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Orotidine-5′-monophosphate decarboxylase (OMPDC) 
serves as a paradigm for our understanding of how 
enzymes catalyse chemical reactions1–4. It catalyses the 

decarboxylation of orotidine-5′-monophosphate (OMP) to 
uridine-5′-monophosphate (UMP) in the de novo biosynthesis of 
pyrimidine nucleotides in all domains of life (Fig. 1a). OMPDC is 
one of the most proficient enzyme catalysts known and exhibits a 
remarkable rate enhancement of 17 orders of magnitude compared 
with that of the uncatalysed reaction, which reduces the half-life 
from 78 million years to the milliseconds regime1. Intriguingly, it 
does so without the involvement of metal ions, bioorganic cofac-
tors or prosthetic groups. Instead, OMPDC relies on a few polar 
residues at the active site, which include the catalytic tetrad that 
consists of two aspartate and two lysine residues5–8. This seemingly 
simple active-site configuration in combination with the enormous 
rate enhancement has sparked intense research into the governing 
principles of OMPDC catalysis. Despite these efforts and numer-
ous mechanistic proposals, the enzymatic mechanism of OMPDC 
is still enigmatic (Extended Data Fig. 1)1–8. The kinetic bottleneck 
of the reaction is the required stabilization of an evolving carban-
ion in the transition state that cannot be stabilized by delocaliza-
tion as, for example, in cofactor enzymes. It is difficult to gather 
consensus around the origin of the catalytic prowess of OMPDC. 
One possibility is the transition-state stabilization of a localized 
vinyl carbanion by a positively charged lysine residue3,4,9 that also 

serves as the bona fide acid–base catalyst for quenching the incipi-
ent carbanion by protonation. Concurrently, it is proposed that sub-
strate ground-state destabilization by a negatively aspartate residue 
also takes place. The latter would electrostatically stress the equally 
charged substrate carboxylate leaving group, and thus promote 
expulsion of the uncharged carbon dioxide product (Fig. 1a,b)3,5,10. 
The thermodynamic penalty associated with this unfavourable, 
repulsive interaction between enzyme and substrate was proposed 
to be paid by a favourable binding of non-reacting substrate parts 
(5′-monophosphate and ribose portions), a concept known as the 
Circe effect in enzymology11. This proposal has been met with 
strong criticism, in particular from Warshel and co-workers who 
employed computational calculations and suggested a mechanism 
that prevalently relies on transition-state stabilization12–14. A recent 
mechanistic study also proposed transition-state stabilization as the 
main driving force of OMPDC catalysis15. Although these mechanis-
tic proposals are intuitive and chemically reasonable, they remained 
hypothetical as the structural basis of OMPDC catalysis is still elu-
sive in several critical aspects. For one, the atomic structure of a sub-
strate OMP bound to the active site of OMPDC and its interaction 
with the stressing aspartate is unknown, as so far structures are only 
available for OMPDC variants in which the stressing aspartate had 
been replaced16,17. Second, tight-binding transition-state analogues, 
such as 6-hydroxy-UMP (BMP) or 6-aza-UMP as mimics for the 
proposed carbanion were identified (Fig. 1c) and structures of these 
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bound to OMPDCs were determined3–10,12,13. However, the charge 
configuration and protonation state of both the transition-state ana-
logue and surrounding active-site residues have remained elusive 
as this requires ultrahigh-resolution X-ray crystallographic data18, a 
prerequisite not met in previous studies.

Here, we close this gap of knowledge and unveil the structural 
basis of OMPDC catalysis by determining ultrahigh-resolution 
X-ray structures of the human enzyme in complex with the genu-
ine substrate OMP, the highest-affinity substrate analogues, the 
highest-affinity transition-state analogues and the product UMP. 
In case of the genuine substrate, we reached temporal resolution 
(Fig. 1c). The novel structural information was combined with 
quantum chemical calculations to define the basis of OMPDC 
catalysis, and necessitated a revision of the accepted mechanism 
with implications for our general understanding of enzyme action. 
In addition, we report on the detection of the hitherto unknown 
cooperativity of the homodimeric OMPDC on both the structural 
and functional levels.

Results
Structure of the enzyme substrate complex. Owing to the fleeting 
existence of OMP in the enzyme-bound state and its rapid turn-
over to UMP in OMPDC crystals, substrate soaking of wild-type 
enzyme crystals is not suited to structurally visualize the bound 
substrate as the product UMP is almost instantly accumulated (in 
our hands, in just a couple of minutes). Substitutions of residues 
that belong to the catalytic tetrade by canonical amino acids turned 
out to be detrimental to the active-site geometry as the charge and 
hydrogen-bond network collapsed16,17. We therefore opted to intro-
duce a non-canonical near-native amino acid, for which key inter-
actions at the active site would probably be preserved. Specifically, 
we replaced the catalytic Lys314 (Lys93 in yeast OMPDC and 
Lys72 in the OMPDC of Methanobacterium thermoautotrophi-
cum) by its acetylated counterpart (Ac-Lys314) using the Schultz 
method19. The lysine side-chain skeleton, which included the Nζ 
atom, was maintained; however, the positive charge as well as the 
ability to act as an acid–base catalyst were eliminated, potentially  
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stalling catalysis. In fact, the catalytic activity of the human OMPDC 
variant Lys314Ac-Lys was almost completely abolished with a kcat 
of (2.0 ± 0.3) × 10−3 s−1, which corresponds to a residual activity of 
0.06% compared with that of the wild type (3.20 ± 0.04 s−1), whereas 
the substrate affinity (KM = 5.3 ± 0.7 μM) was only slightly decreased 
(wild-type KM of 1.5 ± 0.1 µM). This suggests a predominant role 
of Lys314 in the transition-state stabilization (~4.4 kcal mol–1). We 
then determined the structures of the variant in the resting state 
and in complex with the product UMP. The structural analyses con-
firmed the replacement of Lys314 by Ac-Lys and further revealed 
that the overall structure, which included that of the active site, 
was virtually unchanged compared with that of the wild-type situ-
ation, with the exception of a small flip around the Cδ–Cε bond of 
Ac-Lys314 (Extended Data Fig. 2). Next, we soaked the crystals of 
the AcK variant with substrate OMP with the goal to structurally 
visualize the enzyme-bound substrate. In fact, OMP accumulated 
in crystallo in the minutes time regime (2–30 min) with the highest 
occupancy at a 2 min soaking time (75% occupancy). We solved the 
structure of the OMPDC:OMP complex at a resolution of 0.99 Å 
using anisotropic processing (Fig. 2a). A well-defined electron den-
sity was observed for the whole substrate molecule, which allowed a 
reliable modelling of its conformation. The most surprising feature 
was a short, strong hydrogen bond of the carboxylate group with 
residue Asp312 (hydrogen-bond distance of 2.53 Å). Rather than 
being stressed by Asp312 (Asp91 in yeast OMPDC and Asp70 in the 
OMPDC of M. thermoautotrophicum), substrate OMP was engaged 
in a productive interaction with this residue and shared a proton 
in a dicarboxylate motif. Warshel and co-workers had previously 
pointed to the fact that the potential destabilization of the orotate 
is capped. At a certain point, depending on the pH and the strength 
of the interaction, one would observe protonation, which is ener-
getically favoured (their estimates indicated a maximum penalty of 
6.7 kcal mol–1 at pH 7 (ref. 13). Both the 2mFo–DFc (Fo, observed dif-
fraction data; Fcm, calculated diffraction data; m, figure of merit; D, 
Sigma-A weighting factor) electron density map and the estimated 
bond length of the substrate carboxylate C–O bonds suggested that 
the shared proton was more localized to the substrate. In fact, the 
estimated bond lengths were almost identical to those reported 
for protonated orotic acid characterized by small-molecule X-ray 
crystallography (Supplementary Fig. 1)20. The scissile C6–C7 bond 
of enzyme-bound OMP was physically distorted and exhibited an 
out-of-plane distortion of 21° relative to the base pyrimidine ring 
plane (Fig. 2b). Also, the plane of the substrate carboxylate was 
twisted by 43°, which reduced its conjugation with the π electrons of 
the pyrimidine. This distortion and twist were absent for free orotic 
acid, which suggests that the enzyme selectively destabilized the 
scissile substrate bond (Supplementary Fig. 1). The scissile C6–C7 
bond (1.47 Å) was not elongated, as found for covalent substrate–
cofactor intermediates21,22, and exhibited a regular bond length 
similar to that reported for the free compound (1.50 Å). At the 
given resolution and OMP B-factors, the coordinate error as judged 
by the estimated s.d. of the calculated bond lengths amounted to 
~0.01–0.02 Å (refs. 21,23). Quantum chemical calculations (dihedral 
scans of the isolated orotic and orotate molecules) showed that dis-
tortions such as those observed in OMPDC bring about an energy 
penalty of roughly 2 kcal mol–1 (Supplementary Fig. 2). This far 
from fully explains the catalytic action of the system. Similar dis-
tortions and twists were detectable for the enzyme-bound substrate 
analogues 6-thiocarboxamido-UMP (substrate analogue with the 
highest affinity) and the related 6-carboxamido-UMP (Fig. 1c and 
Extended Data Fig. 3).

