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SUMMARY

The interactions between proteins and biological
membranes are important for drug development,
but remain notoriously refractory to structural
investigation. We combine non-denaturing mass
spectrometry (MS) with molecular dynamics (MD)
simulations to unravel the connections among co-
factor, lipid, and inhibitor binding in the peripheral
membrane protein dihydroorotate dehydrogenase
(DHODH), a key anticancer target. Interrogation of
intact DHODH complexes by MS reveals that
phospholipids bind via their charged head groups
at a limited number of sites, while binding of the in-
hibitor brequinar involves simultaneous association
with detergent molecules. MD simulations show
that lipids support flexible segments in the mem-
brane-binding domain and position the inhibitor
and electron acceptor-binding site away from
the membrane surface, similar to the electron
acceptor-binding site in respiratory chain complex
. By complementing MS with MD simulations, we
demonstrate how a peripheral membrane protein
uses lipids to modulate its structure in a similar
manner as integral membrane proteins.

INTRODUCTION

Membrane-associated proteins constitute up to 30% of the
human proteome and include several important drug targets
(Hopkins and Groom, 2002; Krogh et al., 2001). Yet the highly
amphipathic nature of these proteins and their dependence on
lipid interactions continue to limit structural investigations.

aaaaaa

It has recently been established that non-denaturing nano-elec-
trospray ionization mass spectrometry (NnESI-MS) is well suited
to study integral membrane protein complexes (Konijnenberg
et al., 2015; Landreh and Robinson, 2015). Here, the protein is
ionized while embedded in a protective detergent micelle that
is subsequently removed by collisional activation to release the
intact complex for MS analysis (Barrera et al., 2008). The
approach has been successfully applied to yield pioneering
insights into the structural arrangements of membrane protein
complexes (Wang et al., 2010; Zhou et al., 2011, 2014), as well
as the effects of lipids on conformational stability, oligomeriza-
tion, and drug binding in membrane-embedded transporters,
receptors, and proteases (Bechara et al., 2015; Gupta et al,,
2017; Konijnenberg et al., 2014; Laganowsky et al., 2014;
Marcoux et al., 2013). It can furthermore provide constraints
for computational methods to yield high-resolution models of
complex architectures (Politis and Schmidt, 2017).

The corresponding interactions with lipids are far less well un-
derstood in peripheral membrane proteins, which are only
partially inserted into the bilayer. Despite being largely hydrophil-
ic, their biological functions require association with lipids, and
therefore pose similar challenges for structural investigation as
integral membrane proteins (Hurley, 2006). Several methods
have been applied successfully to investigate membrane-bind-
ing proteins, such as hydrogen/deuterium exchange MS, which
can localize association sites and topology, electron spin reso-
nance, which reports on changes in the membrane organization,
and molecular dynamics (MD) simulations, which predict molec-
ular determinants of membrane binding (Vadas et al., 2017;
Whited and Johs, 2015).

The functions of peripheral membrane proteins are often
determined by a complex interplay between lipid and ligand
interactions, and structural dynamics. A well-known example is
the mitochondrial enzyme dihydroorotate dehydrogenase
(DHODH), which catalyses the oxidation of dihydroorotate to
orotate during de novo cellular pyrimidine synthesis and is the
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focus of treatment strategies against malaria, autoimmune
diseases, and cancer (Munier-Lehmann et al., 2013; Sykes
et al., 2016). Membrane association occurs via the N-terminal re-
gion, which contains a mitochondrial signal sequence, a putative
transmembrane (TM) helix, and two amphipathic helices. The
role of the TM helix is unclear as it does not affect enzymatic
activity in vitro and does not appear to be crucial for membrane
association in vivo (Liu et al., 2000; Norager et al., 2002; Rawls
et al., 2000). The amphipathic region (residues 31-68 of the
full-length protein) constitutes the membrane-binding domain
that facilitates the transfer of two electrons from the soluble
substrate dihydroorotate via the endogenous co-factor flavin
mononucleotide (FMN) to the membrane-bound acceptor
ubiquinone-10 (Q10). Consequently, targeted occupation of
the putative coenzyme Q10 binding site in the membrane-bind-
ing domain has emerged as a viable strategy to inhibit DHODH
activity (Malmquist et al., 2007; Walse et al., 2008). Although
the protein is dependent on membrane interactions in vivo, the
role of lipids has so far been elusive (Norager et al., 2002).
Here, we show that using the non-denaturing MS strategy devel-
oped for integral membrane proteins, we are able to detect intact
complexes of DHODH with FMN, phospholipids, and an inhibi-
tor. Integration of the insights from MS with MD simulations
and crystallographic evidence reveals that phospholipid binding
mediates the stabilization of the Q10 binding channel and the
correct positioning of the enzyme on the membrane. This study
shows that the combination of non-denaturing MS and MD
provides insights into the dynamic nature of peripheral mem-
brane proteins, revealing characteristics of both soluble and
membrane protein complexes.

