMBS (Fig. 8 B and D). In
hHMBS, the domain movement was compensated by the co-
factor turn movement and the large active-site loop movement.
It is important to note that hHMBS and EcHMBS have 53%
sequence similarity and most of the active-site residues are
conserved between these two species. Therefore, the environ-
ments for catalysis by EcHMBS and hHMBS were similar with
notable exceptions: Q34 in hHMBS (Q19 in EcHMBS) inter-
acted only with ring C at the P4M stage, whereas, in subsequent
stages, the interactions were mediated by water molecules. In
contrast, Q19 in EcHMBS interacted with ring C from the P3M
stage onward. The role played by Q19 in EcHMBS was played
mostly by S29 in hHMBS, as MD simulations suggested that
S28 interacted with ring C from the P3M stage onward. In vitro
studies of the S28N mutation further confirmed its importance.
The limitation of steered MD, which was used to study EcHMBS
and to specify the initial force direction vector, was overcome by
using RAMD simulation to study HMB exit from hHMBS.
Among the three most likely paths that were evaluated for HMB
exit, the path between the interface of domains and the active-
site loop was the most probable for hHMBS.
It was noted that there were eight and six bound water mol-

ecules around the charged side chains of the DPM cofactor in
the EcHMBS and AtHMBS crystal structures (7, 10), respectively,
whereas only one water molecule was reported in the hHMBS
crystal structure (14). Although water molecules are present on
each side of the DPM (9, 10) and have been hypothesized to sta-
bilize the DPM-hHMBS structure, these studies demonstrate the
important role of water molecules in the subsequent steps of

BA

C D

Fig. 8. Effect of the 29-residue insert on domain dynamics. Representative
structure of the DPM stage in (A) EcHMBS and (B) hHMBS. Domains 1, 2, and
3 are colored in blue, red, and green, respectively. The 29-residue insert is
shown in magenta color. Schematic representation of the domain dynamics in
(C) EcHMBS and (D) hHMBS. The 29-residue insert prevents the motion of do-
mains 1 and 2. The length of the black arrows in C and D is proportional to the
extent of the domain motions observed in EcHMBS and hHMBS, respectively.
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polypyrrole elongation. The MD simulations also indicated that
any loss of charge stabilization caused by amino acid substitu-
tions in the P4M to P6M steps could be compensated by water-
mediated interactions.
Notably, the MD simulations identified the critical active-site

residues involved in DPM binding and subsequent steps of
polypyrrole elongation at atomistic levels. Amino acid residues
from all three domains interacted with the polypyrrole. Totals of
11, 14, and 3 residues from domains 1, 2 and 3, respectively, took
part in stabilizing the highly negatively charged polypyrrole.
These studies highlighted previously unknown roles of R167 in
hHMBS catalysis and HMB exit. Not only was R167 a critical
proton donor for PBG, in all three major exit paths, R167 also
remained salt-bridged to one of the carboxylates of the poly-
pyrrole chain and facilitated HMB exit. Thus, the mechanistic
findings predicted the pathogenic basis of the common R167Q
and R167W mutations that severely impair hHMBS activity
(Table 1) and cause AIP (20) by failing to elongate the pyrrole
chain or to facilitate the HMB exit. These mutations are among
the most frequently identified in patients with AIP (20).
These studies also provided the molecular basis for reported

missense AIP-causing mutations that impaired chain elongation
(Fig. 9). Of the 136 reported missense mutations causing AIP
(20), 27 mutations (19.8%) were found at the active-site resi-
dues, 11 of which altered eight residues that were critical to the
covalent binding of the DPM cofactor to apo-hHMBS (Table 1,
rings A and B); 11 other mutations altered 5 residues involved in

the addition of the third pyrrole (ring C, P3M stage; Fig. 9); and
R167Q and R167W were involved in the addition of rings E and
F. There was no reported missense hHMBS mutation involved in
the addition of ring D, with the exception of three reported
D99 mutations (D99N, D99G, and D99H) (20), which impaired
the addition of all six PBG molecules. Interestingly, the three
reported mutations of D99 did not totally prevent HMB as-
sembly, as D99G and D99H had approximately 3% of expressed
WT activity. The MD simulations showed that the hexapyrrole
was able to form a compact helicoidal conformation within the
tight active site as a result of the interactions between D99 and
all of the nitrogens on the six pyrrole rings. It is notable that an
analogous aspartate (D86) in the heme biosynthetic enzyme,
uroporphyrinogen decarboxylase, was shown to coordinate with
the cyclic uroporphyrinogen III substrate and presumably stabi-
lized the intermediates formed during the enzyme-catalyzed
decarboxylation of its substrate (21).
In summary, these studies describe the atomistic details of the

hHMBS catalytic mechanism and provide insights into the mo-
lecular basis of active-site mutations that cause AIP (Fig. 9). The
active-site loop dynamics and cofactor turn movement in
hHMBS reorganized the active-site region such that an arginine
was present near the terminal ring for protonation of the PBG
substrate. The presence of the 29-residue insert in hHMBS
drastically reduced the domain motions in comparison with
EcHMBS enzyme. These studies also delineate the role played
by the active-site residues and water molecules in binding and

Fig. 9. Effects of mutations on the active-site residues. Classification of amino acid mutations that are responsible for altering (A) cofactor binding, (B)
incoming PBG binding sites for pyrrole chain elongation, (C) polypyrrole charge stabilization, and (D) HMB release.
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stabilizing the negative charges of the elongating polypyrrole at
each stage. In addition to the active-site residues, these water
molecules may also act as proton donors. To date, 27 mutations
of 14 of the 27 highly conserved active-site residues have been
reported to cause AIP (20). Notably, R167 played a crucial role
in enzyme catalysis and facilitated HMB exit. Finally, these
studies provide a starting point for quantum chemical calcula-
tions. The intermediate snapshots at different pyrrole elongation
stages should be extremely useful to determine the reaction co-
ordinates and to investigate the enzyme’s reaction mechanism at
an electronic level.