Since the X-ray structure with the bound substrate was deter-
mined for variant Lys314Ac-Lys, we restored the wild-type active 
site in silico and performed molecular dynamics simulations to 
test the relevance of the structural findings (Fig. 2c). Most impor-
tantly, the productive interaction between the substrate and Asp312 

was retained; in fact, a low-barrier hydrogen bond between the 
two formed (Supplementary Fig. 3). The side chain of Lys314 did 
not interact with the substrate carboxylate but formed hydrogen 
bonds with Asp312, Asp317′ and the 2′-OH group of the substrate 
ribose portion, similar to what we observed in the experimentally 
determined structures of the OMPDC wild type in complex with 
substrate analogues (Extended Data Fig. 3). This rationalized our 
aforementioned finding of a major role of Lys314 for catalysis but 
minor role for substrate binding. The quantum mechanics/molecu-
lar mechanics (QM/MM) umbrella sampling calculations provided 
an estimate for the decarboxylation barrier of 13.8 kcal mol–1, in 
very close agreement with the experimentally derived barrier of 
15.3 kcal mol–1 (Fig. 2d). The underlying QM/MM dynamics sug-
gest a mechanism in which synchronized proton transfers that 
involve the substrate, and residues Asp312 and Lys314 take place 
(Fig. 2e) to catalyse the protonation of the incipient carbanion at 
position 6 of the substrate. These proton jumps involve the whole 
tetrad, with several transfer events observed for Lys281, Asp312 and 
Lys314 (with Asp317 interacting favourably with the added proton 
charge in Lys314). This reaches the point at which it is actually dif-
ficult to assign specific stable protonation states to the aforemen-
tioned residues for each simulation window.

Time-resolved snapshots of OMPDC catalysis. Next, we analysed 
the structures of OMPDC variant Lys314Ac-Lys with substrate OMP 
at different time points to visualize the conversion of the substrate 
into the product UMP with temporal resolution. Prior to this analy-
sis, we conducted dose-dependent experiments to study the impact 
of the high-energy synchrotron radiation on OMPDC crystals as a 
putative radiation damage may lead to non-enzymatic decarboxyl-
ation of enzyme-bound OMP24. We collected individual X-ray data-
sets with calibrated doses between 0.71 and 3.55 MGy on OMPDC 
crystals (soaked with substrate OMP for two minutes) and deter-
mined the individual structures of the enzyme–substrate complex 
(Extended Data Fig. 4). No radiation damage was detectable for the 
substrate OMP and the interacting amino acid residues at the active 
site for the dose range tested. We then analysed the structures of 
OMPDC soaked with substrate OMP for different time points that 
ranged from 2 to 30 minutes (Extended Data Fig. 5). Interestingly, 
the C2221 space group obtained for the two-minute soak crystals 
(one monomer in the asymmetric unit) changed to space group P21 
(functional dimer in the asymmetric unit) for longer soaking times, 
which indicates a loss of internal symmetry and non-equivalence 
of the two subunits of the dimer. Our structural analysis for these 
datasets revealed different occupancies with substrate OMP in the 
two active sites of the functional dimer and suggested a cooperativ-
ity between the two subunits. To test this hypothesis at the func-
tional level, we conducted a steady-state kinetic analysis of OMPDC 
catalysis by isothermal titration calorimetry and, indeed, detected 
a positive cooperativity with a Hill coefficient nH of 2.0, which was 
unknown for this protein (Extended Data Fig. 6a). The binding 
of product UMP to OMPDC was also governed by cooperativity 
between the two subunits, in this case a mild negative cooperativity, 
in which the estimated dissociation constants differed by approxi-
mately one order of magnitude for the two active sites (Extended 
Data Fig. 6b). The detection of negative cooperativity for the binding 
of substrate or product and positive cooperativity for steady-state 
turnover conditions is reminiscent of cofactor-dependent enzymes, 
which also form functional dimers with two active sites that are syn-
chronized through a proton wire that spans from one active site to 
the other25–27. In the case of OMPDC, we could identify several puta-
tive communication pathways that consisted of acidic side chains 
and water molecules that could, in principle, fulfil a similar function 
(Extended Data Fig. 6c). Molecular dynamics calculations show that 
changes in the protonation state of one active site impacts the struc-
ture in the other monomer (even residues more than 30 Å away). 
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This mechanism of signal propagation between the two chains 
bear similarities to the proton wire that operates in some cofactor 
enzymes (Supplementary Fig. 4)25–27.

