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Structural basis for long-chain isoprenoid synthesis by 
cis-prenyltransferases
Moshe Giladi1,2*, Michal Lisnyansky Bar-El1, Pavla Vaňková3, Alisa Ferofontov1,  
Emelia Melvin1, Suha Alkaderi1, Daniel Kavan3, Boris Redko4, Elvira Haimov4, Reuven Wiener5, 
Petr Man3, Yoni Haitin1,6*

Isoprenoids are synthesized by the prenyltransferase superfamily, which is subdivided according to the product 
stereoisomerism and length. In short- and medium-chain isoprenoids, product length correlates with active site 
volume. However, enzymes synthesizing long-chain products and rubber synthases fail to conform to this paradigm, 
because of an unexpectedly small active site. Here, we focused on the human cis-prenyltransferase complex (hcis-PT), 
residing at the endoplasmic reticulum membrane and playing a crucial role in protein glycosylation. Crystallo-
graphic investigation of hcis-PT along the reaction cycle revealed an outlet for the elongating product. Hydrogen- 
deuterium exchange mass spectrometry analysis showed that the hydrophobic active site core is flanked by dynamic 
regions consistent with separate inlet and outlet orifices. Last, using a fluorescence substrate analog, we show 
that product elongation and membrane association are closely correlated. Together, our results support direct mem-
brane insertion of the elongating isoprenoid during catalysis, uncoupling active site volume from product length.

INTRODUCTION
Isoprenoids are a large group of natural products, abundant across 
all kingdoms of life (1). These compounds are crucial for numerous 
cellular processes, such as the biosynthesis of cholesterol, steroid 
hormones, visual pigments, and moieties for posttranslational pro-
tein modifications (2). Isoprenoids are synthesized by prenyltrans-
ferases, a group of enzymes that catalyze the condensation reaction 
between an allylic diphosphate primer and an isopentenyl diphos-
phate (IPP, C5) building block (3, 4). In accordance with the stereo-
isomerism of the double bond formed during the reaction, these 
enzymes are subdivided into cis- and trans-prenyltransferases. 
Adding further complexity to the system, cis-prenyltransferases are 
also classified into four major classes according to the length of the 
final product. These classes include short-chain (up to C20), medium- 
chain (up to C60), long-chain (up to C120), and rubber synthase 
(>C10,000) (5, 6). In addition to the difference in product chain length, 
cis-prenyltransferases differ in their subunit composition. Specifically, 
while short- and medium-chain producing enzymes are homodi-
meric, enzymes belonging to the long-chain and rubber synthase 
classes are heteromeric (7).

Despite the huge variance in product chain length and subunit 
composition, all four cis-prenyltransferase classes share an overall 
conserved structure and catalytic mechanism (5, 6, 8). The active site 
is divided into two substrate binding sites termed S1 and S2 (Fig. 1A). 
The allylic diphosphate primer binds at S1, while IPP binds at S2. 
Once both sites are occupied by substrates, with a Mg2+ ion serving 
as an essential cofactor, the diphosphate group of the allylic primer 

is hydrolyzed, leaving behind a carbocation intermediate that under-
goes condensation with IPP. Following the binding of a new IPP 
molecule at S2, the cycle can be repeated until a final chain length is 
reached and the product dissociates. Previously, structure-function 
studies of short- and medium-chain enzymes suggested that the final 
chain length is directly related to the volume of S1 (9–11). However, 
the recently determined crystal structures of the long-chain human 
cis-prenyltransferase complex (hcis-PT) challenge this view (Fig. 1A) 
(12, 13). Specifically, the volume of S1 in the long-chain hcis-PT was 
unexpectedly found to be smaller than that of medium-chain ortho-
logs, making it clearly incompatible with long products. These 
observations accentuate our missing mechanistic understating of 
long-chain isoprenoids and rubber synthesis.

hcis-PT plays an important role in protein N-glycosylation and 
thus is ubiquitously expressed in every cell type (14). This hetero-
meric enzyme is composed of two types of subunits: a catalytic sub-
unit termed dehydrodolichyl diphosphate synthase (DHDDS) and 
an auxiliary quiescent subunit termed Nogo B-receptor (NgBR) 
(Fig. 1A) (15). In line with its important biological roles, mutations 
in both subunits of hcis-PT were identified as causing several human 
diseases with ocular (16, 17) and neurological (18–21) manifesta-
tions, among others (22, 23). Physiologically, hcis-PT is localized to 
the endoplasmic reticulum (ER) membrane via an N-terminal trans-
membrane domain of NgBR, where it synthesizes the precursor for 
dolichol-phosphate (Dol-P) by consecutive condensations of IPP onto 
the allylic diphosphate primer farnesyl diphosphate (FPP, C15) (Fig. 1B) 
(7, 15). Dol-P serves as a lipidic glycosyl carrier for N-glycosylation, 
residing in the ER membrane (14, 24). The structures of the soluble 
regions of hcis-PT (shcis-PT), devoid of the transmembrane region 
of NgBR (12, 13), revealed that hcis-PT is a heterotetramer, formed 
by two DHDDS-NgBR heterodimers (fig. S1). DHDDS exhibits the 
common cis-prenyltransferase fold, composed of seven  helices 
(1 to 7) and six  strands (A to F), flanked by an N-terminal 
helix (N) and a unique C-terminal helix- turn-helix motif enabling 
heterotetramerization (fig. S1). Conversely, while NgBR exhibits 
substantial sequence similarity with cis-prenyltransferases, its struc-
ture revealed a pseudo–cis-prenyltransferase fold, composed of six 
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 helices (1 to 6) and five  strands (A to E) (fig. S1) (25). 
Although NgBR has no endogenous cis-prenyltransferase activi-
ty, it accelerates that activity of DHDDS ~400-fold by direct inter-
action of the NgBR C-terminal tail with active site residues and 
substrates (12, 26).

In all cis-prenyltransferases, the hydrophobic pocket of S1 is 
surrounded by two  helices (2 and 3) and four  strands (A, 
B, E, and F). However, the structural elements forming the 
active site “bottom”, juxtaposing the pyrophosphate binding re-
gion (Fig. 1A), differ between the different classes. In short- and 
medium-chain enzymes, the bottom consists of rigidly and tightly 
packed bulky hydrophobic residues, leaving the active site inlet as 
the only orifice to the bulk solvent. Mutations of these bulky resi-
dues at the bottom of the active site change the available volume for 
product elongation, altering product length (27). In contrast, long-
chain enzymes harbor a unique N-terminal tail forming the active 
site bottom. Specifically, an insertion in 3 leads to active site 
widening, allowing the N-terminal tail of DHDDS to snake into the 
active site, with the conserved residue W3 strategically situated as a 
stopcock preventing exposure of the hydrophobic pocket to the 
bulk solution (Fig. 1A) by forming hydrophobic interactions with 
F55 (2), F101 (3), and V152 (D).