RESULTS AND DISCUSSION

Non-denaturing MS Captures Intact DHODH Complexes
Human DHODH in vivo is permanently membrane-associated via
its membrane-binding domain and a TM helix. In this study, we
used a truncated protein lacking the 30 N-terminal residues that
constitute the membrane-binding domain and a short linker region,
which exhibits the same enzymatic activity in vitro as the full-length
protein and still requires detergent for solubilization, indicating that
it retains membrane association (Liu et al., 2000; Norager et al.,
2002; Rawls et al., 2000). We therefore hypothesized that the
MS strategy employed for integral membrane proteins may be
equally suited for DHODH. nESI was performed directly from
ammonium acetate-buffered protein solutions containing 2x
critical micelle concentration of the detergent lauryldimethylamine
N-oxide (LDAQ), in order to use detergent micelles to protect the
protein during transfer to the gas phase (Barrera et al., 2008).
Using gentle MS conditions commonly employed for soluble
protein complexes, we observed a series of low-intensity peaks
corresponding in mass to apo-DHODH with a broad charge state
distribution ranging from approximately 25+ to 10+, indicative of
unfolding during transfer to the gas phase (Figure 1A). However,
after isolation of the high mass region and moderate collisional
activation (see STAR Methods), we detected a major population
of DHODH with an additional mass of 455 Da, in good agreement
with binding of one FMN molecule per protein (Figure 1B). A
comparison of the average charge states of holo- and apo-
DHODH revealed that FMN binding is observed exclusively for
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low charge states associated with compact conformations,
based on empirical charge state predictions for native-like pro-
tein ions (Figure S1) (Bush et al., 2010; Hall and Robinson,
2012; Kaltashov and Mohimen, 2005). Circular dichroism (CD)
spectroscopy shows that DHODH remains folded under the
solvent conditions used for nESI-MS (Figure S1). To elucidate
the relationship between FMN binding and the protein’s folding
state in the gas phase, we measured the collision cross
section (CCS) using ion mobility (IM-) MS. The data show that
holo-DHODH retains a compact conformation with a CCS of
2,930-3,000 A2, close the value of 2,800 A2 expected for the
native protein, while apo-DHODH appears to be fully unfolded
(Figure S1). We conclude that we are able to preserve compactly
folded DHODH with intact co-factor interactions in the gas
phase, which may reflect a global stabilizing effect of FMN
binding (Beveridge et al., 2016).

Importantly, we find that the intact DHODH-FMN complexes
are released from detergent clusters in a similar manner as inte-
gral membrane proteins (Figure 1C). However, the low activation
energy required and the presence of detergent-free, unfolded
protein suggest that the association with detergent micelles is
less stable for DHODH than for integral membrane proteins, in
line with its predicted peripheral membrane association (Hanson
et al., 2003; llag et al., 2004; Landreh et al., 2017). Taken
together, our findings show that non-denaturing MS is a suitable
tool to probe non-covalent interactions of peripheral membrane
proteins. We are therefore able to study the broad range of dy-
namic interactions previously elucidated for integral membrane
proteins and soluble protein complexes (Lossl et al., 2016).

DHODH Binds Charged Phospholipid Head Groups

Since DHODH in vivo is permanently membrane-associated, we
speculated that mitochondrial lipids may be of importance for its
biological function. We performed DHODH activity assays either
in detergent alone or supplemented with any of the three major
human mitochondrial lipids phosphatidyl ethanolamine (PE),
phosphatidyl choline (PC), and cardiolipin (CDL). Monitoring
the reduction of the soluble electron acceptor benzoquinone
showed that all three lipids increased the reaction rate (Vimax)
by 30%-60% relative to the detergent-solubilized protein. Since
all three lipids caused a similar increase in activity, the effect is
unlikely to be mediated by specific lipid recognition in DHODH
(Figure S2).

Having established that we can detect intact DHODH com-
plexes in the gas phase, we used MS to investigate the interac-
tions between DHODH and phospholipids in detail (Figure 2A).
nESI-MS spectra recorded in the presence of any of the three
lipids show additional peaks indicating the formation of protein-
lipid complexes. For CDL and PE, these were readily detected
at a protein to lipid ratio of 1:4. Interactions with PC, on the other
hand, resulted in fewer lipid adducts that could only be detected
at higher lipid concentrations (Figure 2B). Since the lipids chosen
for analysis have identical acyl chains, the different extent to
which their association is preserved after desolvation can be
attributed to differences in head group interactions. For PC, for
which only minor adducts are detected, hindrance from the
tertiary amine may negatively affect favorable electrostatic
head group interactions. CDL, for which strong adduct peaks
are observed, contains two negatively charged phosphates that



A
1000 2000 3000 4000
m/'z
Isolation
Collisional activation
B
42866 Da
+ FMN 13+
42411 Da
- FMN
Da
42000 44000
GEEN RLEd ERLY LAY RAZ LR B
1000 2000 3000 4000

Figure 1. Non-denaturing MS of DHODH Complexes

Detergent-bound
DHODH

+ Ligand

i Detergent
dissociation

Intact complexes

Holo
/\ /\ Ligand bound
Mass -

(A) The nESI-MS spectrum of the full m/z range shows peaks corresponding to apo-DHODH with a broad charge state distribution.

(B) Collisional activation and isolation of the region between m/z 2,700 and 3,300 (shown in gray in A) reveals two series of well-resolved protein signals
corresponding to apo-DHODH as well as DHODH bound to the FMN co-factor. The deconvolved zero-charge spectrum is shown as an insert.

(C) The MS strategy for integral membrane proteins facilitates the analysis of intact DHODH complexes. Release of the desolvated protein from detergent by
collisional activation preserves interactions with the FMN co-factor as well as exogenous ligands.

See also Figure S1.

may easily form hydrogen-bonding interactions with DHODH.
The observed preference for anionic head groups suggests that
the protein-lipid complexes are held together by charge interac-
tions in the gas phase. To further characterize the interaction,
we recorded mass spectra of the protein in the presence of
increasing concentrations of PE, the most abundant of the
three mitochondrial lipids. Interestingly, a maximum of three lipid
adducts could be observed even at a 20-fold excess of PE over
DHODH, and the protein-lipid complex peaks remained at lower
intensities than the peaks corresponding to the lipid-free protein
(Figure 2C). The limited lipid binding indicates that the protein
makes little contact with the detergent-solubilized lipids. As a
result, only a few lipid molecules remain attached to the
protein after detergent release, in contrast to integral membrane
proteins, which bind and retain a large number of lipid adducts
(Hanson et al., 2003; Laganowsky et al., 2014; Landreh et al,,
2017). We conclude that DHODH associates only superficially
with membrane lipids, consistent with binding to the mem-
brane-associated region. To test this hypothesis, we measured
the effect of lipids on the thermal stability of detergent-solubilized
DHODH. All three lipids induced only a very minor shift in melting
temperature (Figure S2). The fact that lipids do not provide
stabilization against global unfolding of the protein is compatible
with a peripheral association.