Structure with transition-state analogues. The transition-state 
analogue with the highest known affinity for OMPDC is BMP 
(K = 9 × 10−12 M), and it has been suggested that it is bound as the 
conjugate base with the 6-hydroxy function being deprotonated as a 
mimic of the postulated carbanion-type transition state (Fig. 3a)3,7. 
Although this is a reasonable proposal, the discrete protonation and 
tautomeric states of enzyme-bound BMP have not been charac-
terized at the structural level. We solved two ultrahigh-resolution 
X-ray structures of the human OMPDC wild type in complex with 
BMP at resolutions of 0.90 and 0.95 Å. In both datasets, the pro-
tonation states of both the bound analogue and of all the interact-
ing protein groups were unambiguously and completely assigned 

(Fig. 3b,c). None of the three base oxygen atoms (O2, O4 and O6) 
was found to be protonated and the estimated bond lengths for the 
C2–O2, C4–O4 and C6–O6 bonds were almost identical, which 
indicates that BMP was bound as a monoanion with the negative 
charge spread over the base. The charge configuration of the cat-
alytic tetrad can be assigned as a network of alternating charges, 
Lys281+−Asp312–−Lys314+−Asp317–. The key catalytic residue 
Lys314 electrostatically interacts with the 6-O atom, in support 
of its suggested role for transition-state stabilization3–8,16,17, and is 
firmly held in place by interactions with Asp312 and Asp317’. It is 
perfectly oriented to protonate the evolving carbanion at C6 in the 
native reaction and thus block the internal return of CO2 (refs. 28,29). 
The 4-O atom of BMP interacts with the backbone amide of Ser372 
and a water molecule, whereas O2 forms a hydrogen bond with 
the carboxamide function of Gln430 as part of a highly conjugated 
network that involves Ser372, Gln430 and the C2–O2 and N3–H 
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atoms shown in cyan. The bond length of the C2–O2, C4–O4 and C6–O6 bonds of the base are indicated for both the structures determined in this study 
and indicate the accumulation of the anion form of BMP with a distribution of the negative charge rather than as a localized charge. c, Suggested chemical 
and electronic structure of OMPDC-bound BMP showing the corresponding ionization states as well as hydrogen-bond and electrostatic interactions. 
Note the spread of charge over the base, stabilizing charges (in magenta) and hydrogen bonds. d, Putative resonance contributors of OMPDC-bound BMP. 
e, Molecular electrostatic potential (MEP) of BMP (isosurface value of 0.005 e Bohr–3, colour coding scale in atomic units) computed at the B3LYP-D3(BJ)/
def2-SVP(IEPFPCM) level of theory. HB, hydrogen bonding.
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groups of BMP. Residue Asp317, which is contributed by the second 
subunit, sits atop the N1 atom of the base and could also be involved 
in charge stabilization (Extended Data Fig. 7). Apparently, OMPDC 
has evolved an effective transition-state stabilization by an archi-
tecture that provides multiple favourable electrostatic interactions 
in a network of alternating charges, as also supported by our quan-
tum chemical calculations and mechanistic studies (Fig. 3d,e)3–10,30.  
The transition-state analogue with the second-highest affinity was 
6-aza-UMP (K = 6 × 10−8 M) and this high affinity has been attrib-
uted to a similar configuration to that of the genuine transition 
state owing to the lone pair at N63. We solved the X-ray crystal-
lographic structure of that human OMPDC wild type in complex 
with 6-aza-UMP at a resolution of 1.00 Å (Extended Data Fig. 8). 
Intriguingly, the base adopts the syn-conformation as opposed to 
that adopted by all the other analogues, substrate and product, 
in which the anti-conformation is stabilized on the enzyme. As a 
consequence, the 2-oxo group faces a catalytic tetrad rather than 
Gln430, and forms an extended hydrogen-bond network with these 
residues and numerous solvent molecules. The estimated bond 
lengths suggest a higher degree of polarization of the C4–O4 bond 
compared with that of the C2–O2 bond, although the interaction of 
O4 with Ser372 is disengaged. Thus, it appears that the high affinity 
of OMPDC for 6-aza-UMP is not necessarily related to a binding 
scenario that resembles the genuine transition state.

Structure with the product and implications for the mechanism. 
We determined two structures of human OMPDC in complex with 
the product UMP at resolutions of 0.95 and 1.00 Å (Fig. 4a), which 
revealed identical geometries of UMP. In case of the 0.95 Å struc-
ture, we could even assign the protonation state of the base and 
ribose portions. The base was not ionized at position 6 and neither 
O2 nor O4 were protonated, although the estimated bond lengths 
suggest a slightly larger polarization of the C4–O4 bond (1.26 Å in 
both structures) compared with those of the C2–O2 bonds (1.21 
and 1.23 Å, respectively). The spatial proximity and suitable orien-
tation of Lys314 relative to the C6 position supports the notion that 
Lys314 protonates the incipient carbanion formed in the transition 
state. Both Lys314 and the neighbouring Asp317′ show alternative 
conformations, which suggests that the enzyme lost some grip in 
the product-bound state compared with that in the transition state, 
as also evidenced by the increased hydrogen-bond distances of, for 
example, the 4-oxo group of UMP with Ser372 and a water mol-
ecule (compare with Fig. 3). Taken together, the structural analy-
sis of OMPDC in complex with the substrate OMP, transition state 
analogue BMP and product UMP reveals the basis for the differen-
tial bindings of the reactant and transition state (Fig. 4b). Both the 
substrate and the product are bound with no charge at the base por-
tion, whereas a negative charge evolves in the transition state that 
is effectively stabilized by complementary (partial) charges, dipoles 
and/or hydrogen bonds interacting with functional groups of the 
base. Residue Asp312, previously suggested to stress the substrate 
carboxylate, is an essential element of the catalytic apparatus for a 
favourable binding of the substrate in the protonated, uncharged 
form. If the substrate were bound in the ionized, negatively charged 
state, the catalytic efficiency of OMPDC would, in large part, 
become lost as this requires a preferential binding of the transi-
tion state, which OMPDC accomplishes by selective stabilization of 
charges in the transition state only. This is further corroborated by 
functional and structural analysis of an Asp312Asn variant that we 
generated. This variant exhibited no measurable enzymatic activity 
(decarboxylation of OMP), as also reported by others17. The vari-
ant was, however, not deficient in binding substrate and product, 
as revealed by isothermal titration calorimetry (ITC) experiments 
(Extended Data Fig. 9). Our structural analysis of this variant in 
complex with substrate OMP obtained by crystal soaking show-
cases that the enzyme formed an overly stable substrate complex, 

in which both lysines of the tetrad (Lys314 and Lys281) electrostati-
cally interact with the substrate carboxylate. Apparently, this strong 
reactant-state stabilization is anticatalytic and highlights the impor-
tance of residue Asp312 for masking the charge of the substrate in 
the reactant state. Residue Lys314 on the other hand is key to the 
stabilization of the carbanion in the transition state (although the 
extent of charge development remains to be characterized), but is 
not directly involved in binding of the substrate carboxylate, as this 
would potentially stabilize the ionized, negatively charged substrate 
and thus be detrimental for the required preferential binding of the 
transition state. Its positioning close to the decarboxylation site C6 
at the opposite structural face where CO2 is likely to depart suggests 
an ‘enforced’ pre-association mechanism with a concerted proton-
ation and decarboxylation31. This would ensure the forward com-
mitment of the reaction as the almost barrierless internal return of 
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Fig. 4 | Structure of the product UMP bound to human OMPDC and 
implications for the mechanism. a, The structure of UMP bound to the 
active site of human OMPDC at a resolution of 0.95 Å highlights critical 
hydrogen-bonding interactions with protein groups. The structural model of 
UMP is superposed with the corresponding 2mFo–DFc electron density map 
(blue, contour level 5σ). Peaks in the hydrogen-omit mFo–DFc difference 
electron density map (magenta, contour level 2.5σ) indicate the positions 
of hydrogen atoms shown in cyan. The N3-bound hydrogen of UMP can 
be traced at lower contour levels. The bond lengths of C2–O2 and C4–O4 
of the base are indicated for both structures determined in this study and 
indicate a slightly higher charge density at position 4. b, MEPs (isosurface 
value of 0.005 e Bohr–3, colour coding scale in atomic units) for substrate 
OMP, the transition state and UMP computed at the B3LYP-D3(BJ)/
def2-SVP(IEPFPCM) level of theory suggest that the catalytic prowess of 
OMPDC—its preferential binding of the transition state—mostly results 
from the development and spread of charge in the transition state and the 
charge stabilization by protein groups in addition to acid–base catalysis 
provided by the pre-associated general acid Lys314 (see main text).
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CO2 would be blocked28,29. The here uncovered governing principles 
of OMPDC catalysis may be useful for the design of enzymatic or 
synthetic CO2-fixing catalysts29,32–35.