Here, to elucidate the structural basis for long-chain isoprenoid 
synthesis by hcis-PT, we combined x-ray crystallography, hydrogen- 
deuterium exchange mass spectrometry (HDX-MS), fluorescence 

spectroscopy, as well as biochemical and functional analyses. By 
determining multiple crystal structures of shcis-PT in the presence 
of reactive and nonreactive substrate analogs, we halted catalysis and 
captured the enzyme in specific predefined states along its catalytic 
cycle. Notably, following a single condensation reaction, the N ter-
minus of DHDDS translocates, resulting in opening of a novel outlet 
through which the C20 product extends toward the bulk solvent, as 
supported by limited proteolysis analysis. In line with the crystal 
structures, HDX-MS studies of apo shcis-PT reveal that the N ter-
minus of DHDDS is highly dynamic in solution, supporting the 
propensity of the novel outlet to form. Moreover, we show using 
functional assays that side chain hydrophobicity at position 3 is cru-
cial for enzymatic function and that W3 dictates the rate of the first 
condensation. Last, fluorescence resonance energy transfer (FRET) 
measurements between a fluorescent FPP analog and fluorescently 
labeled lipid nanodiscs indicate direct product elongation into 
the lipid bilayer. Together, our results depict a product elongation 
mechanism involving its dynamic interplay with the N-terminal tail 
of DHDDS, where expulsion of W3 results in the formation of an 
outlet through which product immersion into the adjacent lipid 
bilayer can be achieved, circumventing the need for housing long-
chain products. Moreover, this mechanism may also explain the 
activity enhancement of hcis-PT observed in the presence of deter-
gents or lipids (13, 28), as well as the molecular basis for natural 
rubber synthesis (6).
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Fig. 1. Overview of hcis-PT structure and reaction scheme. (A) Cartoon representation of a single DHDDS-NgBR heterodimer in complex with FPP [Protein Data Bank 
(PDB) 6Z1N] (12). DHDDS and NgBR are colored blue and yellow, respectively. Surface representations of the FPP and IPP [placed by superposition with PDB 6W2L (13)] 
molecules are colored pink and green, respectively. The residue W3, at the DHDDS N terminus, is shown as spheres. (B) Condensation reaction scheme. At the first cycle, 
the allylic diphosphate primer, FPP (C15, pink), undergoes a condensation with IPP (C5, green) to produce geranylgeranyl-diphosphate (GGPP) (C20). The cycle repeats with 
further condensations (14–17) of the allylic diphosphate at S1, ultimately leading to a final product length of C85–100.
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RESULTS
shcis-PT crystallization with nonreactive substrates exposes 
discrete states along the first condensation reaction
Previously, the catalytic mechanism facilitating the condensation 
reaction by cis-prenyltransferases was extensively studied, with res-
idues involved in the reaction mechanism shown to be highly con-
served among the different classes (5–8, 10). However, the molecular 
mechanism enabling the accommodation of long-chain products 
remains to be resolved. Hence, to dissect the conformational states 
along the condensation reaction, we analyzed the conformational 
transitions associated with the first catalytic cycle using reactive and 
nonreactive substrate analogs (Fig. 2 and Table 1). To this end, we 
purified shcis-PTcryst, consisting of full-length DHDDS (residues 1 to 
333) and the pseudo cis-prenyltransferase domain of NgBR (residues 
73 to 293) lacking residues 167 to 175, followed by crystallization and 
structure determination in the presence of different substrates com-
binations. As shcis-PT produces product population ranging in lengths 
(Fig. 1B), this approach favors the formation of specific and highly 
homogeneous enzyme-substrate complexes, facilitating our structural 
investigations. In all four structures determined here, the asymmetric 
unit of the crystal consists of a single heterodimer. The heterotetramer 
is formed via a dimerization interface between adjacent asymmetric 
units, mainly consisting of the C terminus of DHDDS (fig. S1).

To isolate the initial substrate-bound state, where FPP and IPP 
occupy S1 and S2, respectively, we crystallized shcis-PTcryst in the 
presence of Mg2+, farnesyl thiodiphosphate (FsPP) and IPP (29, 30). 
The replacement of the hydrolysable oxygen with a sulfur atom in 
FsPP results in a poorly reactive substrate compared with FPP 
(Fig. 2A), allowing us to capture the precondensation state. Next, to 
resolve the enzyme harboring the product of the first condensation 
reaction, we crystallized the complex in the presence of Mg2+, FPP, 
and isopentenyl thiodiphosphate (IsPP) (Fig. 2B) (30). The conden-
sation of FPP with IsPP results in the formation of geranylgeranyl 
thiodiphosphate (GGsPP), which is recalcitrant for further con-
densations, due to the same mechanism as in the case of FsPP.  
Serendipitously, we were able to obtain two different forms of this 
GGsPP-bound enzyme, one containing a sulfate ion (Fig. 2B) and 
the other IsPP (Fig. 2C), bound at S2. Last, we crystallized shcis- 
PTcryst in the presence of geranylgeranyl-diphosphate (GGPP) and 
IsPP as initial substrates (Fig. 2D), with the goal of obtaining a 
structure corresponding to shcis-PTcryst in complex with the second 
condensation product farnesylgeranyl diphosphate (C25). However, 
the protein only crystallized in the precondensation state, with the 
substrates GGPP and IsPP bound at S1 and S2, respectively.

NgBR-R290 changes its conformation along the catalytic cycle
Previously, the structure of shcis-PTcryst was determined in the pres-
ence of FPP at S1 and a phosphate group at S2 (12) or in a state 
where IPP occupies both sites (13). In contrast, the structures re-
ported here represent native states in which both sites are occupied 
by their respective substrates. Thus, we first focused on the organi-
zation of the superficial polar region, involved in pyrophosphate 
binding, along the reaction cycle (Fig. 2). At S1, the pyrophosphate 
group of FsPP (Fig. 2A), GGsPP (Fig. 2, B and C), or GGPP (Fig. 2D) 
interacts with a Mg2+ ion and is also stabilized by interactions with 
R37, R38, and R85 from DHDDS. At S2, the pyrophosphate group 
of IPP (Fig. 2A), the sulfate ion (Fig. 2B), or the pyrophosphate of 
IsPP (Fig. 2, C and D) is stabilized by R205, R211, and S213 from 
DHDDS and the backbone nitrogen of G292 from NgBR. In all the 

structures, the NgBR C-terminal carboxylate (K293) interacts with R37 
and R85 of DHDDS, involved in substrate coordination at S1 (Fig. 2).

The structure with bound FsPP and IPP (Fig. 2A) reveals that the 
simultaneous occupancy of S1 and S2 does not alter the conforma-
tion of the substrates, compared with structures obtained in com-
plex with either substrate alone (fig. S2). However, the presence of 
IPP (Fig. 2A) or IsPP (Fig. 2, C and D), rather than sulfate (Fig. 2B) 
or phosphate (12), at S2 results in two main changes. First, the ori-
entation of R290 from NgBR is altered (Fig. 2, A, C, and D versus 
Fig. 2B). Specifically, while R290 does not interact with the sulfate 
moiety, it directly interacts with D34 and the substrates in the IPP or 
IsPP bound states. Intriguingly, underscoring the potential importance 
of these interactions for catalysis, the R290H mutation reduces 
catalytic activity in vitro and results in a congenital glycosylation 
disorder (12, 22, 28). Second, while Mg2+ is octahedrally coordi-
nated via six oxygen atoms, contributed by the conserved D34, the 
pyrophosphate of FPP, and water molecules in all the structures, one 
water molecule is replaced by an oxygen from the pyrophosphate 
group of IPP or IsPP (Fig. 2, A, C, and D). Previously, it was proposed 
that after FPP binding to S1, a preformed Mg2+-IPP complex binds to 
S2, followed by translocation of the Mg2+ ion closer to S1, enabling 
the facilitation of pyrophosphate hydrolysis (5). Thus, the structures 
containing an allylic diphosphate at S1 and IPP or IsPP at S2, in which 
the Mg2+ ion is coordinated by the pyrophosphate moieties from both 
sites, likely represent an intermediate in Mg2+ translocation.