Methods
Preparation of Starting Structures. The structure of WT hHMBS [PDB ID code
3ECR (14)] was used as the basis for molecular modeling. The missing coor-
dinates of the residues 60–78 (part of the active-site loop and adjoining
region) were modeled based on the structure of AtHMBS [PDB ID code 4HTG
(10)] using Modeler 9v8 (22). The missing residues at the N-terminal (1–20)
and the C-terminal (residues 358–361) were also modeled.

The starting structures for each of the intermediate stages were generated
by docking a moiety of methylene pyrrolenine (MePy) in the active-site cavity
by using Autodock Vina (23) and covalently attaching it to the polypyrrole of
the protein. The resultant structure was energy-minimized to ensure that
there were no bad contacts. For each stage, a new pyrrole ring was oriented
in such a manner that its nitrogen atom could interact with the side chain of
D99 positioned between domains 1 and 2.

Pyrrole Chain Elongation. The holoenzymeand the intermediate stages of chain
elongation were simulated by using Gromacs 4.5.5 (24) with G53a6 united-
atoms force field (25). The ATB server (26) was used to obtain parameters for
the covalently attached DPM cofactor and subsequent chain extensions, P3M,
P4M, P5M, and P6M moieties. The systems were soaked in an octahedral sol-
vent box with 9 Å padding of SPC/E (extended simple point charge model)
water molecules (27). The net charge on the system was neutralized by adding
sodium ions. The steepest descent algorithm was used for energy minimization
until convergence was reached. The procedure for NVT, NPT, and the pro-
duction run simulations were similar to that described by Bung et al. (15). Each
of the intermediate stages of pyrrole elongation was simulated for 50 ns.

RAMD. RAMD (28, 29) was used to study the exit path of HMB from hHMBS.
RAMD produces unbiased pathways on a nanosecond timescale by en-
hancing the dynamics of the ligand (29–31). During RAMD simulations, an
external force (Fext) was applied to the center of mass of the ligand in a
random direction for a predetermined number of steps (n).

Fext = F0 r
_

Here, F0 is the constant force acting on the ligand with unit vector ȓ. In
practice, random acceleration is provided as input based on the mass of the
ligand. The ligand keeps a certain velocity during the chosen step, n. After
completion of n steps, the distance between the centers of mass of ligand
and protein was computed. If this distance was less than the user-defined

minimum distance (dmin) that the ligand is supposed to travel, a new random
direction was chosen. All RAMD simulations were performed by using the
CHARMM22 force field (CgenFF) (32) and the NAMD program (33). The
protein was solvated in a cubic box, and ions were added to ensure
the charge neutrality of the system. The force field parameters of HMB and
the DPM cofactor were prepared by using CgenFF. The TIP3P water model
(34) was used to solvate the system. The RAMD simulations were preceded
by a short energy minimization step and 2 ns of equilibration. Several trial
runs were performed with an external force ranging from 90 kcal/mol/Å to
5 kcal/mol/Å with an interval of 5 kcal/mol/Å. The step values (n) of 40 or
80 and the minimum distance (dmin) of 0.008 or 0.016 Å were tested. For
each force value, four simulations were performed by varying the n and dmin.

Trajectory and Structural Analyses. VMD 1.9.1 (35) and Gromacs 4.5.5 (24) were
used to analyze the trajectories. RMSFs of the Cα atoms of the entire protein
were calculated by using the g_rmsf module of Gromacs. The energy-
minimized starting structure of DPM stage was considered as the reference
structure. The concatenated trajectory of all of the stages of pyrrole chain
elongation was used to analyze the cumulative effect of domain motions. PCA
was performed on backbone atoms by using the Normal Mode Wizard plugin
of VMD (36). Dynamic cross-correlation maps (19) were calculated for Cα atoms
from the concatenated trajectory with respect to the reference structure.

The distance between domains 1 and 2 was computed by using the centers
of mass of interface residues from domain 1 (residues 25–38) and domain 2
(residues 165–175 and 193–198). The volume of the active-site cavity along
each trajectory was calculated by using Epock (37). Hydrogen bond inter-
actions of the growing pyrrole chain with the protein and solvent were
calculated by using the hbond tool in VMD. For hydrogen bond calculations,
a donor (D)–acceptor (A) cutoff distance of 3.5 Å and D-H…A angle cutoff of
30° was considered. To study the water-mediated interactions, water mol-
ecules that lie within 3.5 Å of polar groups of the growing pyrrole chain and
the protein molecule were selected. The cooccurrence probability to char-
acterize the loop conformation was represented as a 2D histogram and
plotted by using R (38).

Mutagenesis and in Vitro Expression Studies. The hHMBS cDNA constructs for
each of the 35 reported and predicted missense variants were individually
generated by using the QuikChange Lightning Single-Site Mutagenesis kit
(Agilent Genomics) to alter the hHMBS WT cDNA in the pKK223 vector (39).
Each construct was resequenced to confirm its authenticity. WT and mutant
constructs were each expressed in E. coli strain BL21(DE3)pLysS (Promega),
which had low endogenous HMBS activity. The enzymatic activity of each
mutant enzyme in the lysate was calculated as the percentage of the
expressed WT activity, which was separately expressed in the same experi-
ment as described previously (39). All results are presented as the mean
activities and SDs of at least three independent experiments.
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