Conclusions
Our structural analysis of OMPDC catalysis has unexpectedly 
revealed that an electrostatic repulsion between the substrate and 
enzyme, as one proposed form of ground-state destabilization5,10,36, 
is not a driving force of this reaction. Although enzymes are capable 
of stressing their substrates by binding them in physically distorted 
conformations and thus selectively destabilize scissile substrate 
bonds, as demonstrated here and for other systems18,21,22,37, elec-
trostatic interactions are exploited productively and are central to 
effective transition-state stabilization as put forward in the theoreti-
cal concepts by Warshel and others12–14,38–40. The active site architec-
ture of OMPDC, one of the most proficient enzymes1–4, highlights 
the use of a network of alternating charges and dipoles that per-
fectly embrace the reacting substrate and stabilize the charges that 
evolve in the transition state and further provides a pre-associated 
proton31 in the transition state of decarboxylation as part of a mul-
tisite proton relay that involves the substrate and catalytic tetrad. 
Enzymic decarboxylation is facilitated by hydrogen-bond interac-
tions between the substrate carboxylate and acidic side chains of the 
protein that ensure a differential binding of the transition state and 
reactant state, in line with Pauling’s proposal41 and as also proposed 
for other decarboxylase systems42–44. Inasmuch the here-uncovered 
catalytic principles are general features of enzyme catalysis remains 
to be seen in future studies.

Methods
Expression and purification of human OMPDC wild type. For expression of the 
human orotidine 5′-monophosphate decarboxylase domain (residues 224–480 of 
UMP synthase, UNIPROT P11172), we used a plasmid that contained a His6-GST 
fusion construct. The coding sequence was then amplified using the primers 
5′-GGC GCC ATG GAA CTC AGC TTC GGT GCA CG-3′ and 5′-TCA AAC 
ACC AAG TCT ACT CAA ATA CG-3′ and introduced into the Champion pET 
SUMO Expression System (Invitrogen), as described before45. The three leading 
amino acids (Gly-Ala-Met) from the initial GST fusion construct were kept as this 
increases the crystallization propensity of the protein. The plasmid that contained 
the His6-SUMO-GAM-HsOMPDC224–480 expression construct was isolated and 
used for mutagenesis experiments and protein expression. For protein expression, 
the fusion construct was transformed into Solu-BL21 Escherichia coli cells and 
grown under selective conditions (50 µg ml–1 kanamycin) in LB (lysogeny broth) 
medium. Main cultures (1 l) were prepared in the ZYM-5052 auto-induction 
medium and grown at 30 °C for 48 h and 180 revolutions per min (r.p.m.)46. The 
bacteria were harvested by centrifugation, shock-frozen in liquid nitrogen and 
stored at −80 °C until usage.

For protein purification, 10 g of cells (resulting from the expression of 1 l of 
bacterial culture) were resuspended in lysis buffer (50 mM Tris/HCl, 100 mM 
NaCl, 20 mM imidazole, pH 7.5) supplemented with 5 µg ml–1 DNaseI and 
phenylmethylsulfonyl fluoride (final concentration 1 mM), and subsequently 
lysed using a fluidizer (Microfluidics) operating at 15,000 p.s.i. (103,500 kPa). 
The cell lysate was clarified by centrifugation and the His6-fusion protein was 
enriched using affinity chromatography (Ni-NTA FF 16/10, GE Healthcare). 
The column was extensively washed with buffer that contained 76 mM imidazole 
before the protein was eluted with buffer that contained 300 mM imidazole. To 
cleave the SUMO (small ubiquitin-like modifier) fusion protein, the imidazole 
buffer was exchanged for the same buffer but devoid of imidazole using a desalting 
column (HiPrep 26/10, GE Healthcare). SUMO protease was added in a 8,000:1 
molar ratio to the SUMO–OMPDC fusion protein and incubated at 6 °C for 
60 min under gentle shaking. Cleaved SUMO protein and SUMO protease (both 
His-tagged) were removed using affinity chromatography (Ni-NTA FF 16/10, GE 
Healthcare). The flow-through that contained OMPDC was collected, concentrated 
by ultrafiltration and applied onto a S75 gel filtration column (HiLoad 16/60 
Superdex 75, GE Healthcare) previously equilibrated with 20 mM HEPES/NaOH, 
pH 7.4. The protein concentration was determined spectrophotometrically using a 
calculated molar extinction coefficient of ε280 = 18,450 M−1 cm−1 (ref. 47). OMPDC 
was concentrated to ~20 mg ml–1 and directly used for kinetic and structural 
studies. For storage at −80 °C, the protein was supplemented with 25% (w/v) 
glycerol.

Variant Asp312Asn was generated by site-directed mutagenesis using the 
following primers:
•	 foreword: 5′-GATATTTGAAAACCGGAAGTTTG-3′ and

•	 reverse: 5′-AAGAACTCATGGCATTTTG-3′.
Protein expression and purification were carried out as detailed for the 

wild-type protein.

Expression and purification of hsOMPDC variant Lys314AcLys. To substitute 
the catalytic residue Lys314 with acetyllysine, the plasmid that contained the 
His6-SUMO-hsOMPDC expression construct was first amplified using the primers
•	 5′-CTTGATATTTGAAGACCGGTAGTTTGCAGATATAGGAAACACAG-3′ 

and
•	 5′-CTGTGTTTCCTATATCTGCAAACTACCGGTCTTCAAATATCAAG-3′.
according to the QuickChange protocol. The base triplet coding for Lys314 was 
changed to the TAG–amber codon sequence to incorporate acetyllysine at this 
position using the amber suppression system. The thus-generated plasmid was 
transformed into BL21(DE3)* E. coli cells along with pCDF-AcKRS3/PylT, which 
encodes an acetyllysyl–tRNA synthetase/tRNACUA pair48. Cells were grown under 
selective conditions (50 µg ml–1 kanamycin and 75 µg ml–1 spectinomycin) overnight 
at 37 °C on a plate. LB medium (1 l) was inoculated with a bacterial preculture 
of a grown colony and cultivated at 37 °C to an optical density of 0.6 at 600 nm. 
Nicotinamide was added to a f.c. of 50 mM and the cultures were incubated for 
another 30 min. To induce protein expression, isopropyl-β-d-thiogalactoside 
and acetyllysine were added to a f.c. of 1 and 10 mM, respectively. The cultures 
were incubated at 30 °C for 24 h. After expression, bacteria were harvested by 
centrifugation, shock-frozen in liquid nitrogen and stored at –80 °C until usage. 
Protein purification was carried out using the same protocol as detailed for the 
wild-type protein. The relative yield of OMPDC with acetyllysine at position 
314 amounted to 0.46 mg protein per g cells, that is, ~10% relative to that of the 
wild-type protein.