Next we asked whether ligand binding to DHODH can be
disrupted by chemical destabilization. This was achieved
by adding small amounts of dimethyl sulfoxide (DMSO), which
is enriched 3-5 times in the electrospray droplets during
desolvation due to its high boiling point (189°C), distorting pro-
tein structure and ligand interactions (Cubrilovic and Zenobi,
20183; Sterling et al., 2011). Accordingly, low DMSO concentra-
tions (<6%) showed no significant effect on the integrity of the
native complex in solution, as judged by FMN fluorescence
(Figure S2). When subjected to nESI-MS in the presence of
>1% DMSO, however, DHODH exhibited progressive loss of
FMN (Figure S2). Complexes between DHODH and PE, on the
other hand, could still be detected in the presence of 6%
DMSO, suggesting that they are less sensitive to destabilization
(Figure 2D). In summary, we find that all major mitochondrial
lipid species bind to peripheral regions of DHODH. The stability
of the resulting complexes in MS is governed predominantly by
head group interactions with only a few additional contacts with
the protein.

Ligands Stabilize the Membrane-Binding Domain

Next, we used MS to probe the interactions between DHODH
and the potent inhibitor brequinar, a promising agent for the
treatment of acute myeloid leukemia (Rawls et al., 2000). Direct
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Figure 2. DHODH Exhibits Limited Binding of Mitochondrial Phospholipids
(A) Structures of the detergent LDAO and the three major phospholipid species in the human mitochondrial membrane.
(B) nESI-MS shows that binding of PC, PE, and CDL, can be preserved in the gas phase. CDL exhibits the most stable association with DHODH, while

PC interactions are not well retained.

(C) Mass spectra of DHODH in the presence of increasing amounts of PE reveal a maximum number of lipid adducts for both apo- and holo-DHODH. Above a
20-fold excess (180 pM) of PE over DHODH, a maximum of three lipids are bound per protein.

(D) The DHODH-lipid complexes are less sensitive to DMSO-induced dissociation than the DHODH-FMN complexes (indicated by blue arrows). Spectra
recorded without and with DMSO are normalized to the 14+ charge state of holo- and apo-DHODH, respectively.

See also Figure S2.

addition of equimolar amounts of brequinar to the protein led to
the appearance of peaks that could be assigned to protein-inhib-
itor complexes (Figure 3A). Interestingly, these complexes addi-
tionally retained up to three LDAO molecules. For apo-DHODH,
which is likely unfolded according to the IMMS data (Figure S1),
only minor peaks corresponding to protein-ligand complexes
could be observed. Brequinar adducts could easily be dissoci-
ated by low levels of collisional activation, suggesting that the
underlying interactions are much more easily disrupted in the
gas phase than complexes with lipids, which require higher colli-
sional activation for detection.

High-resolution crystal structures of DHODH with a brequinar
analogue show that the inhibitor inserts between the two helices
that form the membrane-binding domain (Liu et al., 2000).
Interestingly, the resulting complexes additionally contain an
LDAO molecule co-inserted into the membrane-binding domain,
acting as a “plug” for the inhibitor-binding site (Figure 3B). In the
absence of bound inhibitors, this region is marked by high crys-
tallographic B factors, indicating considerable structural hetero-
geneity that is reduced in the presence of inhibitors and LDAO
(Figure 3C) (Liu et al., 2000; Walse et al., 2008). We therefore
asked whether the structural heterogeneity apparent in the crys-
tal structure translates to conformational flexibility in solution.

312 Cell Chemical Biology 25, 309-317, March 15, 2018

To address this question, we performed all-atom MD simulations
of solvated ligand-free DHODH in the absence of lipids and
detergents. Mapping the structural deviations of the protein
backbone between the equilibrated starting structure and the
simulation endpoint shows that the membrane-binding domain
retains its helical fold but exhibits a considerable degree of
conformational freedom that is reflective of the crystallographic
B factors (Figure 3D).

Interestingly, we also found a second highly flexible region in
the ligand-free protein, the loop between residues 214 and
226, which in the crystal structure is well-structured in the pres-
ence of orotate (Figure S3). It appears likely that this segment
can move aside to provide access to the dihydroorotate binding
site. Since the rest of the protein exhibited remarkably little
conformational change, the MD data demonstrate that the pro-
tein contains a membrane- and a substrate-binding site that is
flexible in solution and can undergo ligand-mediated stabiliza-
tion. Although we can only speculate whether LDAO and brequi-
nar occupy the same sites in the desolvated DHODH complex
as in the static high-resolution structure, the insights from
crystallography and MD simulations are in agreement with the
MS results, which suggest concomitant retention of the inhibitor
and detergent molecules in the gas phase.



A B

+ Brequinar
Holo DHODH + Brequinar + 1 LDAO

+ Brequinar + 2 LDAO

Apo DHODH /+ Brequinar + 3 LDAO

Zero-charge
mass spectrum

Ligand-bound crystal structure

Brequinar

*
*
*
Membrane-binding domain LDAO
41000 42000 43000 44000 45000 )
Da C Ligand-free crystal structure D MD simulations
14+
2750 3000 .., 3250 3500 Average B-factor (A?) 0 [_I50 Backbone RMSD (A) OB 5

Figure 3. Effects of Ligand Interactions on the Flexible Membrane-Binding Domain
(A) nESI-MS of DHODH in the presence of brequinar shows a series of adduct peaks for holo-DHODH corresponding to one bound brequinar molecule, as well as
one brequinar and one, two, or three LDAO molecules. The deconvolved zero-charge spectrum is shown above the corresponding mass spectrum. One and two
asterisks indicate peaks corresponding to apo-DHODH with LDAO and brequinar, respectively.
(B) The crystal structure of human DHODH with a brequinar analogue (PDB: 1D3G) shows binding of the inhibitor and an LDAO molecule in the hydrophobic

channel leading to the FMN co-factor.