The N terminus of DHDDS displays conformational plasticity 
along the catalytic cycle
Previous crystallographic investigations of shcis-PTcryst revealed that 
the N terminus of DHDDS snakes into the active site, blocking a 
potential outlet for the elongating product (Fig. 1A) (12, 13). In 
the presence of FsPP and IPP (Fig. 3A), the conformations of the 
farnesyl (C15) moiety and the N terminus of DHDDS are similar to 
those previously observed in the FPP-bound state (Fig. 1A and fig. 
S2). Unexpectedly, the structures harboring GGsPP or GGPP, fol-
lowing the first condensation reaction (Fig. 2, B to D), demonstrate 
distinct conformations of the geranylgeranyl (C20) moiety and 
the N terminus of DHDDS (Fig. 3, B to D). Specifically, unlike the 
structure with FPP, both GGsPP-bound structures show bending of 
the geranylgeranyl moiety at C11, resulting from interaction of the 
terminal carbon (C20) with F154 (D) within the hydrophobic pocket 
(Fig. 3, B and C). Comparison of the two GGsPP-bound structures 
reveals that the N terminus of DHDDS (up to G7) is only resolved 
in the absence of IsPP (Fig. 3, E and F), pointing toward the dynamic 
nature and consistent with the high B-factors of this region. Thus, 
the GGsPP-IsPP bound form reveals a conformation in which the 
hydrophobic pocket is vacant of W3 and exposed to the bulk solvent. 
This conformation represents a state in which the enzyme is predis-
posed for product expulsion and subsequent elongation. In accor-
dance, the GGPP-bound structure notably revealed an elongated 
conformation, where the terminal carbons are expulsed from the hy-
drophobic pocket and are exposed to the bulk solvent (Fig. 3, D to F).

To further demonstrate the interplay between the chain length at 
S1 and the N-terminal dynamics, we performed limited proteolysis 
analysis of shcis-PT in the apo-, FPP-bound, and GGPP-bound states 
(Fig. 3G). Digestion with trypsin, chymotrypsin, or elastase resulted 
in the cleavage of a ~3-kDa peptide from DHDDS in the apo state. 
Incubation with FPP completely protected DHDDS from this pro-
teolytic cleavage, while incubation with GGPP resulted in digestion 
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pattern reminiscent of the apo state. This is in agreement with the 
crystallographic data, suggesting that in the presence of FPP, the 
DHDDS N terminus is compactly packed and stabilized by the in-
teraction of W3 with the substrate (Fig. 3A), while in the presence 
of GGPP, the N terminus exhibits higher lability (Fig. 3D).

Conservation analysis of DHDDS revealed that W3 is highly 
conserved (12). Our crystallographic and limited proteolysis analyses 
suggest that the tryptophan side chain is strategically positioned, 
forming an effective barrier between the hydrophobic pocket and 
the bulk solvent. Thus, we sought to determine whether the hydro-
phobicity of the side chain at this position is essential. To this end, 
we systematically replaced W3 with A, L, F, R, or Q (Fig. 3H) and 
tested their ability to complement a previously described triple- 
deletion yeast strain lacking the endogenous yeast cis-PT subunits 

(22). While the A, L, and F substitutions were able to complement 
the yeast and induce growth similar to the wild type (WT), the pos-
itively charged W3R completely failed to rescue the phenotype, and 
the hydrophilic W3Q demonstrated slightly diminished comple-
mentation capacity. Collectively, the structures of shcis-PTcryst along 
the reaction cycle, supported by biochemical and functional analyses, 
reveal that both the product and the DHDDS N terminus are inher-
ently flexible, allowing the formation of a novel outlet for stream-
lined synthesis of long-chain products.

HDX-MS analysis reveals that the N terminus of DHDDS is 
highly dynamic in solution
To determine the conformational dynamics of the N terminus, gov-
erning the formation propensity of the novel hydrophobic pocket 

Table 1. Data collection and refinement statistics. Note: Statistics are based on one crystal per dataset. Values in parentheses are for the highest-resolution 
shell. RMS deviations, root mean square deviations. 

shcis-PTcryst-FsPP-IPP  
(PDB 7PAX)

shcis-PTcryst-GGsPP  
(PDB 7PAY)

shcis-PTcryst-GGsPP-IsPP 
(PDB 7 PB0)

shcis-PTcryst-GGPP-IsPP 
(PDB 7 PB1)

Data collection

 Space group R32:H R32:H R32:H R32:H

Cell dimensions

 a, b, c (Å) 184.0, 184.0, 112.5 184.4, 184.4, 112.4 184.1, 184.1, 113.1 183.5, 183.5, 112.3

 , ,  (°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

 Resolution (Å) 46.00–2.00(2.12–2.00) 46.10–2.40(2.55–2.40) 46.20–2.30(2.44–2.30) 45.86–2.57(2.64–2.57)

 Rmeas 0.066(1.965) 0.116(0.983) 0.140(1.112) 0.200(2.598)

 CC1/2 (%) 100(73.1) 99.5(50.4) 99.5(54.7) 99.5(13.9)

 I / I 24.4(1.3) 6.8(1.1) 8.2(1.4) 8.6(1.1)

 Completeness (%) 96.3(100.0) 99.3(99.1) 99.3(96.9) 89.7 (57.8)

 Redundancy 20.9(21.4) 2.9(2.9) 4.4(4.2) 6.0(3.0)

Refinement

 Resolution (Å) 41.12–2.00 46.11–2.40 46.21–2.30 45.87–2.59

 No. of reflections 47370 28655 32736 20634

 Rwork / Rfree 0.2047/0.2325 0.2026/0.2447 0.1939/0.2367 0.2052/0.2490

No. of atoms

 Protein 4075 3991 3942 3653

 Ligand/ion 39 35 44 44

 Water 79 80 130 2

 B-factors 67.9 68.7 52.6 82.7

 Protein 68.1 69.0 52.6 82.9

 Ligand/ion 60.0 64.4 56.0 73.7

 Water 58.8 56.3 51.1 53.6

RMS deviations

 Bond lengths (Å) 0.004 0.005 0.005 0.004

 Bond angles (°) 0.77 1.04 1.06 0.68

 Ramachandran favored 
(%) 98.1 97.1 96.9 96.0

 Ramachandran allowed 
(%) 1.9 2.9 3.1 4.0

 Ramachandran outliers 
(%) 0 0 0 0
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outlet, we performed HDX-MS analysis of apo shcis-PT. In this 
method, the protein sample is diluted in deuterated buffer solution, 
resulting in the exchange of hydrogens with deuterium (31, 32). The 
reaction is quenched at different time points, followed by proteolytic 
digestion and quantitation of deuterium incorporation on backbone 
amides within each peptide (32). The exchange rate reflects the local 
fold and solvent accessibility of each protein region. Following pro-
teolytic digestion, we were able to obtain a 100 and 98.7% coverage 
for DHDDS and NgBR, respectively (fig. S3).