Spectrophotometric steady-state kinetic analysis of OMP turnover. To 
kinetically analyse the OMPDC-catalysed OMP decarboxylation under steady-state 
turnover conditions, we used a continuous spectrophotometric assay. The reactions 
were prepared in 20 mM HEPES/NaOH, pH 7.4, with varying concentrations of 
substrate OMP. The reaction progress was monitored by the change in absorbance 
at 285 nm, which results from the different molar extinction coefficients of 
substrate OMP and product UMP (Δε285

OMP–UMP = 1,650 M–1 cm–1). All the reactions 
were performed at 25 °C for 300 s. The absorbance changes were measured using 
a spectrophotometer (Jasco V-650) and a quartz cuvette with reduced volume 
(Hellma Analytics, QS, 10 mm, 200 µl). In the case of the wild-type protein, a 
final concentration of 0.15 µmol of enzyme was used. The reaction was started by 
adding enzyme to the substrate solution in a 1:10 ratio. For variant Lys314AcLys, 
the enzyme concentration was 7.6 µmol. The obtained data points were fitted 
according to the Michaelis–Menten and Hill equations.

ITC measurements for the steady-state kinetic analysis of OMP turnover 
and UMP binding. All the measurements were performed with a PEAK-ITC 
instrument (Malvern Panalytical) in 20 mM HEPES/NaOH, pH 7.4 at 25 °C  
and 750 r.p.m. stirring. OMP trisodium and UMP disodium salts were  
purchased from Sigma Aldrich (>99% purity). The protein concentration 
was determined photometrically at 280 nm using an ε280 of 18,450 M–1 cm–1. 
Steady-state kinetic analysis of OMP decarboxylation by OMPDC was 
determined following a single injection of protein (20 µM in syringe, 10 µl 
injection volume, 210 µl cell volume) into 1 mM substrate solution (0.95 µM 
protein after injection). The heat compensation was recorded for 2,700 s until 
reaction completion49. A second injection of enzyme was used to ascertain the 
complete substrate turnover. The raw data of a triplicate measurement were 
analysed using Microsoft Excel. The substrate-dependent decarboxylation rates 
were fitted in SigmaPlot 12.5 according to the Michaelis–Menten equation and 
Hill equation.

To determine the dissociation constant of OMPDC for the product UMP,  
the latter was titrated into a solution that contained 100 µM human OMPDC 
(dimer concentration) in the reaction cell in 19 subsequent injections steps of  
2 µl each. To account for the differences in the dissociation constants of the  
two monomers of the homodimer, we applied different UMP concentrations  
(1, 2 and 5 mM). All the binding experiments were carried out as triplicates.  
The raw-data files were integrated using NitPic version 1.2.750 and fitted globally 
using Sedphat version 14.0 with local protein concentration correction  
factors51,52. For analysis of the binding of the product UMP and substrate  
OMP to the OMPDC variant Asp312Asn, the following concentrations and 
parameters were used:
•	 UMP binding: 202 µM OMPDC variant Asp312Asn, 2 mM UMP, buffer 

(HEPES 0.02 M, pH 7.4); reference power ITC, 8 µcal s–1; stirring speed, 
750 r.p.m.; cell temperature, 25 °C; 19 injections of 2 µl of UMP; spacing, 120 s.

•	 OMP binding: 176 µM OMPDC variant Asp312Asn, 2 mM OMP, buffer 
(HEPES 0.02 M, pH 7.4); reference power ITC, 8 µcal s–1; stirring speed, 
750 r.p.m.; cell temperature, 25 °C; 19 injections of 2 µl of OMP; spacing, 120 s.

Data visualization of a representative titration experiment was done using the 
analysis software supplied by the instrument’s manufacturer.
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Crystallization of OMPDC. Crystals of OMPDC were grown at 20 °C using 
the hanging-drop vapour diffusion method with VDXm crystallization plates 
(Hampton Research) as detailed before45. For crystal growth, the protein was 
diluted to 5 mg ml–1 in 20 mM HEPES/NaOH, pH 7.4. To obtain crystals of the 
resting-state enzyme, the reservoir solution was composed of 100 mM Tris/HCl 
pH 8.0, 1.8–2 M (NH4)2SO4, 10 mM glutathione pH 8.0 and 5% (v/v) glycerol. The 
reservoir solution (400 µl) was applied into each well of the crystallization plate 
and 2 µl of the protein solution was mixed with the reservoir solution in a 1:1 ratio 
on a siliconized glass cover slide (Jena Analytics). Crystals appeared after ~3 days 
with a size of 100–200 µm and were either used for data collection or soaked with 
substrate analogues and transition-state analogues. Crystal-containing drops 
were supplemented with 2 µl of stabilization buffer (100 mM Tris/HCl pH 8.0, 2 M 
(NH4)2SO4, 10 mM glutathione pH 8.0, 5% (v/v) glycerol and 1 M l-proline)53. The 
substrate analogues 6-carboxamido-UMP and 6-thiocarboxamido-UMP and the 
transition state analogue 6-aza-UMP were dissolved in cryoprotection buffer that 
contained 100 mM Tris/HCl pH 8.0, 2 M (NH4)2SO4, 10 mM glutathione pH 8.0, 5% 
(v/v) glycerol, 1 M and l-proline, and diluted to a final concentration of 12.5 mM. 
OMPDC crystals were soaked in four subsequent steps of 30 min each with linearly 
increasing ligand concentrations. The crystals were then fished, flash–cooled in 
liquid nitrogen and stored until data collection.

For crystallization of the UMP product complex, OMPDC was mixed with 
UMP dissolved in 20 mM Na/HEPES pH 7.4 to obtain a f.c. of 25 mM and then 
incubated for 15 min at 20 °C. The protein solution (2 µl) was supplemented 
with reservoir solution (100 mM Tris/HCl pH 7.8, 1.6–1.8 M (NH4)2SO4, 10 mM 
freshly prepared glutathione) in a 1:1 ratio. Crystals appeared after ~3 days with 
a size of 100–200 µm. To allow further crystal growth, the crystallization plates 
were incubated for another 10 days at 20 °C. The crystal-containing droplets 
were supplemented with 2 µl of stabilization solution (100 mM Tris/HCl pH 7.8, 
1.8 M (NH4)2SO4, 25 mM UMP, 10 mM freshly prepared glutathione) before the 
crystals were directly transferred into cryoprotection solution (100 mM Tris/HCl 
pH 7.8, 1.8 M (NH4)2SO4, 25 mM UMP, 10 mM freshly prepared glutathione, 20% 
(v/v) glycerol). To crystallize the protein in a complex with the transition-state 
analogue BMP, human OMPDC was mixed with BMP previously dissolved in 
20 mM Na/HEPES pH 7.4 to a f.c. of 10 mM and incubated for 15 min at 20 °C. 
The crystallization set-up, post-crystallization treatment and cryoprotection were 
identical to the aforementioned protocol for the OMPDC:UMP complex.