(C) Comparison with ligand-free DHODH (PDB: 2PRM) and in complex with brequinar and LDAO (PDB: 1D3G) rendered according to the average B factor show
that binding of brequinar and LDAO significantly reduces the conformational flexibility of the membrane-binding domain.

(D) MD simulations of ligand-free truncated DHODH in solution confirm the conformational flexibility of the membrane-binding domain. The protein is rendered
according to the RMSDs between the equilibrated starting structure and the end structure after 200 ns all-atom MD simulations.

See also Figure S3.

MD Simulations Reveal Molecular Determinants of Lipid
Binding

Since DHODH in vivo is associated with the mitochondrial mem-
brane, we asked whether the conformational flexibility of the
membrane-binding domain may be specifically adapted to its
native lipid environment. To better understand the impact of lipid
binding on the protein structure, we performed all-atom MD sim-
ulations of the truncated as well as the full-length protein associ-
ated with a model PE bilayer. First, we determined the preferred
positioning of membrane-associated DHODH. To achieve this,
we performed MD simulations in which the protein was pulled to-
ward the center of the bilayer while monitoring the opposing
force. Interestingly, once the N-terminal amphipathic helices
(residues 35-51 and 52-67) that constitute the membrane-bind-
ing domain (Figure 4A) were inserted up to the lipid head groups,
the force was found to increase in a nearly linear fashion. The
finding that even shallow insertion is energetically unfavorable
is in good agreement with the superficial detergent and lipid as-
sociation inferred from MS (Figure S4). We then performed MD

simulations of the protein with and without the N-terminal trans-
membrane helix attached (see STAR Methods). In all cases, we
found that the soluble domain forms additional contacts with
the membrane by extending the side chains of the surface resi-
due K167, and intermittently also R162, toward the lipid head
groups (Figure 4B). This is surprising, as the resulting orientation
partially lifts the amphipathic helices off the membrane surface.
All three trajectories of the full-length protein, as well as two
trajectories of the truncated protein, converged toward similar
orientations (Figure S4). In the equilibrated system, the struc-
tures of the TM helix and the soluble domain were independently
oriented, suggesting that the TM helix does not have a pro-
nounced effect on the fold of the soluble domain (Figure S4). In
one trajectory, the truncated protein formed much more exten-
sive contacts with the membrane, leading to the complete
detachment of the membrane-binding domain from the bilayer
(Figure S4). Therefore, the TM helix may help to safeguard the
enzyme from getting trapped in such unfavorable orientations
by providing extra anchorage to the membrane bilayer.

Cell Chemical Biology 25, 309-317, March 15,2018 313
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Figure 4. Membrane Interactions Shape the Q10 Binding Site

(A) The N-terminal segment of truncated DHODH contains two amphipathic helices. Hydrophobic residues are shown in green, basic residues in contact with
the membrane are labeled in blue.

(B) All-atom MD of full-length DHODH on a PE bilayer shows association of charged residues with the lipid head groups, partially lifting the membrane-binding
domain (blue) off the membrane surface. Here, a partial Q10 molecule has been modeled into the binding site.

(C) The close clustering of the charged residues limits the number of simultaneously bound PE molecules. Phosphate head groups within 3 Aofthe protein surface
after 200 ns simulations are rendered as spheres and basic residues as sticks.

(D) Membrane association reduces conformational fluctuations in the membrane-binding domain. The protein is rendered according to the RMSDs between
the equilibrated starting structure and the end structure after 200 ns.

(E) In the membrane-bound protein, the Q10 binding site forms a narrow reaction chamber that extends away from the membrane and is sealed by the

hydrophobic tail (shown as sticks). The dashed line indicates the membrane surface.
(F) In this model, Q10 is coordinated by the strictly conserved residues R136 and Y356.

See also Figure S4.

The MD trajectories also provide detailed insights into the
structural impact of DHODH-lipid interactions. Examination of
membrane-bound DHODH over the course of the simulations
(200 ns) reveals that the protein associates with only 3-6 lipid
molecules at a time (Figure 4C). The interaction sites correlate
with a patch of basic residues on the N-terminal end of helix 1
and at the C-terminal end of helix 2, as well as K167 on the sol-
uble domain. Lipids are bound via salt bridges between their
negatively charged phosphate moieties and the positively
charged side chains without further protein-lipid contacts, in
line with what we inferred from the MS experiments. Considering
that these interactions suffice to position the protein, changes in
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local membrane composition may therefore alter the orientation
of the enzyme, potentially providing a regulatory mechanism
as described for other peripheral membrane proteins (Li and
Buck, 2017). We also note that the closely clustered charged res-
idues push apart neighboring head groups, giving rise to minor
defects in the membrane surface. Together, these observations
potentially provide the molecular basis for a lipid-operated
“gate” in the membrane-binding region (Basso et al., 2016).
We also compared the structural changes of the membrane-
binding domain by calculating the backbone root-mean-square
deviation (RMSD) values between the start and the end configu-
ration of the simulations and found that the protein exhibited



reduced conformational flexibility around the lipid-binding
sites compared with the lipid-free protein (Figures 3C and 3D).
Therefore, membrane interactions likely stabilize the mem-
brane-binding domain, comparable with the effect of brequinar
and detergent binding.