Overall, shcis-PT exhibited a characteristic HDX pattern for a 
soluble protein, where the core, secondary structure elements and 
buried interfacial regions show low HDX (Fig. 4A). Focusing on the 
active site, the HDX profile revealed three distinct regions displaying 
alternating HDX levels (Fig. 4). First, the inlet (Fig. 4A), composed 
of 1, the N-terminal portions of 2 and 3, and the C-terminal tail 
of NgBR (Fig. 4B), exhibited relatively high HDX. This is consistent 
with previous studies of medium-chain orthologs, suggesting local 
unfolding of the pyrophosphate binding region in the absence of 
substrates. Second, the hydrophobic pocket (Fig. 4A), which includes 
the C-terminal portion of 2, the middle of 3, A, B, and the 

C-terminal portion of C and D (Fig. 4B), exhibited the lowest HDX 
as expected from a rigid, well-structured, and solvent-inaccessible 
segment. Last, the outlet (Fig. 4A), composed of the C-terminal portion 
of 3, the N-terminal portion of C, and the N terminus of DHDDS 
(residues 2 to 11) (Fig. 4B), displayed higher HDX compared to the 
hydrophobic core. The dynamics of the C-terminal portion of 3 are in 
agreement with its previously suggested role in active site widening and 
accommodation of long-chain products during catalysis. Moreover, the 
N terminus of DHDDS exhibited notably high HDX throughout 
the experiment (Fig. 4B), indicating that it is highly labile in solution. 
Together, the alternating pattern of solvent exposure within the active 
site supports directional product processing, with an inlet at the pyro-
phosphate binding region and an outlet at the distal hydrophobic pocket.

A fluorescent FPP analog as a tool for structure-function 
investigations of shcis-PT
Long-chain cis-prenyltransferases and rubber synthases are mem-
brane delimited, and the presence of detergents or phospholipids 
was shown to markedly enhance their catalytic activity (6, 13, 28). 
As our structural studies suggest product elongation through a novel 
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outlet, possibly into the adjacent membrane, we sought to monitor 
the chemical environment and position of the elongating isoprene 
moiety. To this end, we used the fluorescent FPP analog (2E,6E)-8-
O-(N-methyl-2-aminobenzoyl)-3,7-dimethyl-2,6-octandien-1-
pyrophosphate (MANT-O-GPP) (33), which was previously used 
to measure the activity of medium-chain enzymes.

To validate that MANT-O-GPP is a bona fide substrate for shcis-PT, 
we used a radioactivity-based enzyme kinetics assay (Fig. 5A), re-
vealing that MANT-O-GPP exhibits Michaelis constant (Km) = 0.14 ± 
0.01 M (n = 3), similar to that previously reported for FPP (12). 
Next, as the excitation profile of MANT-O-GPP closely resembles 
the emission profile of tryptophan (Fig. 5B), we reasoned that FRET 
can be used to assess the binding and position of MANT-O-GPP at 
S1. Specifically, the fluorescent MANT moiety is expected to reside 
in subnanometer proximity with W3 (Fig. 5C), within FRET dis-
tance (34). By using tryptophan excitation (F280) in the presence of 
increasing [MANT-O-GPP], we observed an increase in FRET. This 
is reflected by the concomitant decrease in tryptophan (F340) and 
increase in MANT-O-GPP (F420) emissions (Fig. 5D). Notably, no 
direct MANT-O-GPP fluorescence is observed by excitation with 
F280 in the absence of shcis-PT (Fig. 5D). Moreover, following incu-
bation with constant [MANT-O-GPP] (10 M) and increasing [FPP], 
we observed an FPP-dependent FRET reduction [IC50 (half-maximal 
inhibitory concentration) = 10.5 ± 3.0 M, n = 3] (Fig. 5E). This is 
reflected by an increase in F340 and a reciprocal decrease in F420, in-
dicating that MANT-O-GPP and FPP share a common site. Last, as 
DHDDS and NgBR contain eight and three tryptophan residues, 
respectively, each possibly contributing to the FRET signal, we sought 
to dissect the relative contribution of W3. Therefore, we purified 
the W3L mutant, supporting yeast complementation (Fig. 3H) and 
maintaining the hydrophobicity of this position while abolishing its 
fluorescence (Fig. 5F). While the WT and W3L mutant exhibit 

MANT-O-GPP–dependent FRET (Fig. 5F), with a nearly identical 
dissociation constant for MANT-O-GPP (1.06 ± 0.04 M versus 
0.94 ± 0.09 M, P = 0.33, n = 3), the lack of tryptophan at position 3 
results in a significant reduction in the F420/F340 ratio (2.99 ± 0.04 
versus 1.77 ± 0.05, P < 0.0001, n = 3) (Fig. 5G). Thus, MANT-O-GPP 
resides in close proximity to W3, as FPP, at the outlet of S1.

The structure of shcis-PT in complex with GGPP (Figs. 2D and 3D) 
suggests that W3 is displaced during the first condensation reaction. 
Thus, we explored the effect of W3L on chain elongation by shcis-PT.  
Enzyme kinetics analysis revealed similar Km (0.1 ± 0.008 and 
0.04 ± 0.005 M, respectively) and turnover number (kcat) val-
ues (0.74 ± 0.01 and 0.69 ± 0.02 s−1) for WT and W3L, respective-
ly (Fig. 6A). However, these measurements reflect the formation 
of long-chain products emanating from consecutive condensation 
reactions. To focus on the first condensation, during which the dis-
placement of W3 should take place, we resorted to the use of the 
nonreactive substrate IsPP to limit the reaction to a single conden-
sation, as described above. Stopped-flow kinetics measurements 
revealed that the first condensation by W3L is significantly faster 
compared with the WT (Fig. 6B). Specifically, while shcis-PT WT 
displayed observed rate constant (kobs) = 3.1 ± 0.2 s−1, shcis-PT W3L 
displayed kobs = 4.3 ± 0.2 s−1 (Fig. 6C). This is consistent with a lower 
energetic barrier for the displacement of the less bulky leucine from 
the hydrophobic pocket compared with the native tryptophan.

shcis-PT catalytic activity correlates with  
product-membrane interaction
To determine whether the membrane bilayer can interact with and 
possibly house the elongating product, we first assessed the effect of 
azolectin nanodiscs on the catalytic activity of shcis-PT. These mea-
surements rely on the increased inherent MANT-O-GPP emission 
at F420 upon chain elongation (33). Consistent with the ability of 
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phospholipids to enhance shcis-PT activity (13), inclusion of nano-
discs at increasing nanodisc/enzyme ratios resulted in increased 
fluorescence amplitude and slope over the reaction time course 
(Fig. 7A). Next, to examine the interplay between the membrane and 
product length, we used thin-layer chromatography (TLC) analysis 
with MANT-O-GPP as a substrate (Fig. 7B). Consistent with the 
fluorescence intensity measurements (Fig. 7A), the TLC analysis 
revealed that incubation with nanodiscs enhanced product forma-
tion (Fig. 7B). Moreover, products distribution was shifted toward 