To grow crystals of OMPDC variant Lys314AcLys in the resting state, a 
reservoir solution with a slightly increased ammonium sulfate concentration was 
used (100 mM Tris/HCl pH 8.0, 1.9–2.1 M (NH4)2SO4, 10 mM freshly prepared 
glutathione, 5% (v/v) glycerol). The formation of the crystals occurred over similar 
timescales to those observed for the wild-type protein. Crystals with a size of 
~100–200 µm were transferred into cryoprotection solution (100 mM Tris/HCl 
pH 8.0, 2.0 M (NH4)2SO4, 10 mM freshly prepared glutathione, 5% (v/v) glycerol, 
1 M l-proline) and incubated for 5 min. Crystals were then fished and flash-cooled 
in liquid nitrogen. For the substrate soaking experiments with crystals of OMPDC 
variant Lys314AcLys, the crystals were prepared as described above and soaked 
with an OMP solution (50 mM OMP in 100 mM Tris/HCl pH 8.0 supplemented 
with 2.0 M (NH4)2SO4, 10 mM freshly prepared glutathione, 5% (v/v) glycerol) for a 
duration of 1–30 min. Crystals were then fished and flash-cooled in liquid nitrogen.

X-ray data collection, processing and model building. Diffraction data of single 
OMPDC crystals were collected using synchrotron radiation at beamlines P14 
and P13 of DESY/EMBL at wavelengths, as detailed in Supplementary Table 1. 
Data were collected at a cryogenic temperature of 100 K using either an EIGER 
16M or PILATUS 6M detector, respectively. To minimize the radiation-induced 
damage of protein crystals, the radiation dose was determined before each 
measurement and the total radiation dose adjusted to 1 MGy. Protein crystals of 
variant Lys314AcLys in complex with substrate OMP were exposed to a total dose 
of 0.5 MGy to prevent radiation-induced decarboxylation of the enzyme-bound 
substrate. Diffraction data analysis, integration, correction, scaling, postrefinement 
and space-group assignment were carried out with the XDS program suite54. In the 
case of datasets collected for substrate-soaked crystals, data were further processed 
with the STARANISO server (http://staraniso.globalphasing.org, Global Phasing 
Limited)55. For subsequent iterative refinement cycles and model building, we 
employed REFMAC56, PHENIX.REFINE57, SHELX58 and COOT59, which yielded 
almost identical structural models with a comparable quality to that of the electron 
density maps. Ligands were refined with either relaxed (REFMAC and PHENIX.
REFINE) or no restraints (SHELX). For phasing, Protein Data Bank (PDB) entries 
2QCD and 2QCE were used for datasets refined to space groups C2221 and P21, 
respectively. The geometry of the structure was validated using MolProbity60. 
Representations of structures were prepared using PyMOL61. The Ramachandran 
statistics are detailed in Supplementary Table 1.

Quantum chemical calculations of the MEPs. The substrate OMP was truncated 
to include only the orotic acid moiety (the N1 bond to the ribose ring was cut 
and saturated with a hydrogen atom). The resulting structure was optimized with 
different structural variations to generate the original substrate (protonated), 
carbanion transition state and the product state. The level of theory used was 
B3LYP62–64 with use of the D3 empirical correction proposed by Grimme et al.65 

with Becke–Johnson (BJ) damping66. The basis set applied was def2-SVP67 and 
the calculation was carried out with the integral equation formalism polarizable 
continuum model68, with water as the solvent. The reason for this choice was the 
high polarity of the active site. However, we found that the results were not strongly 
affected by this choice. All the calculations were carried out with the Gaussian16 
RevA.03 program package69.

Dihedral potential scans. Using the same model as that applied for the calculation 
of the MEPs, the structures were reoptimized at the same level of theory with the 
ORCA 4.0.1 program package70, applying resolution of the identity approximations 
with the default auxiliary basis set71. Note that the functional form is different 
for the B3LYP model between the program packages. Both the protonated and 
deprotonated forms of the model reactant were used for constrained optimizations. 
Although the profile is given as a function of the dihedral C4–C5–C6–C7, the 
profile was more stable with the use of C2–N1–C6–C7, which avoids spurious 
bends of the orotic acid ring. Increments of 5° were used at each step and the 
results were then analysed for the default dihedral angle.

DFT QM/MM optimizations. Structure optimizations to determine the origin of 
the carboxylate moiety kink (Supplementary Fig. 2) were performed by making 
use of the crystal structure and interfacing ORCA 4.0.1 and AMBER1872 with the 
CHEMSHELL 3.5.073 QM/MM software. The orotic acid ring was included in the 
QM region, cutting the bond between N1 and the ribose ring, and saturating the 
dangling bond with a link hydrogen atom according to the standard procedure 
in CHEMSHELL73. All atoms in the system, except in the QM region, were kept 
frozen.

The MM force field for the substrate was prepared with AMBER18, 
using ff14SB74 and GAFF75,76. The acetylated Lys314 (AcK) was kept for these 
calculations, which were parametrized by adding the hydrogen atoms and 
optimizing them with Gaussian16. The optimization was performed at the 
B3LYP/def2-SVP level with the D3(BJ) correction. This optimized structure was 
employed to fit the restrained electrostatic potential charges77 at the HF/6-31G* 
level, following the standard procedure. AMBER atom types were assigned to this 
residue. In the same fashion, the force-field parameters were generated for the 
substrate OMP, but with the GAFF atom types in this case.

Potential of mean force umbrella sampling calculations. The dynamics were 
performed employing AMBER18 with ff14SB and GAFF. The acetylated Lys314 
from the crystal structure data was restored to a regular lysine residue to study the 
catalysed reaction in the wild-type context. The substrate parameters employed for 
the QM/MM phase were also used in these dynamics. The system was solvated in a 
periodic box, which extended 8 Å away from the protein, and neutralized with Na+ 
counterions. All the Arg, Lys, Asp and Glu residues were charged. The histidines 
were set as HID283, HID393, HIE237, HIE305, HIE343, HIE414 and HIP362.

A cutoff of 8 Å was employed for the non-bonded interactions, using 
particle-mesh Ewald summation with a fourth-order B-spline interpolation 
and a tolerance of 10–5. The non-bonded list was updated every 50 fs and the 
time step was set to 1 fs. The system was first minimized for 5,000 cycles, 2,000 
with the steepest descent and 3,000 with a conjugate gradient, restraining all 
the non-hydrogen atoms to their Cartesian coordinates with a force constant 
of 10 kcal mol–1 Å–2. We then minimized the system for another 5,000 cycles, 
2,000 with the steepest descent and 3,000 with a conjugate gradient, restraining 
the backbone heavy atoms to their Cartesian coordinates with a force constant 
of 10 kcal mol–1 Å–2. All the molecular mechanics molecular dynamics results 
(Supplementary Fig. 4) were obtained by carrying out production runs from  
this setup.