Membrane Association Shapes the Q10 Binding Site
Since the membrane-binding domain also constitutes the
binding sites for inhibitors and the electron acceptor coenzyme
Q10, we speculated that lipid interactions may be of importance
for shaping the binding site configuration of DHODH in vivo.
However, no high-resolution structure providing insights
into the Q10-DHODH interaction has been reported to date.
We therefore modeled the benzoquinol head group and the first
four isoprenoid units of Q10 into the structure of the membrane-
bound full-length protein based on the coordination observed in
the crystal structure of DHODH with 3-amido-5-biphenyl-ben-
zoic acid (PDB: 2B0M) (Figures 4E and S6). In this orientation,
the Q10 head group is coordinated by hydrogen bonding with
the strictly conserved residues R136 and Y356 (Figure 4F).
Notably, mutation of R136 to cysteine gives rise to familial
DHODH deficiency in Miller Syndrome (Fang et al., 2012). The
hydrophobic tail of Q10 folds into the channel occupied by the
LDAO molecule in the crystal structure and reaches through
the lipid-binding site down into the membrane (Figures 4D, 4E,
and S6). Since the entire Q10 molecule is too long to be accom-
modated inside the protein, the associated membrane lipids
should be considered part of the substrate-binding site. There-
fore, the development of inhibitors that additionally engage in
lipid interactions may represent a promising approach to target
DHODH in vivo.

Our model of the membrane-bound full-length DHODH com-
plex reveals some surprising features of its likely architecture.
In the preferred orientation of the lipid-bound protein, the
binding channel extends away from the membrane, placing
the Q10 head group between 10 and 20 A above its surface
(Figures 4B and S6). Strikingly, a similar Q10 binding site archi-
tecture is conserved from bacteria to humans in respiratory
complex |, with an active site tyrosine located approximately
15-25 A above the membrane (Angerer et al., 2012; Baradaran
et al., 2013; Zhu et al., 2016). Here, Q10 also binds in an
extended conformation so that its hydrophobic tail acts as a
seal to prevent water and oxygen molecules from entering
the active site and interfering with Q10 reduction. We specu-
late that the comparable layout of the Q10 binding site in
DHODH induced by lipid interactions enables the protein to uti-
lize a similar mechanism, ensuring specificity for Q10 as elec-
tron acceptor in a closed reaction chamber. Considering the
spatial association of DHODH with the respiratory chain com-
plexes, it may be possible that this architecture also aids the
transfer of Q10 to other enzymes associated with DHODH
(Fang et al., 2013).

SIGNIFICANCE

Lipid interactions are a key feature of membrane proteins;
however, the structural and functional impact remains
challenging to study. Here, we demonstrate that MS stra-
tegies developed for integral membrane proteins can be

applied to study the interactions of a human peripheral
membrane protein and in this manner outline the molecu-
lar determinants of lipid binding. Using low-resolution
structural data from MS to complement high-resolution
models from MD simulations, we are able to identify a
distinctive electron acceptor-binding site architecture
where lipid binding anchors the opening of the Q10 bind-
ing channel to the bilayer, ensuring that the catalytic cen-
ter of the enzyme, which is located outside the membrane,
remains accessible from the membrane core. The surpris-
ing similarities to the Q10 binding site in respiratory chain
complex | are not grounded in structural homology but
probably reflect similar functional requirements. The
design of DHODH inhibitors as therapeutics should there-
fore take into consideration the impact of membrane as-
sociation on the inhibitor-binding site. The combination
of MS and MD employed here is therefore well suited for
detailed investigations of the elusive interactions between
peripheral membrane proteins and lipids.
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Bacterial and Virus Strains

ArcticExpress (DE3) competent E.coli Agilent Cat#230192
Chemicals, Peptides, and Recombinant Proteins

Brequinar sodium salt hydrate Sigma Aldrich Cat#SML0113
n-Dodecyl-N,N-Dimethylamine-N-Oxide (LDAO) Anatrace Cat#D360
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) Avanti Polar Lipids Cat#850757P
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) Avanti Polar Lipids Cat#850457P
1’,3’-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (CDL) Avanti Polar Lipids Cat#710335P
Dimethylsulfoxide (DMSO) Sigma Aldrich Cat#276855
Ammonium acetate Sigma Aldrich Cat#5.43834
H. sapiens DHODHNA3° Ullrich et al., 2001 N/A
3,4-Dimethoxy-5-Methyl-p-Benzoquinone Sigma Aldrich Cat#D9150
Deposited Data

Crystal structure of hDHODH with Hurt et al., 2006 PDB: 2BOM

3-amido-5-biphenyl-benzoic acid

Crystal structure of hDHODH with brequinar analogue

Crystal structure of ligand-free DHODH

Liu et al., 2000

Walse et al., 2008

https://www.rcsb.org/pdb/explore/
explore.do?structureld=2BOM
PDB: 1D3G
https://www.rcsb.org/pdb/explore/
explore.do?structureld=1d3g

PDB: 2PRM
https://www.rcsb.org/pdb/explore/
explore.do?structureld=2prm

Recombinant DNA

pNIC28-Bsa4

H. sapiens DHODHY*%C coding
sequence (Liu et al., 2000)

Savitsky et al., 2010
GeneArt

Addgene plasmid # 26103
N/A

Software and Algorithms

PULSAR

UniDec

IMPACT

mMass

Xcalibur

UCSF Chimera v1.11.02
PyMol

GROMACS 2016.1
MemGen

ModLoop

AMBER99SB-ILDN force field
FMN force field parameters

POPE force field parameters and coordinates

Allison et al., 2015

Marty et al., 2015

Marklund et al., 2015
Strohalm et al., 2010

Thermo Scientific

Pettersen et al., 2004
Schrédinger, LLC Version 1.8
Abraham et al., 2015

Knight and Hub, 2015

Fiser and Sali, 2003

Lindorff-Larsen et al., 2010
Schneider and Stihnel, 1999

Jambeck and Lyubartsev,
2012b

http://www.pulsar.chem.ox.ac.uk
http://www.unidec.chem.ox.ac.uk
http://www.impact.chem.ox.ac.uk
http://www.mmass.org