longer lengths in the presence of nanodiscs. Next, we measured 
FRET between MANT-O-GPP, serving as a donor, and azolectin 
nanodiscs containing 1% (mol/mol) 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) 
(PE-NBD), a fluorescently labeled phospholipid, serving as an 
acceptor (Fig. 7, C and D). Following incubation of shcis-PT with 
MANT-O-GPP, IPP, and the fluorescent nanodiscs, we measured the 
fluorescence spectrum resulting from excitation of MANT-O-GPP 
(F352) (Fig. 7D). In the absence of active catalysis (e.g., in the presence 
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of EDTA or the absence of shcis-PT or IPP), no fluorescence peak 
corresponding to PE-NBD emission is observed. However, inclusion 
of all components required for catalysis resulted in FRET between 
MANT-O-GPP and PE-NBD, as reflected by the emergence of a 
fluorescence peak at F532. These results indicate that chain elonga-
tion is a prerequisite for the FRET between the MANT and NBD 
moieties. Time-dependent measurements of the inherent MANT-
O-GPP fluorescence and the MANT-NBD FRET were nearly identical 
(Fig. 7E). To determine the minimal length required for product- 
membrane interaction, we limited the reaction to a single conden-
sation and monitored the FRET signal following incubation of 
shcis-PT with MANT-O-GPP, fluorescent nanodiscs, and IsPP in lieu 
of IPP (Fig. 7F). This measurement revealed that even a single con-
densation is sufficient to give rise to FRET between the MANT and 
NBD moieties although diminished. Together, these results support 
the notion that during long-chain isoprenoid synthesis by hcis-PT, 
product elongation and its membrane interaction are interlaced.

DISCUSSION
Members of the cis-prenyltransferase family show a high level of se-
quence conservation, translating into highly similar three-dimensional 
structures (5, 7, 10). Although sharing an identical catalytic mecha-
nism, the final product length drastically varies between different cis- 
prenyltransferase subclasses (5, 6). While in short- and medium-chain 

enzymes the product length correlates with active site volume (9–11), 
recent structural analyses of the long-chain hcis-PT revealed that its 
active site is seemingly incompatible with such product lengths 
(Fig. 1) (12, 13). The mismatch between the active site volume and 
product size is expected to aggravate in rubber synthases, producing 
extremely long (>C10,000) isoprenoids (6). Thus, products generated 
by the long-chain and rubber synthase subclasses were hypothesized 
to elongate directly into neighboring cellular membranes, obviating 
the need for a large active site and implying a directional product 
expulsion via a previously unknown outlet during catalysis (6, 12). 
Here, we used a hybrid approach to resolve the structural basis and 
determine the mechanism for long-chain isoprenoid synthesis.

Previously determined structures of shcis-PT in complex with 
either FPP or IPP revealed that the hydrophobic pocket of DHDDS 
is occluded from the hydrophilic environment by the conserved 
W3, situated at the N terminus of DHDDS (Fig. 1A) (12, 13). The 
importance of a hydrophobic side chain at this position is supported 
by the yeast complementation analysis (Fig. 3H). The close proximity 
between FPP and W3 suggested that chain elongation should lead 
to translocation of the DHDDS N terminus, thereby opening an 
alternative outlet through which the product can directly and direc-
tionally be expulsed. Thus, we crystallized shcis-PTcryst in the pres-
ence of different reactive and nonreactive substrates with a goal 
to capture the enzyme at different points along its catalytic cycle 
(Fig. 2). The structures revealed that the active site experiences 

BA

0 600 1200 1800
0

100

200

300

400

Time (s)

Fl
uo

re
sc

en
ce

 (A
.U

.)

10:1
5:1
4:1
2:1
1:1
0:1

400 450 500 550 600
0

250

500

750

1000

nm

Fl
uo

re
sc

en
ce

 (A
.U

.)

0 600 1200 1800
0.0

0.5

1.0

Time (s)

N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

No nanodiscs
All components

No shcis-PT
EDTA
No IPP

Em F420 Em F532

D E

400 450 500 550 600
0

250

500

750

nm

Fl
uo

re
sc

en
ce

 (A
.U

.)

IPP IsPP

F
Wavelength (nm)

400 500 600
0.0

0.5

1.0

N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

400 500 600

O O
O

O O
O

O
P PO

ONH

FRETC

Nanodiscs +-
MANT-O-geraniol

Fig. 7. Direct product-lipid interactions enhance long-chain isoprenoid synthesis by shcis-PT. (A) Average time-dependent increase in MANT-O-GPP fluorescence 
(F420) in the presence of increasing MSP1D1E3 nanodisc molar ratios (n = 3 for each molar ratio). A.U., arbitrary units. (B) TLC analysis of the reaction products formed in 
the absence (−) or presence (+) of nanodiscs (2:1 nanodiscs:shcis-PT ratio), with MANT-O-GPP as a substrate, detected using ultraviolet illumination ( = 365 nm). 
(C) MANT-O-GPP emission spectrum (left) and PE-NBD excitation (blue) and emission (green) spectra (right). The experimental scheme is depicted above spectra. 
(D) Averaged fluorescence emission spectra following excitation at F352. Incubation of shcis-PT in the presence of MANT-O-GPP, IPP, Mg2+, and PE-NBD–labeled nano-
discs (“all components”) resulted in a fluorescence peak corresponding to PE-NBD emission (F532) due to FRET (green) (n = 3 for each condition). No FRET was observed 
upon omitting any of the reaction constituents. (E) Average time-dependent MANT-O-GPP fluorescence (F420) and PE-NBD FRET (F532) traces reveal nearly identical time 
dependence (n = 3). Em, emission. (F) Comparison of the averaged fluorescence emission spectra following excitation at F352 and incubation of shcis-PT in the presence 
of “all components” with IsPP instead of IPP (black) (n = 3). The emission spectra in the presence of IPP is shown as dashed gray curve.



Giladi et al., Sci. Adv. 8, eabn1171 (2022)     18 May 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 14

conformational plasticity along the catalytic cycle to enable long-
chain isoprenoid synthesis.

Analysis of the different states captured (Fig. 2) revealed that 
overall, the organization of the active site inlet in which the conden-
sation reaction takes place is maintained (Fig. 2). Moreover, the 
architecture of the inlet region is shared between shcis-PT and 
short- and medium-chain enzymes (4, 5, 35). Nevertheless, we no-
ticed that R290 of NgBR, a position previously identified as bearing 
a mutation (R290H) leading to a congenital glycosylation disorder 
(22), switches between two conformations in a substrate-dependent 
manner. Specifically, R290 only interacts with the substrates when 
both S1 and S2 are occupied (Fig. 2). This conformational switch 
may support the previously suggested consecutive substrate bind-
ing model for cis-prenyltransferases in which FPP binding to S1 
precedes the binding of Mg2+-IPP to S2 (5). For the condensation 
reaction to proceed, Mg2+ must transverse between the sites, changing 
its coordination scheme from involving the pyrophosphate oxygens 
of IPP to those of the elongating product (Fig. 2). This configura-
tion facilitates the concerted pyrophosphate hydrolysis and nucleo-
philic attack of the newly formed carbocation at S1 by the IPP 
molecule at S2. Last, a hydrogen is abstracted to neutralize the charge, 
forming a new cis double bond in the product (5, 6). In the crystal 
structures resolved here, where both sites are occupied before the 
initiation of pyrophosphate hydrolysis, Mg2+ and R290 assume an 
intermediate position between the sites and interact with the pyro-
phosphates of both substrates. Thus, by providing charge compen-
sation, it is possible that R290 relieves the Mg2+ from S2, allowing its 
translocation to S1.