The QM/MM molecular dynamics simulations were carried out with the 
DFTB3 semiempirical Hamiltonian78. The QM region was defined by the orotidine 
ring, and the side chains of D312, D317, K314 and K281, which included the 
carboxylic and the amine moiety, were truncated at the following C atom. 
The reaction coordinate was defined by the C–C bond that was cleaved, and 
we employed a restraint of 350.0 kcal mol–2 for each window of the PMF. We 
started with 1.50, 1.80, 2.10, 2.40, 2.70, 3.00, 3.30, 3.60 and 3.90 Å distances, and 
minimized the system for 5,000 cycles, 2,000 with the steepest descent and 3,000 
with a conjugate gradient. We then heated the system for 200 ps, from 0 to 300 K, 
slowly increasing the temperature at equal intervals using the NVT ensemble and 
Langevin dynamics with a collision frequency of 2.0 ps–1. We then equilibrated the 
system for another 200 ps in the NPT ensemble at 300 K with isotropic position 
scaling and a relaxation time of 1.0 ps. The production phase was then performed 
at the same ensemble, with the same parameters for 2 ns. The weighted histogram 
analysis method79 was then applied to obtain the potential of the mean force  
(Fig. 2d).

The last structure from the performed windows was used as the starting 
point for the following ones, incrementing the C–C distance by 0.05 Å. We first 
minimized the system for 5,000 cycles, 2,000 with the steepest descent and 3,000 
with a conjugate gradient. Each window was then equilibrated for another 200 ps 
in the NPT ensemble at 300 K and with isotropic position scaling and a relaxation 
time of 1.0 ps. The production phases were performed at the same ensemble, with 
the same parameters as those for 2 ns.
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Synthesis of substrate, substrate analogues and transition-state analogues. 
The protocols for the chemical synthesis of the substrate, substrate analogues and 
transition-state analogues are provided in the Supplementary Methods.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The refined structural protein models and corresponding structure-factor 
amplitudes are deposited under PDB accession codes 7OUZ (wild-type, BMP, 
crystal 1), 7OTU (wild-type, BMP, crystal 2), 6ZWY (wild-type, UMP, crystal 1), 
7ASQ (wild-type, UMP, crystal 2), 6ZX1 (wild-type, aza-UMP), 7OV0 (wild-type, 
resting state), 6ZX2 (carboxamido-UMP), 6ZX3 (thiocarboxamido-UMP), 6ZWZ 
(variant K314AcK, resting state), 6YWU (variant K314AcK, UMP), 6YVK (variant 
K314AcK, 2 min soaking with OMP, 0.71 MGy dose), 6YVL (variant K314AcK, 
2 min soaking with OMP, 1.42 MGy dose), 6YVM (variant K314AcK, 2 min 
soaking with OMP, 2.13 MGy dose), 6YVN (variant K314AcK, 2 min soaking 
with OMP, 2.84 MGy dose), 6YVO (variant K314AcK, 2 min soaking with OMP, 
3.55 MGy dose), 6YWT (variant K314AcK, BMP), 7OQF (variant K314AcK, 
5 min soaking with OMP), 7OQI (variant K314AcK, 10 min soaking with OMP), 
7OQK (variant K314AcK, 15 min soaking with OMP), 7OQM (variant K314AcK, 
20 min soaking with OMP), 7OQN (variant K314AcK, 30 min soaking with 
OMP), 7AM9 (variant K314AcK, 2 min soaking with OMP, merged dataset), 6ZX0 
(variant K314AcK, OMP), 7Q1H (variant D312N, 2 min soaking with OMP) 
(Supplementary Table 1). The results of the quantum chemical calculations have 
been deposited in the GRO.data repository at https://doi.org/10.25625/6OOHE5. 
All other data are available on request.
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Extended Data Fig. 1 | Suggested mechanisms of OMPDC-catalysed decarboxylation of OMP. Suggested mechanisms of OMPDC-catalysed 
decarboxylation of OMP. (a) protonation at 2-oxo, (b) attack of a nucleophile at C5, (c) protonation at 4-oxo, (d) electrophilic displacement, 
(e) protonation at C5. Scheme adapted from3. The currently accepted mechanism invoking a combination of transition-state stabilisation and 
ground-state destabilisation is shown in Fig. 1a of the main manuscript. Abbreviations: OMPDC, orotidine-5’-monophosphate decarboxylase; OMP, 
orotidine-5’-monophosphate.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Structure of human OMPDC variant Lys314Ac-Lys in complex with product UMP at a resolution of 1.10 Å. Structure of human 
OMPDC variant Lys314Ac-Lys in complex with product UMP at a resolution of 1.10 Å. (a) Structure of the active site showing the bound product and 
interacting protein groups. UMP and mutated residue AcLys314 are highlighted in yellow color. The structural model is superposed with the corresponding 
2mF-DFc electron density map at a contour level of 4σ (UMP: blue, protein residues: grey). H-bonding interactions are indicated. (b) Superposition of the 
active sites of human OMPDC wild-type in complex with UMP (green, this study) with variant Lys314AcLys (yellow). Shown are the bound product UMP 
and interacting protein groups. Note the conserved binding mode of the product and interactions with protein groups except for a flip of the Cδ-Cε bond 
of the Lys side-chain in the variant. (c) Superposition of the backbone of human OMPDC wild-type in complex with UMP (green, this study) with variant 
Lys314AcLys (yellow). The RMSD of the Cα carbons amounts to 0.15 Å. Crystallographic statistics are provided in Supplementary Table 1. Abbreviations: 
OMPDC, orotidine-5’-monophosphate decarboxylase; OMP, orotidine-5’-monophosphate; UMP, uridine-5’-monophosphate; RMSD, root mean square 
deviation.
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Extended Data Fig. 3 | Structures of human OMPDC wild-type in complex with substrate analogs. Structures of human OMPDC wild-type in complex 
with substrate analogs. (a) Structure of human OMPDC in complex with substrate analog 6-thio-carboxyamido-UMP showing the active site with the 
bound analog and interacting protein groups. The structural model of the analog is super-posed with the corresponding 2mFo-DFc electron density map 
at a contour level of 3.3σ. Hydrogen-bonding interactions are indicated. Note the H-bond interaction between the N7 atom of the analog with Asp312 
similar to the genuine substrate (see Fig. 2a of the main manuscript). (b) Physical distortion of the C6-C7 bond of the analog relative to the base ring 
plane shown in grey and tilt of the thio-carboxamido plane relative to the base ring plane shown in grey. (c) Structure of human OMPDC in complex with 
substrate analog 6-carboxyamido-UMP showing the active site with the bound analog and interacting protein groups. The structural model of the analog 
is superposed with the corresponding 2mFo-DFc electron density map at a contour level of 3σ. Hydrogen-bonding interactions are indicated. Note the 
H-bond interaction between the N7 atom of the analog with Asp312 similar to the genuine substrate (see Fig. 2a of the main manuscript). (d) Physical 
distortion of the C6-C7 bond of the analog relative to the base ring plane shown in grey and tilt of the carboxamido plane relative to the base ring plane 
shown in grey. Crystallographic statistics are provided in Supplementary Table 1. Abbreviations: OMPDC, orotidine-5’-monophosphate decarboxylase.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Dose-dependent structure analysis of human OMPDC in complex with substrate OMP. Dose-dependent structure analysis 
of human OMPDC in complex with substrate OMP. Datasets of crystals of OMPDC variant Lys31AcLys soaked with OMP for 2 min were collected at 
beamline P14 at DESY/EMBL Hamburg depositing calibrated doses as indicated. The refined structural models of bound substrate and interacting residue 
Asp312 are shown for both active sites of the homodimer. The structural models are superposed with the corresponding 2mFo-DFc electron density maps 
at a contour level of 1σ. No evidence for a radiation-induced decarboxylation of either the substrate or side chain of Asp312 was obtained. Refinements 
were carried out in space group P21 (containing a functional homodimer in the asymmetric unit) for all datasets. Crystallographic statistics are provided in 
Supplementary Table 1. Abbreviations: OMPDC, orotidine-5’-monophosphate decarboxylase; OMP, orotidine-5’-monophosphate.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Time-resolved structural snapshots of OMPDC-catalysed conversion of substrate OMP into product UMP. Time-resolved 
structural snapshots of OMPDC-catalysed conversion of substrate OMP into product UMP. Crystals of human OMPDC variant Lys314AcLys were 
soaked with substrate OMP for different reaction times as indicated ranging from 2–30 min at 6 °C. The refined structural models of bound substrate 
and interacting residue Asp312 are shown for both active sites of the homodimer. The structural models are superposed with the corresponding 2mFo-
DFc electron density maps at a contour level of 1σ (in blue). The refined occupancies of substrate OMP are shown. The difference electron density 
relative to the dataset obtained at 2 min is shown for all later datasets at a contour level of 3σ in red colour indicating the progressive decarboxylation of 
substrate OMP over time. Refinements were carried out in space group P21 (containing a functional homodimer in the asymmetric unit) for all datasets. 
Crystallographic statistics are provided in Supplementary Table 1. Abbreviations: OMPDC, orotidine-5’-monophosphate decarboxylase; OMP, orotidine-5’-
monophosphate; UMP, uridine-5’-monophosphate.
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Extended Data Fig. 6 | Detection of cooperativity in human OMPDC catalysis. Detection of cooperativity in human OMPDC catalysis. (a) Steady-state 
kinetic analysis of OMPDC-catalysed conversion of OMP into UMP by isothermal titration calorimetry showing the raw data thermogram after a single 
injection of 0.2 mM OMP to a solution containing 1 µM OMPDC in 20 mM HEPES/NaOH, pH 7.4 at 25 °C and the therefrom calculated v_S plot. The data 
were fitted with the Hill equation (fit shown in red). Note the estimated Hill coefficient of nH = 2.0 that indicates positive cooperativity between the two 
active sites in the homodimeric enzyme. All measurements were carried out in triplicate and are shown as mean ± s.d. (b) Thermodynamic analysis of 
binding of product UMP to human OMPDC using isothermal titration calorimetry showing the raw data thermogram and the integrated heats. The data 
were fit with a two-site binding model as detailed in the methods section (fit shown in red). The observation of two binding sites suggests a negative 
cooperativity between the two active sites in the homodimeric enzyme. All experiments were carried out as triplicates with almost identical results. 
The fitted kinetic and thermodynamic constants along with the associated calculated standard deviation are shown for a representative experiment. (c) 
Putative communication wires in human OMPCase that link the two remote active sites of the homodimer. Shown is the structure of human OMPDC 
variant Lys314AcLys in complex with substrate OMP highlighting the two active sites with the bound substrate molecules and two potential signaling 
pathways involving Asp317*-W1-W2-W3-W4-W5-Asp317 and/or His283-Glu311-Asp285 from both subunits and several water molecules. Abbreviations: 
OMPDC, orotidine-5’-monophosphate decarboxylase; OMP, orotidine-5’-monophosphate; UMP, uridine-5’-monophosphate.
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Extended Data Fig. 7 | Structure of human OMPDC in complex with transition-state analog BMP. Structure of human OMPDC in complex with 
transition-state analog BMP. Close-up of the active site showing the local interactions of residue Asp317’. The structural model is superposed with the 
corresponding 2mFo-DFc electron density map (blue, contour level 5.3σ). Peaks in the H-omit mFo-DFc difference electron density map (magenta, contour 
level 3σ) indicate the positions of hydrogen atoms of the analog and interacting protein groups. The structural data suggest that the side chain Asp317’ 
is ionized and interacts with Lys314 (-NH3