N/A
http://www.cgl.ucsf.edu/chimera
www.sourceforge.net/projects/pymol
http://www.gromacs.org
http://memgen.uni-goettingen.de

https://modbase.compbio.ucsf.edu/
modloop/

http://ambermd.org/#ff
http://research.omh.manchester.ac.uk/
bryce/amber

http://www.fos.su.se/~sasha/SLipids/
Downloads.html

Other

Medium nanoES capillaries

Thermo Scientific

Cat#ES380
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael
Landreh (Michael.landreh@ki.se).

METHOD DETAILS

Protein Preparation

N-terminally Hisg-tagged human DHODH with a 30-residue N-terminal deletion to remove the mitochondrial localization sequence
and a putative transmembrane helix was expressed and purified as described (Liu et al., 2000; Ullrich et al., 2001) with the following
modifications: The coding sequence was synthesized by GeneArt and cloned into pNIC28-Bsa4 (a gift from Opher Gileadi, Addgene
plasmid # 26103). Expression was carried out using E. coli Arctic Express, DE3 (Agilent Technologies). Tunair shake flasks containing
750 mL LB media (Sigma Aldrich) were inoculated with 50 mL of an overnight culture and incubated at 30°C. At an OD of 0.6 the
temperature was lowered to 13°C and expression was induced by the addition of IPTG (Thermo Scientific) to a final concentration
of 1 mM. FMN (SigmaAldrich) was added to a final concentration of 100 uM, cultures were incubated overnight and harvested by
centrifugation. Attempts to purify a C-terminally His6-tagged variant of the full-length protein resulted in significant aggregation
and degradation. Protein samples were stored at a concentration of approximately 10 uM in 20 mM phosphate buffer, pH 8.0,
containing 10 mM LDAO (Generon, Berkshire, UK). Prior to MS analysis, protein samples were exchanged into MS buffer
(100 mM ammonium acetate, pH 7.5, containing 4 mM LDAO) using BioSpin microcentrifuge columns (BioRad Laboratories,
Waltford, UK). 1.4 mM stock solutions of PE, PC, or CDL (Avanti Polar lipids, Inc, AL) in H,O were prepared as described (Laganowsky
et al., 2014). Brequinar (Sigma-Aldrich, Darmstadt, Germany) was dissolved in DMSO at a concentration of 40 mM. For binding
studies, the brequinar stock solution was diluted 1:40 in MS buffer and added to the protein to a final inhibitor concentration of
20 pM. All chemicals were purchased from Sigma (Sigma-Aldrich, Darmstadt, Germany).

Mass Spectrometry

Mass spectra were recorded on an Orbitrap Fusion (Thermo Fisher Scientific, Waltham, MA) equipped with an offline nanoelectros-
pray source. Samples were introduced using gold-coated Proxeon borosilicate capillaries (Thermo Scientific, Waltham, MA). The
instrument was operated in intact protein mode. The capillary voltage was 1.2-1.8 kV, the transfer tube temperature was maintained
at 40°C and the pressure in the ion-routing multipole was 0.011 torr. Precursor ion selection was performed in the ion trap with a
selection window width of 600 m/z. Detergent was removed by increasing the in-source fragmentation to 100%. Additional collisional
activation was performed by increasing the HCD energy (Gault et al., 2016). While protein peaks could already be detected at 0%
HCD energy, an HCD energy of 10% increased spectral quality and was employed for lipid binding studies. High-purity nitrogen
was used as collision gas. Spectra were recorded using the Orbitrap mass analyser at a resolution of 60 000 at m/z 200 with a
high mass mode acquisition window of 1000-6000 m/z and an AGC target of 1 000 000. Data were analysed using the Xcalibur
3.0 (Thermo Scientific, Waltham, MA), UniDec (www.unidec.chem.ox.ac.uk) and mMass software packages (http://www.mmass.
org) (Marty et al., 2015; Strohalm et al., 2010). The appearance of DHODH in the mass spectra was invariant between different protein
preparations and could be reproduced by using the same instrument parameters.

IM-MS measurements were performed on a Waters Synapt G1 ion mobility mass spectrometer equipped with a linear field drift
tube to facilitate direct CCS determination, and an offline nanoelectrospray source. Samples were introduced using gold-coated
borosilicate capillaries produced in-house. Detergent was removed by increasing the cone voltage to 100 V. The pressure in the
source region was maintained at 4.0 mbar. Mass spectra were recorded at drift voltages between 40 and 120 V at a ion trap voltage
of 20 V for CCS determination. The trap voltage was ramped from 20 to 100V in 10 V increments for collisional unfolding experiments.
The drift gas was He with a flow of 2.2 L/h. Data were analysed using the PULSAR software package (www.pulsar.chem.ox.ac.uk)
(Allison et al., 2015).

Fluorescence Spectroscopy

FMN fluorescence was measured using 100 puL of 10 uM DHODH in MS buffer, with step-wise addition of DMSO. Measurements
were performed on a Tecan Spark 20M multimode reader (Tecan Instruments, Mannedorf, Switzerland) using Corning COSTAR
flat-bottom 96-well plates (Sigma-Aldrich, Darmstadt, Germany). Buffer containing 6% DMSO was used for blank measurements.
Excitation wavelength was 450 nm, emission was recoded between 495-600 nm in 2 nm steps with 10 nm bandwidth and an inte-
gration time of 40 ps.