Our structural analyses further revealed several distinct confor-
mations of the enzyme-product complex (Fig. 3). First, following 
the condensation and before the binding of an additional IPP mol-
ecule (Fig. 3B), the C20 product is captured in a bent conformation 
(at C11), stabilized by hydrophobic interactions with F154 within 
the hydrophobic pocket. Here, the stopcock N terminus of DHDDS 
maintains a closed conformation, as observed before the condensa-
tion reaction (Figs. 1A and 3A). Next, when an additional substrate 
molecule occupies S2, the stopcock switches to an open state, as re-
flected by the lack of an identifiable electron density for the N ter-
minus of DHDDS (Fig. 3C), forming a new outlet for further 
product elongation. Curiously, the bent conformation of the product 
molecule is maintained. This structural plasticity also occurs in 
solution. This is supported by the high deuterium uptake of the 
DHDDS N terminus throughout the HDX-MS experiment (Fig. 4). 
Moreover, the substitution of tryptophan with leucine at position 3 
resulted in ~40% increase in the first condensation rate, consistent 
with the displacement of the N terminus during catalysis (Fig. 6). 
Last, the product assumes an elongated conformation, protruding 
through the new outlet (Fig. 3, D to F), keeping the stopcock at an 
open state, consistent with the limited proteolysis analysis in the 
absence or presence of substrates (Fig. 3G). This structural organi-
zation is in sharp contrast to that previously observed in short- 
and medium-chain cis-prenyltransferases, where the hydrophobic 
pocket is tightly sealed by a rigid layer of bulky and hydrophobic 
residues (35). In addition, in these enzymes, 3 is shorter and 
assumes a straight rather than a bent conformation, resulting in 
a rigid and narrow hydrophobic pocket (5, 6, 9). These structural 
differences preclude the opening of an outlet corresponding to 
that observed in shcis-PT, limiting the product length to the active 
site dimensions.

In cells, the hcis-PT complex is an ER-resident enzyme, anchored 
to the membrane via the N terminus of NgBR (15). In addition, the 
presence of hydrophobic environment was shown to markedly 
stimulate enzymatic activity. However, this stimulation is abolished 
by mutations in hydrophobic residues located at the amphipathic 
N of DHDDS, suggesting that interaction with the membrane is 
crucial for long-chain isoprenoid synthesis (13). Combined, these 
properties align with the proposal that the N terminus of DHDDS 
can change its conformation to open the active site outlet, allowing 
direct product elongation into the adjacent membrane bilayer. By 
monitoring the FRET signal between the fluorescent substrate (Fig. 5) 
and nanodiscs (Fig. 7), we observed the close proximity of the enzy-
matic product and the membrane bilayer (Fig. 7D). Moreover, the 
presence of membranes not only increases catalytic activity but also 
favors the formation of longer products (Fig. 7B). Last, the time 
course of chain elongation and emergence of the FRET signal were 
closely correlated (Fig. 7E). The direct extension of the elongating 
product, resembling the passing of a thread through the eye of a 
needle, into the adjacent bilayer, solves two problems. First, as de-
scribed above, it dismantles the relationship between product length 
and active site volume, keeping a constant portion of the product 
within the active site throughout the sequential condensations. 
Second, as product elongation results in its increased hydrophobicity, 
concomitant elongation and membrane insertion also serve to avoid 
the energetic barrier associated with hydrophobic product solvation.

Together, our results support a mechanism in which before the 
initial condensation reaction, the stopcock formed by the N terminus 
of DHDDS occludes the active site outlet, shielding its hydrophobic 
interior from the bulk solvent (Fig. 8A). Following the initial con-
densation, the stopcock opens and the product extends via the newly 
formed outlet, enabling the product to come in close proximity to 
the membrane and eventually to insert into it (Fig. 8B). In principle, 
this mechanism alleviates any limitation on the final product length 
and can thus support natural rubber synthesis as well. Notably, when 
expressed in yeast cells, subunits of rubber synthase produce C80–110 
products rather than the >C10,000 natural rubber formed when cou-
pled with rubber particles (36). This suggests that long-chain enzymes 
and rubber synthases share a basic common synthetic mechanism, 
further modulated and fine-tuned by additional constituents.

A lingering question remains—what is the mechanism deter-
mining the final product length, preventing further condensations 
and leading to product release? In contrast with short- and medium- 
chain enzymes in which product length is intrinsically determined 
by active site dimensions, long-chain cis-prenyltransferases and 
rubber synthases exhibit a population of products of varying lengths 
(Fig. 7B). This can reflect a tug-of-war mechanism, where the prob-
ability of product release is positively correlated with chain length-
ening due to cumulative product-membrane interactions and its 
conformation within the lipid bilayer (Fig. 8B). Such a mechanism 
can account for the reduction in chain length resulting from disease- 
causing mutations at the pyrophosphate binding region (22, 37), 
skewing the balance of forces in favor of the membrane, thus result-
ing in premature product release. Additional membrane properties, 
such as curvature, lipid composition, and fluidity, may also play a 
role in product length determination. In conclusion, our hybrid 
structural studies exposed a novel product outlet allowing direct and 
directional elongation of long-chain isoprenoids into adjacent mem-
branes, providing a holistic view of hcis-PT catalysis and a structural 
basis for long-chain isoprenoids and natural rubber synthesis.
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MATERIALS AND METHODS
Protein expression and purification
Escherichia coli T7 express competent cells were cotransformed with 
DHDDS (residues 1 to 333) and NgBR (residues 73 to 293) (shcis-PT) 
or NgBR167-175 (shcis-PTcryst), grown in Terrific broth medium 
at 37°C until reaching OD600 (optical density at 600 nm) = 0.6 and in-
duced at 16°C by adding 0.5 mM isopropyl -d-1-thiogalactopyranoside. 
Proteins were expressed at 16°C for 16 to 20 hours, harvested by 
centrifugation (~5700g for 15 min), and then resuspended in a 
buffer containing 20 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM 
tris(2-carboxyethyl)phosphine (TCEP), and 0.02% (w/v) Triton 
X-100, supplemented with deoxyribonuclease I (1 g/ml) and a 
protease inhibitor mixture. Resuspended cells were homogenized 
and disrupted in a microfluidizer. Soluble proteins were recovered by 
centrifugation at ~40,000g for 45 min at 4°C. Overexpressed proteins 
were purified on a HisTrap HP column, followed by purification on a 
Strep-Tactin column and tobacco etch virus (TEV) protease cleavage 
of the purification tags and thioredoxin fusions. The reaction mix-
ture was concentrated and loaded onto a Superdex-200 preparative 
size exclusion column preequilibrated with 20 mM Hepes (pH 7.5), 
150 mM NaCl, and TCEP. Purified proteins were flash-frozen in liquid 
nitrogen and stored at −80°C until use. Protein purity was >95%, as 
judged by SDS–polyacrylamide gel electrophoresis (SDS-PAGE).