+), the backbone amide of Ile318’ and the 2’-OH group of BMP. Crystallographic statistics are provided in 
Supplementary Table 1. Abbreviations: OMPDC, orotidine-5’-monophosphate decarboxylase; BMP, 6-hydroxy-UMP.
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Extended Data Fig. 8 | Structure of human OMPDC in complex with transition-state analog 6-aza-UMP. Structure of human OMPDC in complex 
with transition-state analog 6-aza-UMP. (a) Close-up of the active site showing the bound analog, interacting protein groups and water molecules 
(W). Hydrogen bonds and the bond lengths of the C2-O2 and C4-O4 bonds are indicated. Note the syn-conformation of the base that places the 2-oxo 
group into the vicinity of the catalytic tetrad rather than Gln430 as observed for all other ligands, which bind in the anti-conformation (see panel b). The 
structural models are superposed with the corresponding 2mFo-DFc electron density maps at a contour level of 5.3σ (in blue). Crystallographic statistics 
are provided in Supplementary Table 1. (b) Structural superposition of OMPDC in complex with 6-aza-UMP (in yellow) and UMP (in grey) showing 
the active site including the bound ligand and selected active site residues. Note the different orientation of the the 2-oxo function for both ligands. 
Abbreviations: OMPDC, orotidine-5’-monophosphate decarboxylase; UMP, uridine-5’-monophosphate.
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Extended Data Fig. 9 | Functional and structural analysis of human OMPDC variant Asp312Asn. Functional and structural analysis of human OMPDC 
variant Asp312Asn. The variant exhibits no measurable enzymatic activity for conversion of OMP. (a) Thermodynamic analysis of binding of product UMP 
to variant Asp312Asn using isothermal titration calorimetry showing the raw data thermogram and the integrated heats (inset). The data were fit with a 
1:1 binding model and yielded a dissociation constant of KD

app = 49 ± 6 µM and a stoichiometry N of 0.59 ± 0.01 indicative for half-of-the-sites reactivity. 
(b) Thermodynamic analysis of binding of substrate OMP to variant Asp312Asn using isothermal titration calorimetry showing the raw date thermogram 
and the integrated heats (inset). The data were fit with a two-sites binding model and yielded dissociation constants of KD

1 = 0.58 ± 0.56 µM KD
2 = 0.19 ± 

0.09 µM indicative for positive cooperativity. (c) Structure of variant Asp312Asn in complex with substrate showing the active site with bound OMP and 
interacting residues. The structural model of OMP is superposed with the 2mFo-DFc electron density map (in blue) at a contour level of 2σ. Hydogen-bond 
interactions of OMP with active-site residues and relative occupancies for residues with alternative conformations are indicated. Note that the 
carboxylate portion of OMP is interacting with both Lys281 as well as Lys314 forming a stable (anticatalytic) enzyme: substrate complex as shown in the 
accompanying scheme. All experiments were carried out as triplicates with almost identical results. The fitted kinetic and thermodynamic constants along 
with the associated calculated standard deviation are shown for a representative experiment. Crystallographic statistics are provided in Supplementary 
Table 1. Abbreviations: OMPDC, orotidine-5’-monophosphate decarboxylase; OMP, orotidine-5’-monophosphate; UMP, uridine-5’-monophosphate.
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