CD Spectroscopy

Prior to analysis, DHODH was exchanged into MS buffer to a final protein concentration of 10 M. Experiments were performed on a
410-model CD spectrometer (Aviv Biomedical Inc., Lakewood, NJ) using 300 pL quartz cuvettes with a 1 mm path length. Spectra
were recorded from 260 to 195 nm at 25°C. The data is shown as an average of four scans.

Cell Chemical Biology 25, 309-317.e1-e4, March 15, 2018 e2

CellPress



mailto:Michael.landreh@ki.se
http://www.unidec.chem.ox.ac.uk
http://www.mmass.org
http://www.mmass.org
http://www.pulsar.chem.ox.ac.uk

Cell’ress

Enzymatic Activity Assay

Kinetic DHODH activity assays were carried out using 6 nM recombinant truncated human DHODH. The reaction mixture
contained 1 mM DL-dihydroorotic acid, 100 uM 3,4-dimethoxy-5-methyl-p-benzoquinone (Sigma-Aldrich, Darmstadt, Germany),
and 100 uM DCIP in buffer. 20 mM DCIP stock was prepared in enzyme buffer (50 mM Tris-HCI pH 8.0, 0.1 % Triton X-100,
150 mM KCI) and filtered through 25 pm pore size filter paper immediately before use. Loss in DCIP absorbance was measured
at 595 nm in a stepped time course (8 x 2 min, 8 X 3 min, 6 x 5 min) carried out at room temperature. The decrease in absorbance
over time was linear between 3 and 10 min. Therefore, for each concentration of inhibitor tested, a value for DHODH’s V. Was
estimated by linear regression within this time frame. Three independent measurements (n=3) were carried out with 4 technical
replicates each time.

Thermal Unfolding Measurements

For thermal stability measurements, 1 uL of 1.4 mM PC, PE, or CDL stock in 3 x CMC LDAO, or LDAO only, were added to 9 uL of
20 uM DHODH in 50 mM tris-HCI buffer, pH 8.0, and loaded into a Prometheus NT.Plex nanoDLS system (NanoTemper, Munich,
Germany). Melting was carried out by ramping the temperature from 20 and 80°C, and the folded-to-unfolded transition was
monitored via the 15! derivative of the fluorescence emission at 330 nm.

MD of Truncated DHODH in Saline Solution

A structure of truncated DHODH, missing the C-terminal TM-helix (residues 1-30), and containing FMN, brequinar, and orotate
(pdb code 2BOM) was used as a starting point. Brequinar and orotate were removed, and the missing residues (70, 71 and 72)
were added with MODLOOP (Fiser and Sali, 2003; Fiser et al., 2000). The protein-FMN complex was solvated in TIP3P water
(Mahoney and Jorgensen, 2000) inside a dodecahedron with 10.055 nm box vectors to which NaCl was added, yielding a holo-pro-
tein immersed in a 154 mM saline solution. The MD simulations and pre-processing were performed with GROMACS software
(Abraham et al., 2015) using amber99sb-ildn forcefield (Lindorff-Larsen et al., 2010) modified with parameters for FMN (Schneider
and Suhnel, 1999), using periodic boundary conditions. The velocity-rescaling thermostat (Bussi et al., 2007) was used for all
condensed-phase simulations. The equations of motion were integrated with leap-frog algorithm (Hockney et al., 1974). All bonds
were constrained with the LINCS algorithm (Hess et al., 1997), non-bonded interactions were calculated within 1 nm cut-off and
PME (Essmann et al., 1995) was used for long-range electrostatics. Following steepest-descent energy minimization, the system
was equilibrated in the NVE ensemble at 300 K, first with position restraints applied to all heavy atoms for 0.1 ns, then without position
restraints for 1 ns. The system was then equilibrated in the NPT ensemble for 1 ns at 300 K and 1 bar using Berendsen pressure
coupling (Berendsen et al., 1984). After equilibration, the system was simulated for 200 ns in the NVT ensemble using the
Parrinello-Rahman barostat (Nosé and Klein, 1983; Parrinello, 1981). All these procedures were carried out in triplicate, yielding three
separate sets of simulations. Theoretical CCS values were calculated from the all MD runs of truncated DHODH in saline solution and
membrane-bound truncated DHODH, using IMPACT (www.impact.chem.ox.ac.uk) (Marklund et al., 2015) projection approximation
multiplied by an empirical factor 1.14 (Benesch and Ruotolo, 2011).

MD of Membrane-Bound Truncated DHODH

The system was prepared by combining the DHODH starting structure with a hexagonal PE bilayer structure created with
MemGen (Knight and Hub, 2015) using 140 lipids per monolayer and the default area per lipid. PE parameters were taken
from the Stockholm lipids force field (Jambeck and Lyubartsev, 2012a, 2012b; Klauda et al., 2010). After following the same
equilibration procedure as for the water-solvated DHODH, the protein was associated with the membrane by first aligning
the membrane-binding helices with the membrane in a 10-ns simulation, then pulling the protein towards and into the membrane
for another 10 ns. For both steps, GROMACS'’s pulling code was used, employing distance-based harmonic potentials (using a
force constant of 1000 kJ mol”' nm™) to manipulate the helices relative to the membrane. The potentials were only applied
perpendicular to the membrane, and when pulling the protein into the membrane, a cylinder geometry with a 2.42 nm radius
centered on the protein was used to define the part of the membrane used for the pulling. The pulling rate was chosen such
that the helices were aligned by the end of the first run, and that the protein touched the middle of the membrane in the other.
Since the pull-force gradually increased during the second step, indicating that the protein is on the surface at equilibrium, start-
ing structures for production MD was taken from snapshots at 3 ns from these trajectories, before the protein entered the
membrane. The production MD was performed the same way as for DHODH in saline solution. All steps were made in triplicate
(n=8) and the results for each run shown in Figure S4.