Crystallization and data collection
All crystallization trials were performed at 19°C using the sitting 
drop vapor diffusion method. The shcis-PTcryst–FsPP–IPP complex 
was crystallized by mixing a protein solution at ~16 mg/ml in the 
presence of 0.5 mM MgCl2, 0.75 mM FsPP, and 1.5 mM IPP with 
0.1 M NaCl, 0.1 M MES (pH 6.5), and 33% (w/v) polyethylene 
glycol 400 (PEG 400). Data were collected at 100 K using a wave-
length of 0.976 Å at the Diamond Light Source (Oxfordshire, UK) 
beamline I03 (https://doi.org/10.2210/pdb7PAX/pdb). The 
shcis-PTcryst–GGsPP complex was crystallized by mixing a protein 
solution at ~14 mg/ml in the presence of 0.5 mM MgCl2, 1 mM FPP, 
and 2 mM IsPP with 1 M LiSO4, 0.02 M tris-HCl (pH 8.5), and 1.8% 
(w/v) PEG 8000. Crystals were cryoprotected with 20% glycerol, 

and data were collected at 100 K using wavelength of 1.000 Å at the 
European Synchrotron Radiation Facility (ESRF) (Grenoble, France) 
beamline ID-30B (https://doi.org/10.2210/pdb7PAY/pdb). The 
shcis-PTcryst–GGsPP–IsPP complex was crystallized by mixing a 
protein solution at ~12 mg/ml in the presence of 0.5 mM MgCl2, 
1 mM FPP, and 2 mM IsPP with 0.1 M KCl, 0.1 M MES (pH 6.5), 
and 36% (w/v) PEG 400. Data were collected at 100 K using a wave-
length of 1.000 Å at the ESRF beamline ID-30B (https://doi.org/10.2210/
pdb7PB0/pdb). The shcis-PTcryst–GGPP–IsPP complex was crystal-
lized by mixing a protein solution at ~4 mg/ml in the presence of 
0.5 mM MgCl2, 1 mM GGPP, and 2 mM IsPP with 0.07 M MES 
(pH 6.6), 25% (w/v) PEG 400, 1.5 mM MgCl2, and 4.5% (v/v) ethanol. 
Data were collected at 100 K using a wavelength of 0.976 Å at the 
ESRF beamline ID-23-1 (https://doi.org/10.2210/pdb7PB1/pdb). 
Integration, scaling, and merging of the diffraction data were done 
with the XDS program (38). In the case of shcis-PTcryst–GGPP–
IsPP, a dataset with low completeness (~75%) at a resolution of 
2.6 Å was merged with a complete dataset (99.1%) at a resolution of 
3.1 Å using XDSCONV and XSCALE (38).

Structure determination and refinement
All the structures were solved by automated molecular replacement 
using Phaser (39) with the structure of shcis-PTcryst–FPP [Protein 
Data Bank (PDB) 6Z1N] as a search model. Iterative model build-
ing and refinement were carried out in Phenix (40) with manual 
adjustments using Coot (41). Ramachandran analysis was per-
formed using MolProbity (42). Data collection and refinement 
statistics are presented in Table 1. Structural illustrations were pre-
pared with UCSF Chimera (www.cgl.ucsf.edu/chimera).

Limited proteolysis
Five micrograms of purified shcis-PT in 20 mM tris-HCl (pH 7.5), 
150 mM NaCl, 10 mM -mercaptoethanol, and 0.5 mM MgCl2 was 
incubated with 1:1000 trypsin (1 hour on ice), 1:1000 elastase 
(1 hour at room temperature), or 1:500 -chymotrypsin (2 hours 
on ice). For cleavage with chymotrypsin, 10 mM CaCl2 was added 
to the reaction mixture. Reactions were performed in the absence or 
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N

C  ''
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Fig. 8. Proposed model for long-chain isoprenoid synthesis. (A) Before the initial condensation reaction, FPP (pink) and IPP (green) occupy the DHDDS active site. The 
active site outlet is occluded by the DHDDS N terminus. (B) Following the condensation reaction, the N terminus of DHDDS dislodges from the outlet, allowing extension 
of the elongating product to the vicinity of the ER membrane. Further product lengthening is enabled by its insertion into the bilayer. Created with BioRender.com.
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presence of 10 M FPP or GGPP. The reactions were quenched by 
the addition of sample buffer and thermal denaturation at 90°C for 
10 min, followed by SDS-PAGE analysis.

Hydrogen-deuterium exchange mass spectrometry
For peptide identification, shcis-PT was diluted to 2 M concentra-
tion in 20 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 
1 mM TCEP and subsequently mixed with equal volume (50 + 50 l) 
of 1 M glycine-HCl (pH 2.3). Mixture was frozen in liquid nitrogen. 
Before the analysis, the sample was quickly thawed and injected 
onto an liquid chromatography (LC) system coupled to an electro-
spray ionization source of 15-T Fourier-transform ion cyclotron 
resonance (FT-ICR) mass spectrometer (solariX XR, Bruker 
Daltonics, Germany) operating in data-dependent mode, where each 
full scan was followed by six tandem mass spectrometry (MS/MS) 
scans [collision-induced dissociation analyses (CID)] of the top 
most abundant ions. Repeat count was set to 2, and exclusion was 
set to 10 parts per million and 30-s duration. Instrument was cali-
brated externally using sodium trifluoroacetic acid clusters re-
sulting in sub–parts per million mass error. The LC method 
started by an online digestion on the custom-made pepsin column 
(bed volume, 66 l) (43). Generated peptides were trapped and 
desalted on a VanGuard Pre-column (ACQUITY UPLC BEH C18, 
130 Å, 1.7 m, 2.1 mm by 5 mm, Waters, USA). The digestion and 
desalting (total time, 3 min) were driven by 0.4% formic acid (FA) in 
water pumped by 1260 Infinity II Quaternary pump (Agilent Tech-
nologies, Germany) at a flow rate of 100 l min−1. Desalted peptides 
were then separated on an analytical column (ACQUITY UPLC BEH 
C18, 130 Å, 1.7 m, 1 mm by 100 mm, Waters, USA) using linear 
gradient (5 to 45% B in 7 min), followed by a quick step to 99% B 
lasting 5 min, where the solvent A was 0.1% FA/2% acetonitrile 
(ACN) in water, and solvent B was 0.1% FA/98% ACN in water. 
The gradient was delivered by the 1290 Infinity II LC System (Agi-
lent Technologies, Germany) at a flow rate of 40 l min−1. LC–MS/
MS analysis for peptide identification was followed by MASCOT 
2.7 database searching against a custom-built database combining 
crap database, sequence of used acidic protease, and the sequences 
of shcis-PT subunits. MSTools was used to plot the identified pep-
tides against the protein sequence (44).

Backbone amide HDX was initiated by a 10-fold dilution of the 
protein solution into D2O-based solution containing 20 mM Hepes 
(pD 7.5), 150 mM NaCl, 1 mM EDTA, and 1 mM TCEP. The ex-
change was followed for 20 s, 1 min, 3 min, 10 min, 30 min, 1 hour, 
and 3 hours at 20°C and quenched by the addition of 0.5 M glycine- 
HCl (pH 2.3) in a 1:1 ratio and flash freezing in liquid nitrogen. The 
labeling experiment was done in duplicate. LC-MS analysis of deu-
terated samples was started by rapid thawing of the sample and in-
jection onto the custom-made pepsin column (bed volume, 66 l). 
Following LC, method was identical to that used for peptide identi-
fication and mentioned above (43). A 15-T FT-ICR mass spectrom-
eter was operating in broadband MS mode. Acquired data were 
exported using DataAnalysis 5.0, processed by the in-house designed 
Deutex software and handled as described previously (45, 46). Fully 
deuterated control was prepared as described previously (46), and 
correction for back-exchange was applied (32).