MD of Membrane-Bound Full-Length DHODH

The TM-helix of DHODH was first simulated in a PE membrane by building an ideal a-helix using the TM-helix sequence and inserting
that inside of the same membrane structure as for the truncated DHODH, using the PyMol software (PyMOL Molecular Graphics
System, Version 1.8 Schrédinger, LLC). The equilibration and production MD of the TM-helix was performed according to the meth-
odology used for the other systems. Subsequently, the full-length DHODH structure was constructed by attaching the equilibrated
membrane-bound TM-helix to the structure of the truncated protein taken after its helices had been aligned with the membrane.
MODLOORP (Fiser and Sali, 2003; Fiser et al., 2000) was used to position the bridging residues (31-35). Following steepest-descent
energy minimization, the system was equilibrated in the NVE ensemble with position restraints, then the protein was pulled towards
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the membrane system using the same method as for the truncated protein. Afterwards, the system was equilibrated in the NPT
ensemble and ran for 200 ns of production MD. All steps were made in triplicate (n=3) and the results for each run shown in Figure S4.
Images were prepared using UCSF Chimera v1.11.02 (Pettersen et al., 2004).

QUANTIFICATION AND STATISTICAL ANALYSIS
Enzymatic activity assays (Figure S2A) were performed three times (n=3) with four technical replicates each time. The Vo« values

were averaged for each set of technical replicates. The average and standard deviation for the three separate measurements
were then calculated and plotted using Microsoft Excel. No additional statistical tests were performed.
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Figure S1. DHODH is folded under MS solution conditions, Related to Figure 1. (a)
Sequential isolation of the ions in the range between m/z 1400 and 4000 allows analysis of
the charge state distributions of apo- and holo-DHODH. Colored bars above the spectra
indicate the respective isolation windows. (b) Quantification of the molar fractions of apo- and
holo-protein for each charge state shown in (a) show a narrow charge state distribution
around 14+ for the DHODH-FMN complex. (c) Holo DHODH charge states indicate a
compact conformation. The expected average charge for an idealized spherical protein with

a density of 0.63 gxcm® is shown as a grey curve (Bush et al., 2010, Kaltashov and



Mohimen, 2005). The average charge state for holo DHODH assuming a mono-modal
distribution is indicated in blue. (d) The CD spectrum of 10 yM DHODH in MS buffer (100
mM ammonium acetate, pH 7.5, 6 mM LDAO) shows a largely a-helical conformation with no
pronounced contributions from random coil content. (e) Linear field drift tube ion mobility MS
shows that highly charged apo-DHODH is unfolded, while holo-DHODH ionizes with lower
average charge and retains a compact conformation. The dotted line indicates the theoretical
drift time of a protein with a CCS of 2800 A2 The CCS values for the N-terminally truncated
holo-enzyme are in good agreement with the CCS values predicted based on solution MD of
the truncated protein, both by projection approximation (PA) with empirical scaling factor
(Bush et al., 2010), as well as by the trajectory method (TJM). f) Plotting the non-normalized
arrival time distributions for the 13+ charge state of apo- (left) and holo-DHODH (right)
against the collision voltage show that gas phase-activation results in loss of FMN rather

than unfolding of the holo-enzyme.
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Figure S2. Assessing the stability of lipid and FMN binding in solution and in nESI-MS,
Related to Figure 2. (a) Spectrophotometric activity assays measuring the initial reduction
rate of benzoquinone show increased activity of the detergent-solubilized protein in the
presence of PC, PE, and CDL compared to detergent-only. Error bars indicate average *
standard deviation from three biological repeats and normalized to the Vmax of DHODH in
detergent only. (b) Thermal unfolding profiles show no significant effect of PC, PE, or CDL on
the thermal stability of DHODH in solution. (c) Mass spectra of DHODH show progressive
loss of the FMN cofactor at increasing DHODH concentrations, suggesting that even small
amounts destabilize interactions with the cofactor under MS conditions. DMSO is enriched in

the electrospray droplets, inducing protein unfolding (Cubrilovic and Zenobi, 2013, Sterling et



al.,, 2011). (d) Intrinsic FMN fluorescence in response to increasing DMSO concentrations
reveals that the presence of >1% DMSO has no pronounced effect the FMN co-factor. (e)

Thermal denaturation results in significantly increased fluorescence indicating FMN release.
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Figure S3. Crystal structures and MD simulations reveal the substrate access sites in
DHODH, Related to Figure 3. (a) The crystal structure of DHODH with FMN and orotate
(PDB ID 2PRM) exhibits increased local B-factors between residues 214 and 226 hydrogen-
bonded to the dihydroorotate substrate. (b) The same segment shows large conformational

re-arrangements in MD simulations of holo-DHODH without substrate bound.
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Figure S4. Dynamics of full-length and truncated DHODH on the membrane, Related to
Figure 4. (a) The preferred insertion depth of DHDOH in the PE bilayer was determined by

pulling the protein towards the center of the bilayer in a 10 ns all-atom simulation. (b)



Monitoring the required force reveals a near-linear increase as the protein is inserted into the
membrane, indicating that even partial insertion below the lipid head-group region is not
energetically favourable. Data is shown for three independent repeats. (¢c) MD simulation
start and end structures of full-length DHODH (see methods) converge towards a common
orientation on the membrane. (d) Using the same experimental setup, truncated DHODH
reaches similar orientations in two out of three trajectories, while in the third trajectory, the
membrane-binding domain fully detaches from the membrane (arrow). The membrane-
binding domain is shown in red. () The TM helix and the soluble domain of full-length
DHDOH can be superimposed independently, indicating a flexible connection. Structures

represent snapshots of the protein every 50 ns during the 200 ns trajectory.
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