Yeast complementation assay
The Saccharomyces cerevisiae strain K405, lacking the yeast DHDDS 
and NgBR homologs ( nus1,  rer2, and  srt1) and carrying the 

Glcis-PT on a plasmid bearing the URA3 selection marker, was used 
(22). To analyze DHDDS N-terminal mutants, cells were transformed 
using the standard lithium-acetate method with the DHDDS.GW1 
(WT or mutants thereof) and NgBR.GW2 plasmids, bearing leucine 
and methionine selection markers, respectively. Empty vectors were 
used as negative controls, and Gl-cisPT.GW1 was used as a positive 
control. Following transformation, cells were plated on solid syn-
thetic defined medium lacking uracil, methionine, and leucine and 
incubated for 48 to 72 hours at 30°C. Next, single colonies were inocu-
lated into liquid synthetic defined medium lacking uracil, methionine, 
and leucine, incubated overnight at 30°C using a shaker, and diluted 
to reach OD600 = 1. For phenotypic analysis, 10-fold serial dilutions 
were performed, and transformants were spotted on solid synthetic 
defined complete medium supplemented with 0.1% (w/v) 5-fluoroorotic 
acid (FOA) plates and incubated at 30°C for 5 days. Synthetic 
defined medium was made of 0.67% (w/v) yeast nitrogen base and 
2% (w/v) supplemented with auxotrophic requirements. For solid 
medium, agar was added at a 2% (w/v) final concentration.

Enzyme kinetics
The activity of purified shcis-PT was measured using a radioligand- 
based assay (12, 26, 47, 48). Purified shcis-PT (0.1 M) was mixed 
with [14C]-IPP and MANT-O-GPP or FPP to initiate the reaction in 
buffer composed of 25 mM tris-HCl (pH 7.5), 150 mM NaCl, 10 mM 
-mercaptoethanol, 0.02% (v/v) Triton X-100, and 0.5 mM MgCl2 
at 30°C. EDTA (15 mM; final concentration) was added to quench 
the reaction, and 500 l of water-saturated 1-butanol was added to 
extract the reaction products by thorough vortexing. Initial rates 
were measured by quenching the reaction at 10% or lower substrate 
consumption. The products, encompassing 14C, were quantitated 
using a scintillation counter. The Km values of MANT-O-GPP or 
FPP were determined by varying their concentrations while holding 
[IPP] constant at 100 M. Kinetic constants were obtained by fitting 
the data to the Michaelis-Menten equation using Origin 7.0.

Fluorescence spectroscopy
MANT-O-GPP was synthesized as previously described. All fluo-
rescence experiments were performed in triplicate using a RF-8500 
spectrofluorometer (Jasco, Japan) in fluorescence buffer [20 mM 
tris-HCl (pH 7.5), 150 mM NaCl, 10 mM -mercaptoethanol, and 
0.5 mM MgCl2]. FRET experiments between shcis-PT and MANT-
O-GPP were performed using 1 M purified shcis-PT (WT or W3L) 
preincubated with 0 to 16 M MANT-O-GPP. The competition 
with FPP was performed by preincubation with varying [FPP] (0 to 
100 M) while holding [MANT-O-GPP] constant at 10 M. To ob-
tain the dose-response curves, the F420/F340 ratio was calculated for 
each fluorescence spectrum, and the F420/F340 ratio of the apo protein 
was subtracted. The activity of shcis-PT in the presence of azolectin 
nanodiscs was measured by using 0.1 M purified shcis-PT pre-
incubated with the indicated ratio of nanodiscs in the presence of 
2 M MANT-O-GPP and 40 M IPP. Experiments with fluorescent 
nanodiscs were carried out under the same conditions using a con-
stant concentration of 0.2 M nanodiscs. Data were fit using Prism 
GraphPad 9.0.1.

Stopped-flow kinetics
Experiments were performed using the RF-8500 spectrofluorometer 
SFS-852 stopped-flow module (Jasco, Japan). Fifty microliters of 2 M 
shcis-PT (WT or W3L) preincubated with 2 M MANT-O-GPP in 
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fluorescence buffer was mixed with 50 l of 10 M IsPP in fluores-
cence buffer at 10 ml/s, resulting in a dead time of ~4 ms. Fluores-
cence intensity at 420  nm was measured following excitation at 
280 nm. Data were fit to a one-phase exponential equation with 
Bio-Kine 32 V4.45.

Thin-layer chromatography
Products were obtained by incubating 1 M purified shcis-PT with 
25 M MANT-O-GPP and 500 M IPP in a buffer composed of 
50 mM Hepes (pH 7.5), 150 mM NaCl, 10 mM -mercaptoethanol, 
and 1 mM MgCl2 at 30°C, with or without 2 M nanodiscs, for 4 hours. 
Water-saturated 1-butanol was added to extract the reaction prod-
ucts by thorough vortexing, followed by centrifugation at 21,000g 
for 10 min for phase separation. The organic phase was transferred 
to a glass vial and evaporated under a mild nitrogen stream. Next, 
the products of each reaction were dephosphorylated by adding 
1 ml of 50 mM sodium acetate/acetic acid (pH 4.7), 20% (v/v) iso-
propanol, and 0.1% (v/v) Triton X-100, supplemented with 4.4 U of 
potato acidic phosphatase (49). Following overnight incubation at 
37°C, dephosphorylated products were extracted with n-hexane by 
thorough vortexing, followed by centrifugation at 21,000g for 10 min 
for phase separation. The organic phase was transferred to a glass 
vial, evaporated under a mild nitrogen stream, and resuspended in 
100 l of methanol. The dephosphorylated products were loaded 
onto a high-performance thin-layer chromatography (HPTLC) silica 
gel 60 RP-18 plate with a concentrating zone, run in acetone:50 mM 
H3PO4 mixture (39:1), and visualized under ultraviolet illumination 
( = 365 nm). MANT-O-geraniol was used as an internal standard.

Nanodisc preparation
Membrane scaffold protein 1E3D1 (MSP1E3D1) was overexpressed 
and purified as previously described (50). Briefly, hexahistidine- 
tagged MSP1E3D1 was overexpressed in E. coli and purified using 
immobilized metal affinity chromatography, followed by tag cleavage 
with TEV protease and size exclusion chromatography in nanodisc 
buffer [20 mM Hepes (pH 7.5) and 150 mM NaCl]. Nanodiscs were 
prepared by mixing 0.2 mM MSP1E3D1 in nanodisc buffer sup-
plemented with 10 mM azolectin in the presence or absence of 
1% (mol/mol) PE-NBD in 50 mM cholate. Nanodisc buffer was 
added to achieve a final cholate concentration of 20 mM, and the 
nanodisc assembly mixture was incubated for 1 hour at room tem-
perature. Next, biobeads (1 mg/ml) were added in two steps, where 
half of the biobeads were incubated for 1 hour and the other were 
incubated for 3 hours at room temperature. Last, the reaction volume 
was centrifuged for 5 min at 21,000g and loaded onto a Superdex-200 
preparative size exclusion column prewashed with nanodisc buffer.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1171

View/request a protocol for this paper from Bio-protocol.
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